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Abstract

This article studies the correspondence retrieval problem: a set of k distinct but unknown points
x1,x9,...,x; € R? are to be recovered from the unordered collection of projection values
(w;, 1), (Wi, x2), ..., (w;, ) onto n known measurement vectors wi, ws, ..., w,. Impor-
tantly, the correspondence of the k projections {(w;, a:j)}?:l across different measurements is
unknown. A special case of this problem is the well-studied problem of (real-valued) phase re-
trieval. In the case of independent standard Gaussian measurement vectors, the main algorithm
proposed in this work requires n = d + 1 measurements to correctly return the £ unknown points
with high probability. This number of measurements is optimal, and it is smaller than the number
of measurements required for a stronger “for all” guarantee even in the phase retrieval setting. The
algorithm is based on reductions to the Shortest Vector Problem on certain random lattices, and
employs the Lenstra, Lenstra, & Lovasz (1982) basis reduction algorithm in a manner similar to
the Lagarias & Odlyzko (1985) algorithm for solving random instances of Subset Sum. Another
algorithm, essentially due to Yi, Caramanis, & Sanghavi (2016), based on higher-order moments
and tensor decompositions is shown to work in a setting where the projection values are corrupted
by additive Gaussian noise, but it requires a significantly larger number of measurements.

1. Introduction

In (the real-variant of) the phase retrieval problem, an unknown vector £ € R? is to be recov-
ered, up to sign, from magnitudes of projections ‘('wi, :13)’ onto n known measurement vectors
wi, ws, ..., W, € R, The phase retrieval problem has a rich history in several engineering and
scientific domains, especially when the w; are Fourier basis vectors (see, e.g., Shechtman et al.,
2015; Jaganathan et al., 2015, for an overview). The setting where the w; are independent draws
from certain probability distributions has been intensely studied in the past several years. Many
algorithms based on numerical optimization (e.g., semidefinite programming, local optimization of
convex and non-convex objectives) have been proven to solve the problem with high probability
when provided enough measurements (Netrapalli et al., 2013; Candes et al., 2013; Candes and Li,
2014; Alexeev et al., 2014; Eldar and Mendelson, 2014; Candes et al., 2015a,b,c; Waldspurger et al.,
2015; Chen and Candes, 2015; Sanghavi et al., 2016; Zhang and Liang, 2016; Wang et al., 2016;
Kolte and Ozgiir, 2016; Gao and Xu, 2016; Sun et al., 2016).

In this paper, we consider a generalization of phase retrieval, which we call correspondence
retrieval: a set of k distinct but unknown points 1, o, . .., x; € R? are to be recovered from the
unordered collection of projection values (w;, 1), (w;, X2), . . ., (w;, xx) onto n known measure-
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ment vectors w1, wa, . . . , W,. Importantly, the correspondence of the k projections {(w;, :cj>};?:1
across different measurements is unknown. Phase retrieval, as described above, is the special case
where k = 2 and 1 = —x2; the two real numbers corresponding to each measurement are additive
inverses ((w;, 1) and (w;, x2) = —(w;, x1)).

We propose an algorithm for the case of independent standard Gaussian measurement vectors.
For general k, the algorithm correctly recovers the unknown points with high probability from
n = d + 1 measurements, assuming that the points are linearly independent. For the phase retrieval
setting, a variant of the algorithm has the same guarantee without the linear independence assump-
tion. Our algorithms are based on reductions to the Shortest Vector Problem (Ajtai, 1996) on certain
random lattices; we prove that vectors provided by the Lenstra-Lenstra-Lovasz basis reduction al-
gorithm (henceforth LLL; Lenstra et al., 1982) yield to the correct solution for the correspondence
retrieval problem. Our reduction generalizes an algorithm of Lagarias and Odlyzko (1985) for solv-
ing random instances of the Subset Sum Problem (Gary and Johnson, 1979, pg. 223). We note
that Yi et al. (2014) establish the hardness of the phase retrieval via reduction from the Subset Sum
Problem. Our algorithmic result can be viewed as a reduction in the other direction.

In the phase retrieval setting, our results show a gap between the number of measurement vec-
tors required for all vectors & € R? to be recoverable, and the number of random measurements
sufficient for any particular vector to be recoverable. This is the same distinction between the “for
all” and “for each” guarantees studied in the context of compressive sensing (Gilbert et al., 2007).
Balan et al. (2006) prove that n = 2d — 1 measurement vectors are necessary for the “for all”
guarantee, and also that the same number of typical measurement vectors are sufficient. Previous
algorithmic results for phase retrieval require n > Cd for some sufficiently large constant C' > 2
or even n > dpolylog(d). Our algorithmic result has the “for each” guarantee: the n = d + 1
measurements suffice with high probability for the particular unknown vector of interest. Note that
in the general correspondence retrieval problem, each measurement is comprised of k£ unordered
real numbers, so the sufficiency of d 4+ 1 measurements even when k£ > 2 is sensible.

We also describe an algorithm that works even when the measurements are corrupted by addi-
tive mean-zero Gaussian noise.! The algorithm is essentially the same as one proposed by Yi et al.
(2016) for the related parameter estimation problem in the mixtures of linear regressions model; the
main technique used is the method-of-moments and orthogonal tensor decomposition (Anandkumar
etal., 2014). We observe that the moments used in the algorithm are invariant to the noise variance,
and hence the algorithm is noise-robust in this sense. However, the number of measurements re-
quired by this algorithm, even when the noise is absent, is larger than that of the lattice-based algo-
rithm. The moment-based algorithm appears to ignore consistency constraints across measurements
that the lattice-based algorithm is able to exploit.

2. Setting and notations

This section describes the correspondence retrieval problem, notations and results concerning lat-
tices and tensors, and the non-degeneracy condition required by the proposed algorithms.

1. In phase retrieval, noise is typically added to the square (magnitude) !(wi, x) ’2 of the projections (Candes et al.,
2015a, 2013). In our setting, independent noise is added to the k projections {(w;, x;)}¥_, themselves.
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2.1. Correspondence retrieval problem

In an instance of the correspondence retrieval problem, % distinct but unknown points in R?, denoted
by 1,22, ..., x; € R? are revealed through collections of noisy linear measurements.

The n measurement vectors, denoted by w1, wa, ..., w,, are i.i.d. random vectors in R? with
the standard multivariate Gaussian distribution N(0, I 4.4). For each i € {1,2,...,n}, the i-th
measurement is the unordered (multi-)set of k£ (Euclidean) inner products between w; and the k
points, corrupted by additive zero-mean Gaussian noise with variance o

MfL)— = {<wla $1> + O-El',la <wi> 332> + 0’51‘72, ceey <w’i7 mk‘> + O-Ei,k’} ;

where the {¢; j }1<i<n,1<j<k are ii.d. N(0, 1) random variables. The noiseless version of the prob-
lem has 0% = 0, and the measurements are denoted by M; := MY fori € {1,2,...,n}.

The goal is to (approximately) reconstruct the set of & unknown points {x1, x2,...,xx} (ie.,
reconstruct up to reordering), from the data (w1, M7), (w2, Mg), ..., (w,, M?).

2.2. Notations

The first m positive integers are denoted by [m] := {1,2,...,m}. The Euclidean inner product
between vectors w and v is denoted by (u,v), and the Euclidean norm is ||v||, := /(v,v). The
i-th largest singular value of a matrix M is denoted by o;(M); the spectral norm (i.e., largest
singular value) is also denoted by || M ||,.

2.3. Lattices

An ordered basis B = [b;|bs| - - - |b,] € R™*™, arranged as columns in a rank n matrix, generates
a lattice
n
A(B) = Zzibi t21,22,.. .20 €L p C R™,
i=1

where 7 denotes the set of integers. The Shortest Vector Problem is to find the shortest non-zero
vector in the lattice:
arg min ||v||, .
veA(B)\{0}
The length of the shortest vector is denoted by A(B).

Current techniques for this problem involve “reducing” the input basis B so that it is at least
somewhat well-conditioned in a certain sense. Lenstra et al. (1982) show that the first vector by
in a suitably reduced basis B has length at most 2("~1)/2 . A(B). They also give an algorithm
(LLL) that, given a basis B € Z™*™ with integer coefficients, computes a reduced basis B’ with
A(B’) = A(B) in time polynomial in m, n, and log(|| B|| ), where || B||, denotes the magnitude
of the largest entry in B. In this sense, LLL is a 2("~1/2-approximation algorithm for the Shortest
Vector Problem.

An important concern with the use of LLL on bases with real-valued coefficients is numerical
precision. There are two cases where precision needs to be considered: precision in the mea-
surements, and precision in the internal arithmetic operations in LLL. We discuss these issues in
Appendix B. To simplify the foregoing discussion, we assume that LLL may be run on input bases
with real-valued coefficients.
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2.4. Tensors

For a positive integer p, a real order-p tensor T' € ®f:1 R™ is a p-linear function T': R™ x R™ x
.-+ X R™ — R. We only require tensors of order two (i.e., matrices) and order three. The rank-one
tensor v1 ® v @ - - - ® vy, for vectors vy, vy, ..., v, € R", is the p-linear function satisfying

(V1 QU2 ® - @vp) (U, U2,...,up) = (V1,u1)(V2,u2) - (Vp, Up) , UL, U2,..., U, € R".

We use the shorthand notation v®? for v € R" to denote the (symmetric) rank-one tensor v ® v ®
- ®v € @ R". Forp = 2, this is the symmetric outer product of a vector: v®? = vo’.
We may also identify a tensor T' € @¥_; R™ with a multi-index array of n” real numbers; the
(i1,42,...,1p)-th entry is T'(e;,, €4y, ..., €;,), Where e1,es, ..., e, are the standard coordinate

basis vectors for R”.

2.5. Non-degeneracy conditions

Arrange the k unknown points in the matrix X := [x1|zs] - - - 2] € R*. Our main algorithms
require X to have rank(X) = k—i.e., the points must be linearly independent.

We measure how ill-conditioned X is in two ways. The first is based on the singular values
01(X) > 09(X) > -+ > 0p(X) of X, primarily through the ratio x(X) := 01(X)/ox(X). The
second is A\(X), the length of the shortest non-zero vector in the lattice A(X'). The quantities x(X)
and \(X) are related in the following proposition, which is proved in Appendix D.1.

Proposition 1 \(X) > min;cpy|la;ill, - 26(X)/(k(X)? +1).

For k = 2 (the phase retrieval setting), a variant of our lattice-based algorithm requires &1 # 2,
but permits the points to be linearly dependent.

3. Noiseless correspondence retrieval

This section describes lattice-based algorithms for the noiseless correspondence retrieval problem.

3.1. Algorithm description

Our main algorithm, specified in Algorithm 1, is based on reductions to the Shortest Vector Prob-
lem in lattices. Using information from d + 1 measurements and the input parameter 8 > 0, the
algorithm constructs k lattice bases with the following properties. First, for each ¢ € [k], the only
short vectors in the ¢-th lattice reveal which elements in the first d measurements correspond to
the unknown vector ;. Second, when [ is sufficiently large, all other vectors in the lattices are
longer by exponentially-large factors. This lattice construction is based on the algorithm of La-
garias and Odlyzko (1985) for solving random instances of the Subset Sum Problem via reduction
to the Shortest Vector Problem. Our algorithm similarly approximately solves these Shortest Vector
Problem instances using LLL to obtain the correspondence information, and then recovers all of the
k unknown points by solving systems of linear equations from the first d measurements.

3.2. Main result and analysis

The main performance guarantee for Algorithm 1 is given in Theorem 2 below.
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Algorithm 1 Lattice-based algorithm for noiseless correspondence retrieval
input Data (w;, M;) for i € [d + 1], parameter § > 0.
output Set of points {Z1, T2, ..., Ty}, or “failure”.
1: if W = [wi|ws|- - |wy|" is singular then
2:  return “failure”.
3: end if
4: Let y; 1,2, - -, ¥;k be an arbitrary ordering the elements of M, for each i € [d + 1].
5: Define a = (a;; : i € [d],j € [k]) € R% by

aij = (Wat1, W;)Yij,

where w; is the i-th column of W 1.
6: fort=1,2,..., kdo
7. Construct basis

I g1

c R(K+2)x(dk+1)
BYd-+1,t ‘ —Ba’

BO = [0 oY ] =

8 Let L) (%, 2) = 20by) + 3, %,;b0) € A(BW) for (2,2) € Z x Z% be the vector
returned by LLL as an approximate solution to Shortest Vector Problem for A(B(t)).
9: if the (dk + 2)-th coordinate of L(*) (%, 2) is non-zero then
10: return “failure”.
11:  endif

12:  Let &, be a solution to the system of linear equations (in = € R%)

<wi7$> = Yij, (17]) € [d] X [k] 'éi,j 7& 07
or 0 if no solution exists.
13: end for
14: return &1, Xo,...,T}.

Theorem 2 Assume X = [x1|xs|- - - |x] € R¥*F has rank(X) = k. Forany § € (0,1), if
dk+1
16 - (2 k2 T T+ 1) k2 g T (2\/&+ \/2111(8/6)) R
w02 - NX) ’

then with probability at least 1 — 0, Algorithm I returns {x1, 2, ..., Ty }.

g =

Numerical issues and running time are discussed in Appendix B. The rest of this subsection is
devoted to the proof of Theorem 2.

Let R := 2%/2.\/d+ 1, and let Zp := {(20,2) € Z x Z% : 0 < 22 +|]z|3 < R?}. For
5 € (0,1), define

™

"N 2 \KZRl)  ovdt 2h@ge)
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The coefficient vectors in Zp include all those that could potentially determine lattice vectors in
A(B®) for t e [k] with length at most R. Below, we prove that these lattice vectors either provide
the correspondence information needed to recover the unknown points (and have length < R), or
they have length more than SBrs with high probability. A crude bound on the cardinality of Zp is

’ZR‘ < H_LRL—LRJ+1,...,LRJ —1, LRJ}‘korl < (2_2(dk+1)/2_\/m+1)dk+1.

For each i € [d], let 7;: [k] — [k] denote the (unknown) permutation on [k] that determines the
arbitrary ordering of M; from Algorithm 1:

Yij = (wi,wm(j)>, iel[d],j € [k].
Also, for § € (0,1), let & be the event that
1. the smallest singular value of W' is bounded from below: o4(W') > ¢/ (4\/(7/);
2. the spectral norm of W is bounded from above: | W ||, < 2v/d + \/21n(4/6);

3. foreach i € [d], j € [k], and (20, 2) € Zg such that |z; j — zo| + Zj,# |z, 51| >0,

2 2
2 T 0
<wi,(zi,j — 20) %, (j) +j/z:#zz’,j’$m(j’)> z MX)™- 5+ <2ko33|> -0

This event characterizes the properties needed from the first d measurements; Lemma 3 shows that
it has large probability mass. The proof, given in Appendix D.2, is based on known properties of
Gaussian random matrices.

Lemma 3 Forany o € (0,1), Pr(&)>1-6.

We now show in Lemma 4 that, for each ¢t € [k], there is a relatively short vector in A(B (t))
that provides the correspondence information needed to recover ;. We also show in Lemma 5 that
when S is sufficiently large, other vectors in A(B(t)) are considerably longer, and hence cannot be
returned by LLL.

To simplify notation, assume that 7441 (j) = j foreach j € [k], so we have Y441+ = (Wat1, Tr)

for each ¢ € [k]. Using this notation, define 2 = (zz(t]) 24 € [d],j € [k]) € Z% foreach t € [k] by

RO 1 ifm(j) =t,
J 0 otherwise.

Recall that for each ¢ € [k], the lattice vector in A(B®)) determined by coefficient vector (29, z) €
7 x 7% is denoted by

L(t) (Zo, Z) = Zob((]t) + Z Zi,jbz(‘? .
1,J

Observe that the coefficient vector (zg, z) is revealed in the first dk 4+ 1 coordinates of the lattice
vector L(*) (20, 2); the final coordinate of the lattice vector is used to make some vectors very long.
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Lemma4 On the event &, for each t € [k], yay1: = (Wat1,T) = Z” a,-7jzi(7?. Also on this
event, for each t € [k,

1
LW, 2®) = z®) — |20
6yd+1t+/3213 az,]z(? 0

VAT

Proof Assume &; holds, which guarantees the existence of W1 and thus permits the w; to be
well-defined. In this event, Zgzl ww, = W ~'W = I,. Therefore,

d k
C L) A 5) (t)
;25 = wd+17wz wzawm(]) Zij
i7j

=1 j=1

L0, 2],

U

(Wat1, w;) (W, Tp)

@
Il
—

T ~ T
Wagi1 E wiw; | Tt = (Wit1, Te) -

The claim now follows by direct computation, using the above identity and the definition of z(*). W

Lemma 5 Forany § € (0, 1), conditional on the event Es, with probability at least 1 — § (over the
choice of wqy1), for each t € [k), every coefficient vector (2o, z) € 7 x 7 that is not an integer
multiple of (1, 21)) satisfies

2002, > min{ R /5 +1al5+ 2 |

Proof Assume & holds. This implies, in particular, that W ! and the @; are well-defined. Fix
t € [K], and let Z(1, (")) denote the set of integer multiples of (1, z(!)). For any coefficient vector
(20,2) € 7 x 7.9,

2 2
2
1L (20, 2)[l; = |[20b)) + D 20| = 28 +ll2l3 + 5% [ D aijzig — vasiezm | - @
7‘7
Z"j 2 i7j
Observe that ||L®) (2, 2), > R for all (zo, ) € (Z x de) \ Zr. Below, we prove that with
probability at least 1 — ®) (29, 2 )H2 > 22 +||z||5 + 5272 for every (20, z) € Zr\ Z(1, 21).

Combining this with a union bound over all choices of ¢ € [k] proves the lemma.
Fix any such (zo,z) € Zg, and consider the parenthesized term in Eq. (2) (without the squar-
ing). By Lemma 4, the term expands to

E : E : (t)
Qi,523,5 — Yd+1,t20 = Qaj,j5 (Zz] %540
,J

= Z<wd+1aﬁ)i><wi>wm(j)> (sz - Zf?%) = (W4t1,v) ,

1]
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where

v — Z<'wi7mm’(j)> (Zm- — zS}Zo) w; .

1,J

Because wgi1 ~ N(0,I,), the final expression is a N(0,]|v||3) random variable, and hence by
Proposition 10 (given in Appendix A),

2 T 0 )
P <<wd+1,v> <3 (o) o ||2> < o ®

We show below that, on the event &,

2
2 )
AX)*- 7 <2d/qu\)
5 -
(2\/& + /2 ln(2/5))
Using this bound with Eq. (3) and a union bound, it follows that with probability at least 1 — 6/,
we have || L® (2, z)||§ > 22 +||z|3 4 822 for all (20, 2) € Zg \ Z(1, 2®).

We now prove the bound in Eq. (4) on the event £5. Because the w; are the columns of w—L
we may write v = W lcfor ¢ = (cy, ca,. . ., cq), where

k
— Z(wl, wﬂ'i(j)> <Zi,j — ZZ(Z-)ZU) = <'wi, (Zi,wi_l(t) — ZO) Ty + Z Zi,jmm(j)>
j=1

JEk]mi(4)#t

“)

2
lollz =

for each 4 € [d]. Therefore, ||v||3 may be bounded below as

d
lollz > oa(W=1?- 3 cf = ci.
; z HWHQ i

Since (29, z) ¢ Z(1, z(")), at least one of the following is true:
1. there exists i € [d] such that z, <11y 7 203
2. there exists i € [d] and j € [k] \ {m; '(t)} such that Zim(G) 7 0.

In either case, there exists i € [d] such that [2; 1) — 20| + 2 cpupim ()5t [%ims()| > 0. s0 using
the third condition in the event &,

d T 1) 2
2 > 2.0 )
S22 000 5 (gmzy)

=1

Combining this with the upper-bound || W ||, < 2v/d + /21In(2/6) from the second condition in
the event &s proves the required lower-bound on ||v ||§ from Eq. (4). |

We now prove Theorem 2. With probability at least 1—4§/2 (over the choice of w1, wa, . .., wy),
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1. Event &5 holds (Lemma 3).
Moreover, conditional on s /o,

2. |ILO(1,2M)|, = v/d + 1 for each t € [k] (Lemma 4);
and, with probability at least 1 — 6/2 (over the choice of wg1),

3. for each t € [k], every non-zero vector in L") (zg,2) € A(BW) for (20,2) € Z x Z%
with length at most R = 2(@+1)/2,/d 1T is either an integer multiple of L®) (1, 2®)), or has
length ||L®) (2, 2)]|, > \/zg +|z]13 + 52r§/2; the length in this latter case is more than R
when 8 > R/rs/, (Lemma 5).

Statements 1-3 above hold together with probability at least 1 — §, so we assume that they hold.
In particular, Algorithm 1 does not return “failure” upon checking if W singular. As long as § >
R/r5/9, for each t € [k], the approximate solution returned by LLL for ABWY)is L® (3, 2) =
L® (¢, cz®) for some ¢ # 0. The (dk + 2)-th coordinate of this vector is zero—so Algorithm 1
does not return “failure” on account of this check—and &; is obtained as a solution to the system of
linear equations

(wi, ) = Yij, (4,5) € [d] x [K] « ngj) #0.

By the definition of z(*) and non-singularity of W, we have &, = a; for all ¢ € [k]. This completes
the proof of Theorem 2.

3.3. Phase retrieval

The special case of correspondence retrieval where k = 2 and @1 = —xo # 0 is known as the
(real-valued) phase retrieval problem, as described in the introduction. Indeed, it is easy to see that
the general k = 2 correspondence retrieval problem may be reduced to this case by “centering”
the measurements. However, the unknown points x; and x2 are no longer linearly independent, so
Algorithm 1 is not directly applicable.

A simple fix is to pick a random vector z ~ N(0, I;), and replace each unordered measurement
M; = {{w;, x1), (w;, x2) } with M, := {(w;, z) + (w;, x1), (w;, 2) + (w;, x2)}. The points to
recover become z + @ and z — x, where & := x; = —x5. Let X := [z + x|z — ] € R™¥2, The
following proposition gives a bound on x(X) = o1 (X)/o2(X); its proof is given in Appendix D.3.

Proposition 6 For any vectors a,b € RY, the matrix M := [a + bla — b] € R?*? satisfies

o1(M) < r+1/r
oa(M) ~ |sin(6)]’

where T :=||al|, /||b

o, and 0 is the angle between a and b.

It is easy to see that

k) < T o (I, v
X) < ey < © ( Vi +|ac||2>
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with high probability, and hence Algorithm 1 may be applied.

We can also give a direct algorithm for solving the phase retrieval problem via LLL, with quali-
tatively the same guarantees as Algorithm 1, where || ||, replaces the role of A(X'). The details are
given in Appendix C.

Number of measurements. Our algorithms require n = d + 1 measurements for exact recovery,
which is the best possible (in dimension d > 2), even in this phase retrieval setting. With only
d linearly independent measurement vectors, no algorithm can distinguish among 29~ distinct
solutions (of the form {W ! diag(s)Wz, —W ! diag(s)Wa} for s € {£1}?) that give rise to
the same d measurements.

As discussed in the introduction, Balan et al. (2006) prove that n = 2d — 1 measurement vectors
(whether random or deterministic) are necessary to ensure that every non-zero & € R? can be
recovered, up to sign, from measurements with these measurement vectors. Because our algorithms
only use d 4+ 1 (Gaussian) measurement vectors, they must be insufficient for recovering some @ up
to sign (in dimension d > 3), even though for any fixed x, they suffice with high probability.

4. Noisy correspondence retrieval

This section sketches a moment-based algorithm for the noisy correspondence retrieval problem.

4.1. Main idea

The algorithm is based on decomposing the following moments involving the k£ unknown points:

M = Zx?ﬁ c RAxd and T = Zx?fﬂ e Rdxdxd

Jj=1 Jj=1

Under the condition rank(X') = k, there is an efficient algorithm based on tensor decompositions
that, if given M and T up to some sufficiently small error as inputs, returns accurate estimates of

the points 1, 2, . . ., up to reordering (see, e.g., Anandkumar et al., 2014).
The crucial idea is that the moment matrix M and tensor T" can be estimated from the data
(w1, M9), (wa, M3), ..., (wy, M), even though the measurements are unordered. This was

observed by Yi et al. (2016) in the case of a related (and indeed, more difficult) model of mixtures
of linear regressions. In their model, there is no noise (i.e., 0 = 0), but instead of observing
all of M;, only a random element of M; is observed (and this random choice is independent of
the random measurement vectors, and identically distributed across all n measurements). Yi et al.
give an algorithm for learning the k£ unknown points when n is sufficiently large (nearly linear in
d, polynomial in k and x(X)).> Therefore, it is clear that the noiseless correspondence retrieval
problem may be reduced to their noiseless mixtures of linear regressions problem.

Our main observation is that the same estimators designed for the noiseless setting may also be
applied in the noisy setting.

2. Yi et al. (2016) also give a hybrid algorithm that combines alternating minimization with the moment-based algo-
rithm. This hybrid algorithm can exactly recover the k unknown points in the noiseless setting.

10
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4.2. Moment estimators

To estimate M and T', we use

—~ 1
M= — ((wi @)) + 0eiy)” (wfm - Id)

1

&
Il
—

<
Il

S|+ 3
| = | =

and T := = ((u)i,wj)—i—msi’j):3 (wz@?’—T(wi)) ,

i=1 j=1

respectively. Here, for any vector v € R, the third-order tensor 7 (v) is defined by 7 (v) :=
Z;l:l (Ve ®ej+e®vRej+e; ®e; ®v), where er, ey, ..., eq is any fixed orthonormal
basis for R?. The i-th term in each of M and T is symmetric with respect to the £ values in MY,
and hence can be formed using just the unordered measurements.

The unbiasedness of M and T in the noiseless case (o = 0) follows immediately from the

following proposition. We give a simple proof in Appendix D.4 for completeness.

Proposition 7 (Yi et al., 2016) Let w ~ N(0, I ;). For any vector u € R?,

B jw? (07 - 1) = u B[ (w2 - Tw)| -

_In the noisy case, we have the following analogous proposition, which implies the unbiasedness
of M and T for any noise level o > 0.

Proposition 8 Let w ~ N(0,1,) and ¢ ~ N(0,1) be independent. For any vector u € R and
any o > 0,

E é ((w, u) + 05)2 <w®2 — Id)] = u®?, E [é ((w, u) + 0'6)3 <w®3 - T(w))] = u®.

Proof This follows from Proposition 7 by replacing w and wu, respectively, with w := (w,e) ~
N(0,I4.1) and @ := (u,0) € R%!; and considering the appropriate sub-matrix and sub-tensor. H

Proposition 8 justifies the use of essentially the same moment-based algorithm of Yi et al. for
the noisy correspondence retrieval problem:

1. Compute the estimates M and T from (wi, M7), (w2, M3), ..., (wy, M?).

2. Apply the tensor decomposition algorithm of Anandkumar et al. (2014), and return the vectors
from the approximate decomposition &1, &o, . . ., L.

The analysis of Yi et al. can be used to give a bound on the number of measurements needed to
accurately estimate the & unknown points: assuming max;eg [|z;]|, = 1, for any €,d € (0,1), if
the number of measurements n satisfies

- k log(1/6) k2
n > O(d-poly(gk(XU)>- g;/ )+5>7
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then the algorithm returns &1, &9, . . ., &1 € RY satisfying

nginmaﬁ 1Zx) — zil, < e,
with probability at least 1 — d, where the min is over permutations 7: [k] — [k]. Here, the O(:)
hides factors that are poly-logarithmic in those that appear, and X, is the (d 4+ 1) xk matrix that
appends a row to X with all entries equal to . We omit a detailed bound and analysis because they
are based entirely on the results of Yi et al., and the result is not comparable to the results we obtain
in the noiseless setting with the lattice-based algorithms.

5. Discussion

The moment-based algorithm for the correspondence retrieval problem does not appear to efficiently
use the information contained in individual measurements. By averaging over the measurements in
the computation of M and IA’, critical constraint information is lost. In contrast, the lattice-based
algorithm does not average over the projection values nor the measurements themselves. It would
be interesting to understand if there is indeed a gap between these distinct types of algorithms.

It would also be interesting to consider other classes of measurement vectors. Assuming a Gaus-
sian distribution is convenient for analysis of our lattice-based algorithm, although it is plausible that
other distributions satisfying some kind of anti-concentration condition at every point would also
suffice. Handling certain discrete distributions would also simplify the numerical precision issues.
The moment-based algorithm, however, critically relies on higher-order moment calculations spe-
cific to the Gaussian distribution. It is not clear to what extent that algorithm would work with other
classes of measurement vectors. A plausible alternative is to use semidefinite programming to re-
cover M and T (or other related moment tensors). Indeed, the results of Kueng et al. (2017) imply
that M can be recovered from O(dk) measurements, where the distribution of the measurement
vectors may be Gaussian or from a certain class of finitely-supported distributions.

Our lattice-based algorithm cannot handle measurement noise, with the cryptographic hardness
of the Shortest Vector Problem being the main barrier. There is also cryptographic evidence that
even deterministic measurement errors make related problems computationally intractable (Alwen
et al., 2013). In practice, LLL has been observed to find the shortest vector in lattices in low
dimensions, and in high dimensions, its empirical performance is somewhat better than the worst-
case approximation factor (Stehlé, 2010). Nevertheless, it is desirable to find different algorithms
for phase retrieval and correspondence retrieval that do not use LLL but still work with the same
optimal number of measurements.
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Appendix A. Gaussian inequalities

Theorem 9 (Edelman, 1988; Davidson and Szarek, 2001) Let Z be an n X n matrix whose en-
tries are i.i.d. N(0, 1) random variables. For anyn € (0,1),

and
Pr (al(Z) > 2Vd + /2 ln(l/n)) <.
The following proposition is based on elementary properties of the Gaussian distribution.

Proposition 10 Let Z ~ N(0,1). For anyn € (0,1), Pr(Z% < mm?/2) < n, and Pr(|Z| >

V2In(2/n)) <.

Proof The first bound is a standard Gaussian anti-concentration bound:

. Vin o1, VELI
Pr(|Z S\/777 :/ — e 2z < / ——dz = 7.
Q e ) ~Vn V2r V0 V27

The second bound is a standard upper-bound on the Gaussian tail. |

Appendix B. Numerical issues

In this section, we discuss the numerical issues with Algorithm 1. We assume that the coeffi-
cients of the measurement vectors wi, wa, ..., wy and the £ unknown points ¢y, xs, ..., Ty are
represented with sufficiently fine precision—say, with B bits of precision—and that the projection
values (w;, ;) in the measurements are exact. Here, B should be large enough so that the Gaussian
anti-concentration properties in the proof of Theorem 2 still hold (say, within a constant multiplica-
tive factor). The anti-concentration property from Proposition 10 is used with 7 no smaller than
(X)) - 27 poly(dk,log(1/9)) g0 the number of bits needed is poly(d, k, log(1/8)) plus the number of
bits needed to represent A(X ), the length of the shortest vector in A(X'). Recall that A\(X) is no
larger than min ¢y |||, and, by Proposition 1, no smaller than min ey (||, /#(X).

The numerical work performed by Algorithm 1 is dominated by the calls to LLL and the solving
of linear systems. Lemma 11 bounds how much smaller or larger the coefficients of the lattice basis
(used in the calls to LLL) are relative to the projection values. Lemma 11 also bounds the condition
number of the matrix involved in the linear system that is used to solve for the unknown points.
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Lemma 11 With probability at least 1 — 6,

o1 (W) < 2Vd+ /2In(4/6),
)
Ud(W) > m,
/8‘|ai,j| c ﬁ\/E6|y’L7]| 54\/@“/1,” : lE[d],]E[k’]

4y/2d (z\/& + m) ’

Proof From Theorem 9, it follows that

Condition on this 1 — /2 probability event. Recall that w; is the i-th column of W L. The
distribution of each (w1, ;) is N(0,|1w;]|3), and

1 1
— < wyll, < .
Ul(W) = H H2 O'd(W)

So, by Proposition 10 and union bound,

, N - 21n(8d/9) 0
Pr(Vield.—— <|[{(wg1,w))| < +——| > 1——.
( ] 4 2doy (W) ~ (a1, i) oi(W) 2
Since a; j = (w441, W;)y;,j, combining these probability bounds proves the claim. |

When calling LLL, we may treat the lattice basis coefficients as integers by rescaling. By
Lemma 11, the number of bits required to represent these coefficients may grow from B to

B+0O logmax{d3/2 +dg{510g(1/5)’ ﬂ\/dlgg(d/a)}

With the required value of 5 from the statement of Theorem 2, the running time of LLLL—and also
of Algorithm 1—is therefore poly(d, k,log(B), log(x(X)),log(1/0)).

Appendix C. Direct algorithm for phase retrieval

In the phase retrieval problem, there is a single hidden vector @, and for each i € [d + 1], we draw
w; ~ N(0,I;) and observe y; := ‘(wi, :1:>| Our goal is to recover « by finding the vector of
unknown signs s := (s1,52,...,84) € {+1}%, where s; := sign((w;, z)) for each i € [d]. A
modified version of our main algorithm, specified in Algorithm 2, constructs a lattice where the
shortest vector’s coefficients are exactly the same as s or —s.

The performance guarantee of this algorithm is given below in an analogous result to Theorem 2.
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Algorithm 2 Lattice-based algorithm for phase retrieval
input Data (w;,y;) for i € [d + 1], parameter § > 0.
output Hidden point & (up to a sign), or “failure”.

1: if W = [wi|ws|- - |wy|T is singular then
2:  return “failure”.
3: end if

4: Define @ = (a; : i € [d]) € R? by
a; = <wd+lvﬂji>yi7

where w; is the i-th column of W1,
5: Construct basis

B = |by b - bd} :: [,B Iin c RE+2)x(d+1)

Yar1 | —Pa’

6: Let (20, 2) € Z x Z% specify an approximate solution Zobg + >_; 2;b; € A(B) to the Shortest
Vector Problem for A(B) using LLL.

7: if |20| = |21] = |22| = - -+ = |Z4] is not true then
. return “failure”
9: end if

10: Let & be a solution to the system of linear equations (in ¢ € R%)
(w;, ty = sign(Z;)y;, ield.

11: return Z.

Theorem 12 Forany 6 € (0,1), if

24/2 /71 1-2d (2\/3+ V2 1n(4/5)) : (2 242/ T + 1)d+1

2 zllym

g =

then with probability at least 1 — 6, Algorithm 2 returns & = x.
Let &5 be the event that
1. the smallest singular value of W is bounded from below: o4(W) > 6/(4V/d);
2. the spectral norm of W is bounded from above: |[W ||, < 2v/d + \/21In(4/5);

3. foreach i € [d] and (29, 2) € Zp such that |z; — 29| > 0,

5 2
(wi, (2 — zo)ac>2 > |3 - g ’ (2(1\2}2!) ‘ ©

Also, let R := 2%/2\/d + T and Zp := {(20,2) € Zx Z%: 0 < 2} +||z||3 < R?}.

17
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Lemma 13 Foranyé € (0,1),Pr (&) > 1—0.

The proof of this lemma is completely analogous to that of Lemma 3, so we omit it.
Let sg := sign({(wgy1, x)). The following lemma shows there exists a short lattice vector which
solves the recovery problem. Its proof is analogous to that of Lemma 4, so again we omit it.

Lemma 14 On the event Es

1
L(sg,s) = s ] = |s|,
—Bsoya+1 + B> 5 ais; 0

[L(s0,8)[l, = Vd+1.

Finally, we state a lemma that lower-bounds the length of lattice vectors that are not integer
multiples of L(sg, s).

Lemma 15 Forany 6 € (0,1), conditioned on the event Es, for every coefficient vector (zy, z) that
is not an integer multiple of (so, s), we have

1LGz0, 2)3 > min { B2, 28 + |23 + 6%3}

where
2 |||y 7

' 2d| 25| (2vVd + /2In(4/5))

Proof Let (29,2) € Zp be any coefficient vector. Then the last coordinate of the corresponding
lattice vector is

ry =

d d

d
g ai2; — 20Yd+1 = E aizi—zosog a;Sg
i=1

i=1 i=1

(using the relation from Lemma 14 and the fact that s% =1)

d
= > ai (zi — 20508:)
i=1

d

= > (wap1, wi)| (wi, )| (2 — 20508i)
i=1

Because z is not an integer multiple of s and z(sg is an integer, there exists an index i* € [d] such
that z; — zpsgs;+ # 0. Then the sum can be rewritten as

(wi=, (zi+ — 20508+ )x) | + Z(wd+la@i>‘<wia (2 — z0808:) )| - (6)
i

(Way1, Wix)

18



CORRESPONDENCE RETRIEVAL

We now show that the first term puts small probability mass over any short interval independent of
the value of the summation over ¢ # 7*. This gives a lower bound on the absolute value of the last
coordinate by considering an interval around the negative of the second term.

Since (29, 2) € Zg implies (20s08;+,2) € Zg for either of the two values of sy and s;«, the
third condition in & gives

™ 0 ’
’<wi*’ (Z’i* _ ZOSOSi*)w>’ Z HwH% ) 5 ’ <2d|ZR‘> '

Since W~ is full rank, there is a component of ;- which is orthogonal to the span of
{w;}ixi. We write this as

u = w; + Z a;Ww;
it

where (u, w;) = 0 for all i # i*. Now let a; for i # i* be the coefficients above, and let a;« := 1.
Then u = W 'a fora = (a1, as, . .., aq), and thus

[lally >

) 1
uH222\/&+\/W 2Vd ++/2In(4/5)

where the first inequality follows from

O'd(Wil) >

1
T 2Vd+ /21n(4/6)

on the event & and the second inequality from a;« = 1.
Thus Eq. (6) can be rewritten as the sum of two independent terms

(i1, w)|(wis, (2 — 20508 )) | +

Z (a1, —aiw;) [ (wis, (zi+ — 208085 ) ) + (Wap1, Ws) |(wi, (2 — 20808:)x)|) (7
it

The first term, (wg11,u) ! (wi~, (z;+ — 20505+ )x)|, has distribution N(0, o2), where

0,2

Y

lallalwie, (22 — z0808:0))|
2
133 (5am)
(2\/&+ V2 1n(4/5))2

The event that Eq. (6) is small is when the Gaussian distribution returns a value in the interval of
length 2r; centered around the second term. The probability of this event is no more than

1 2rs  2v/d + /21n(4/5)
—— s < =2 - <4

by the choice of r5. Therefore, with probability at least 1 — §, the quantity in 6 is at least 75, so
the contribution of the last coordinate to the norm of the lattice vector is at least /3 2r§, so the norm
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of this lattice vector is at least \/ 22+ |12]13 + /6’27%. To complete the proof we note that for all
(20, 2) & Zg, by definition the norm of || z||2 is at least R. [ |

We now prove Theorem 12. By the choices of R and § and Lemma 15, every incorrect coef-
ficient vector has norm at least 2%/2/d + 1, so it will not be returned by the LLL algorithm. By
Lemma 14 there exists a short vector with coefficients (sg, s), so LLL recovers the correct signs.

Appendix D. Omitted proofs

D.1. Proof of Proposition 1
Claim 1 A\(X) > mine ) [l — I a]|, where Iy is the orthogonal projection to the span
of {2} ji

Proof Let v be a non-zero vector in the lattice with basis X. Write v = Zk

j=1
21,292,...,2k € Z. Pick any 7 € [k] such that z; # 0, and let r := — Z#i 2, SO

zjxj, where

2 2
2|
2

2 2 2 _
lolly =z = 7lly 2 ||zi@s — Mpzai|) = =

xr; — H(—z)ml xr; — H(_Z)acz

)
Above, the first inequality follows from the Pythagorean theorem, and the second inequality follows
because z; € Z \ {0}. [

By Claim 1, it suffices to lower-bound the distance between x; and the subspace spanned by
{x;};+, for every i € [k]. So fix i € [k], and any non-zero vector r; in the span of {x;};;.
Let the singular value decomposition of X be given by X = USV", where U € R%** has
orthonormal columns, S = diag(o(X),02(X),...,06(X)) = 0 is diagonal, and V' € RF**
is orthogonal. Let «j € R* denote the j-th column of V7. Then x; = USay, and there exists
non-zero 3; € R¥ orthogonal to c; such that r; = U S3;. Moreover,

(i, 7:)” (of SUTUS,)” (o] 8°B,)°

(@i zi)(ri,ri) (@] SU'USq,) (B{ SU'USB;) (o] S°ci) (B] S°8;)
By Wielandt’s inequality (Horn and Johnson, 1985, 7.4.34), the ratio is bounded above by

<m<52>/ak<52>—1>2 _ <H<X>2—1>2 —_

01(8%) /o (8?) + 1 R(X)2+1

By the Pythagorean theorem, the distance between x; and the span of r; is

x;,7)? 2
Il (1 - <<>>> > Jlaill, VI~ 8.

Ti, T;)(Ti, T

Since this holds for any r; in the span of {x;} ;;, the distance between x; and the span of {x;};;
is also at least

26(X
lzilly vV/I= 6 = ywiuz-ﬁ(;ggjl.

The claim in Proposition 1 follows.
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D.2. Proof of Lemma 3

It suffices to show the following probability bounds: (i) Pr(cg(W) < 6/(4Vd)) < §/4; (ii)
Pr(|W ||, > 2vd + 1/21n(4/5)) < 6/4; (iii) Pr(Eq. (5) does not hold) < &/(2dk|Zg|) for each
i € [d], j € [k], and (20, 2) € Zp such that |2;; — 20| +>_,/,; [2i,57| > 0. Combining these bounds
with a union bound proves the claim.

The first two bounds follow from Theorem 9. The third requires Proposition 10 and the obser-
vation that the inner product in Eq. (5) is distributed as N(0,||v|3), where v := (2i,j — 20) T, () +
> i1+ %i,j'®x, (7). The condition on (20, z) implies that v is a non-zero vector in the lattice A(X),

3'#7
which has||v||, > A(X) by definition.

D.3. Proof of Proposition 6

Let M := [a|b] € R**2. The non-zero singular values of the matrix M = [a + b|a — b] are the
same as the square-roots of the non-zero eigenvalues of

T

MM'™ = 2aa” +2bb" = 2MM .

This matrix, in turn, has the same non-zero eigenvalues as the matrix

oo [lal} (@)
M= [<b,a> ||bu§] |

The eigenvalues A; > Ao of this matrix can be computed explicitly:

2
A= llall} +b]3 + \/ (lall3 +1813)" = 4 (lal3l1bl3 - (a,b)2),

2
No = a3+l - J (lall3 +11613) "~ 4 (lall316]3 - (a,b)2)

Their ratio is

2
1+ _ 4sin®(9)
& B (r+1/r 2
A2 B 45in?(6) ’
1—,/1-
(r+1/r)2

where r = ||a||, /||b|,, and @ is the angle between @ and b. The quantity 4sin®(6)/ (r + 1/7')2 is
always in the interval [0, 1]. A Taylor series expansion argument shows that

1++v1— 4
H < —, TE [0’1}7
1—+vV1—2x x

so we conclude
o(M) A < r+1/r
oo(M) A2 T |sin(6)]



ANDONI HSU SHI SUN

D.4. Proof of Proposition 7

By homogeneity, we may assume ||u|[, = 1. Let g := (w,u) ~ N(0,1), and let y := w — gu.
Observe that g and y are independent, and

Ey =0, Ey** =1I;-u® =) e?-u®, Ey* =o0.

Using these facts, we have

E(w,u>2 (w®2 _ Id) — Eg2 (92u®2 +y®2 _ Id) _ Eg4u®2 _ E92U®2 — 2u®2’

E(w,u)’w® = Eg* (gu +y)*°
— B’ (¢uP +guoyoytysusy+ysycu))
d
= E96u®3+Eg4Z <u®ej ® e; +ej®u®ej+ej®ej®u—3u®3>
j=1
= 6u® + 37 (u),
E(w, u)*w = Eg®(gu+y) = 3u,

s0 E(w, u)3 (w®? — T (w)) = 6u®3. This proves the claims in Proposition 7.
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