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Abstract

Motivated by a desire to model n-sparse signals more realistically, we study matri-
ces of inclusion probabilities for conditional Poisson or rejective sampling in the non-
asymptotic regime. In particular, we provide bounds in the semi-definite ordering for
matrices that collect first and second order inclusion probabilities as their diagonal and
off-diagonal entries respectively, and operator norm bounds of their Hadamard products
with other matrices. Finally, we demonstrate the usefulness on these bounds, which only
involve first order inclusion probabilities, in a toy application from dictionary learning.
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1. Introduction

The goal of this paper is to provide bounds for matrices of inclusion probabilities in rejec-
tive sampling and thus make rejective sampling a practicable model for n-sparse signals.
Rejective sampling, known also as conditional Poisson/Bernoulli sampling, selects a subset
S of size n from [K]| = {1,..., K}, by flipping K independent Bernoulli switches d; with
P(0r = 1) = pr € (0,1) and keeping the set of active indices S = {k : §; = 1} if it has the
correct size. First order inclusion probabilities then count how often such a set contains a
fixed index i, m;(n) = P(6; = 1|, 0 = n) = P, (i € S), and higher order inclusion proba-
bilities how often they contain a fixed set L = {i1,... 4}, m(n) = m, 4, (n) = Pp(L C S).
The bounds presented here are of the following form.

Featured Theorem A Consider rejectively sampling sets of size n with generating prob-
abilities p. Let m = m(n) be the vector of first order inclusion probabilities, D, the diagonal
matriz with ™ on the diagonal and X, be the matriz of first and second order inclusion
probabilities, ie. with ij-th entry m;j(n) and w(n) on the diagonal. Further, let < denote
the semi-definite order and ® the Hadamard (entrywise) product. Then we have

Y, < art + 2D, as well as
[A®Z,[| <k [[Dx[A—AOT|Dr[| +[[A® Dxll,

for A€ RN and k= (1+ [[7]lo0)(1 = |Illoc) 2.
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Since the bounds above are valid in the non-asymptotic setting, they make rejective sampling
usable and useful for people working in sparse signal processing, data science or machine
learning, where population size K and sample size n cannot be assumed to be large. In-
deed, our main message is, that if you have an equality in uniform n-sampling or Poisson
sampling that features n/K or p, you can often get an analogue inequality for rejective
sampling, featuring instead 7 or even p with a benign constant.

To motivate the renewed interest in a classical topic such as inclusion probabilities of re-
jective sampling, we next provide a motivation for and introduction to rejective sampling
aimed at practitioners and interested sampling experts using an application example in the
modelling of sparse signals. Section [2| contains the main result in more detail together with
some useful auxiliary results. We also provide a short application example in dictionary
learning, while a more elaborate example can be found in Appendix [A] Finally, Section
contains the proofs of the main result.

1.1 Motivation and rejective sampling model

One of the most useful priors in signal processing, e.g. for signal acquisition and restoration
such as compressed sensing, denoising or inpainting, [8 [7, [14], is that the signals of interest
are sparse in a dictionary or basis. This means that there exists a set of vectors ¢; € R%,
called atoms and collected in the dictionary ® = (¢1,...,dx) € R>*E such that we can
write each signal y of interest as

y:@:{]:

M=

v(k)or =Y x(k)ox,

k=1 kel

where the coefficients x € RX are n-sparse, which means that only n entries (k) are non-
zero. The (sorted) set I = {k : x(k) # 0}, which collects all indices k of non-zeros entries
x(k), is then called the support of the sparse signal and sometimes, it will be convenient
to rewrite the sparse signals as superposition of scaled dictionary atoms in the support in
several ways, meaning for ®; = (¢;,,...,¢;,) and 1 = (z4,,...,;,), where we usually
assume that i; < 7;41, we have

y=®xr =0D,1; = PDjux.

Here 1; denotes the indicator vector of the set I C [K] = {1,..., K}, meaning 1;(j) = 1 for
j € I and zero else, while D, for + € RX and Dy for I C [K] denote the diagonal matrices
with z and respectively 1; on the diagonal.

Ideally, given an algorithm and the sparse model, meaning the dictionary ® and the sparsity
level n, one can quantify whether the algorithm is successful. For instance if the dictionary
has small coherence p1(®) = max;+; |(¢s, ¢;)|, {1-minimisation based schemes, [6, 7], or OMP,
[16], can recover the sparse support and coefficients z; from y as long as 2un = 2u|l| < 1,
meaning one can compress y to xy, [9, 20].

Similarly, if one has the design freedom to choose ®, the task of reconstructing any n-
sparse ¢ € RX from y = ®x € R? is known as compressed sensing. There one of the key
results is that if one chooses ® randomly, e.g. with i.i.d Bernoulli entries, then as long
as n -log(K)/d < 1 with high probability all n-sparse z € RX can be reconstructed via
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Figure 1: For each 8 x 8-patch in Mandrill (left) we find the best approximation using 8
atoms of the DCT basis (right). We then count how often each atom is used
and calculate the empirical inclusion probabilities (middle). The DCT atoms are
sorted from most to least frequent row-wise, i.e. most frequent top left, least
frequent bottom right.

¢1-minimisation, [4[5]. Since for K > d we have p at best of order 1/v/d, choosing a random
dictionary, means that the scheme works for much larger n.

However, in many situations the dictionary ® is predetermined by the application, meaning
it cannot be chosen or modelled as random. At the same time all deterministic coherence
based results are too weak to be useful or do not reflect the practical performance of an
algorithm well.

In these situations one can try to get a better fit between theory and practical performance
by adopting a random model on the signal coefficients, meaning the sparse support and the
coefficient size, and by studying the average performance. After all, most algorithms are
designed to be used for many signals or in the case of machine learning they use as input a
batch of typical signals.

Going back to our example of sparse approximation, one can show that if the signals are
modelled as

y=_ ck)o(k)pr = ®s(cs © 05), (1)

keS

where S chooses supports I uniformly at random among all sets of size n, the signs ¢ are a
Rademacher sequence, c is a strictly positive sequence and ® is the Hadamard (entrywise)
product, then with high probability one can recover the support and non-zero coefficients
via f1-minimisation, as long as nu?log(K) < 1, [21].

In order to reflect that some atoms usually appear with higher coefficients than others, it
is of course easy to add a random model on ¢, e.g. by letting each entry c(k) follow a
distribution bounded away from zero (and bounded) but with different mean. However, it
is a little more tricky to incorporate another property that we are likely to encounter in
a realistic set of sparse signals, i.e. that some atoms are more likely to be in the n-sparse
support that others. For instance, if we look at the best approximation of all 8 x 8 patches
of Mandrill with n = 8 DCT atoms, and count how often each DCT atom is used, we see
in Figure [1] that some atoms clearly appear for frequently than others.



In order to get a still simple but more realistic model, let us forget for a moment that we
want only n atoms in the support. In this case we can give each atom a probability to be
in the support, meaning we define a series of independent Bernoulli 0-1 variables d; which
are 1 with probability p; € (0,1) and zero with probability (1 — pg). Then for the random
vector ¢ and each v € {0,1}* = A we have

H pi H (1—pj)=p"-(1 _p)l—v.

tw(i)=1  jw(j)=0

Now if we identify vectors in A with subsets of [K] via ¢ : A — P([K]),v > {i:v(i) =1},
meaning ¢t~ () = 1; we get the set-valued random variable S = ¢ o §, which is distributed
as

HPZH (1—pj)=p'(1—p)!° for IC[K].

iel  j¢I

Choosing a support or sample according to the distribution above is called Poisson sampling.
Now if our probability weights py sum to n, meaning for the vector p = (p1,...,px) we
have ||p||1 = n, we know that in expectation the size of the chosen supports is n, since

E(|S]) = (215 ) = E(iak) = ipk = [lplls = n,

and concentration of measure tells us that most supports that we choose with this method
will have support size close to n. Unfortunately, this does not mean that most supports
have actual size n. However, we we can force this property by conditioning on it, meaning
we define a new distribution of S via

-1, 1 Ie : _
Pn(szf);:ws:um:n):{c P (1-p) i fl=n
0 else

where ¢ = P(|S]| = n) = 31112 p! (1 — p)’. Due to its construction, choosing a support
or sample according to the distribution above is called conditional Poisson sampling, con-
ditional Bernoulli sampling or rejective sampling, since we reject all samples of the wrong
size. Conditional Poisson sampling was popularised and intensively studied by J. Hajek,
e.g. [10, II]. It belongs to a larger class of sampling measures called exponential designs
and we refer to [19] for a thorough introduction, [I] for algorithmic aspects and [22, 2] for
more recent developments.

Coming back to our goal of modelling n-sparse signals, we can now generalise the model
in , by allowing the n-sparse supports to be chosen according to rejective sampling with
parameter vector p, such that ||p[[y = n. If we then consider our sparse approximation
problem, indeed we get an analog statement, that with high probability one can recover the
sparse supports via f1-minimisation, as long as the hollow Gram matrix of the dictionary,
H = ®'® — I, weighted by the diagonal matrix A with A;; = \/Di, has small operator and
column-wise Euklidean norm, that is |AHAlj22 S 1 and HHAHgQ2 log(K) < 1, [17].

While rejective sampling clearly allows to model n-sparse signals more accurately, it comes



with certain complications or drawbacks. For instance, the first order inclusion probabil-
ities mp = mr(n) = Pp(k € S), that we can observe, differ from the generating Bernoulli
probabilities p, = P(k € S), we use in the model, meaning unless py = ¢ for all k, we have

m=m(n) =E,[1s] # E[1lg] = p.

Similarly, the higher order inclusion probabilities are not a product of the first order inclu-
sion probabilities, so for L C [K] we have

mL(n) =Pu(LCS)# [[me vs. []pe=P(LCS9).

LeL leL

This also means that the matrix of inclusion probabilities ¥,, = E,[151%] does not have a
simple structure like ¥ = E[151%] = pp' 4+ D,(I— D,), so weighting a matrix A with ¥,,, is
not as straightforward as weighting with X, where we simply have

AOYX =D,AD,+ A® Dy(1— Dy).

However, the results presented in the next section show that many equalities in uniform n-
sampling or Poisson sampling that feature n/K or p respectively, have analogue inequalities
in rejective sampling, featuring instead of n/ K or p either 7w or even p with a benign constant.
As such they provide the key to making rejective sampling an attractive and usable sparse
model.

2. Main results

We start with a simple comparison bound between first order inclusion probabilities 7= and
generating probabilities p, which will later allow us to transfer all matrix bounds in terms
of 7 into bounds in terms of p.

Lemma 1 (Comparison bound) Let m;(n) = P,(i € S) be the first order inclusion
probabilities associated to a rejective sampling model with parameter n and weight vector
p=(p1,...,pK) with p; € (0,1) and ||p||1 = n, then we have

1= fplle < T < o
>

)

The relation between 7;(n) and p; was first studied by Héjek, [10, 1], who showed that

K
1r§nizg§(|m/pi—1] —0 as ¢q:= ;pi(l—pi) — 00,
=

and conjectured, as later shown by Milbrodt, [I5], that for a; := m;(1) = £

Di

< min 7; and max m; < max
1—p; i i i 1—p; i

min o; = min
2 3



The result above, which already gives control over the extreme points of the two sequences,
was further generalised in [13] 22] to
(K m(n
™ <a and (K_l,...,K_l):M<---<Q<---<W(1):a, (2)
K n
where u < v for two vectors u,v € R means, that after sorting them in increasing order,
their sorted versions u, U satisfy

K K
i<y % Vi=12,... K
k=j k=j

The advantage of the bound here is that, while maybe less sharp, it holds in the non-
asymptotic setting, where ¢ < S < K, and that it is valid for all pairs (p;, 7;), rather than
just the extremal ones or partial (sorted) sums.

While the comparison bound above has its asymptotic analogue, bounds in the operator
norm or semi-definite order for matrices of inclusion probabilities, such as ¥,, with m;(n)
and m;;(n) as diagonal and off-diagonal entries, seem to be a unstudied so far. However, 3,
appears quite naturally in a sparse context.

For instance, the idea behind many dictionary learning algorithms is to construct glimpses
of the dictionary ® using a current guess V. Assuming a sparse signal model as in with
constant coefficient sequence ¢ these glimpses can (in first order approximation) be of the
form ®Dg + ®DgZ!WDg for Z = ® — ¥, so that aggregating them one arrives at

U := ®E[Dg + DsZ'UDg] = ®[Dy + (Z10) ® ,,]. (3)

Determining whether a normalised version of ¥ is a better approximation to ® than U,
then becomes a question of bounding (Z'¥) ® ¥,, or rather bounding H ® ¥,, where H =
ZW — (Z') o 1.

Theorem 2 (Operator norm & semi-definite order bounds) Let E, be the expecta-
tion according to the rejective sampling probability with parameter n and weights p; € (0,1).
Further let m € RE be the vector of first order inclusion probabilities, meaning ™ = E,[15],
Dy be the K x K matriz with  on the diagonal and zero else, and ¥, be the matriz of (up
to) second order inclusion probabilities, meaning ¥, = E,[151%]. Then for the Hadamard
(entrywise) product with any matriz A € RE*E we have

1+ [7]loc
Ao 1PrlA = ASTIDr] +]A© Dl (2)

Writing A < B for two positive semi-definite (p.s.d) matrices if A — B is p.s.d, we have

[A©X,| <

Y, < 7wt +2D,, (b)

and, defining for L C [K] with |L| < n the set £L:={I C [K]: L C I}, we have

Ty

En[ls\pls\ 7 12(S)] = Ep - H (c)

1—mp



Interestingly the theorem above allows us to bound quantities involving second order in-
clusion probabilities using only first order inclusion probabilities or in combination with
Lemma [1| even generating probabilities, which are much easier to handle. For instance, we
can answer the question how close ¥ is to a scaled version of ®.

Example 1 (Toy application in dictionary learning) Recall that we have a dictionary
®, a guess U = ® + Z and are wondering when the updated quess ¥ = O[D, + (Z'0) © %,
will be an improvement over V.

We set &; = (z;,1;) so that Do = (Z'®) © 1 and H = Z'V — D.. We can then rewrite
U = ®[D;(1+ D.) + H®X,] and get abbreviating Cr = (1 + ||7]|oc)(1 = ||7]|oc) 2 and

D, = D¥? that

I+ Do)~ D} =@D || = |®D = D' (H ® £n) DI+ De) ™|
<Dyl - I(DZ HDZ) © Bl - [|(T+ D:) ™|
< ||®Dys]l - Cr - IDHD s - [[(T+ Do)~
< Cr @D sl - 1T+ D) M| - (1ZD sl - 9D el + [ D= D)
< Cr - |@D &l - |+ D)7 - (1D sl + 1D sll) - 1 ZD -

Since [|[ZD || = |(® — ¥)D || is the weighted distance between the current estimate W
and the desired dictionary ®, it is now easy to infer from the bound above under which
conditions on ® and ¥ the normalised version of ¥ or equivalently of \il(]l—l— DE)_lD%1 will
be a better approrimation to ® in this weighted distance.

Moreover, using Theorem |2 it is also possible to estimate terms involving higher order
inclusion probabilities of the form E,[DsH DsH!Dg|, where H is again a matrix with zero
diagonal. In dictionary learning such terms appear considering glimpses in second order
approximation, and we can bound them using the following corollary of Theorem

Corollary 3 Under the same conditions as in Theorem [ we have for any matriz H with
zero diagonal that

D.HD H'D,|| _[|Ds © (HDH')]|
(1~ [[r])? 1= o

Note that D, ® (HD,H?") is a diagonal matrix, so we can also write | D, ® (HD,H?)|| =
maxy, T (HDﬂHt);ak. The interesting fact about the bound above is, that it allows to bound
the matrix E,[DsH DgsH'Dg], which involves up to of third order inclusion probabilities,
again using only the first order inclusion probabilities 7.

For the interested reader we provide a short explanation how the first and second order
glimpses in dictionary learning are constructed and how they can be bounded using Corol-
lary |3| in Appendix [A] For even more details and a real application we refer to [I8].

Here we next we turn to the proofs of both results.

|EW[DsHDsH!Ds]|| < (1+ o) -

3. Proof of main results

We start with the proof of Lemma



Proof [of Lemma [1] We want to show that 1 — ||p|lec < mi(n)/p;i < 2 whenever ||p|| = n.
The upper bound follows directly from [I7, Lemma 7] so we only need to show the lower
bound. We abbreviate m; = m;(n) and ¢ := 1 — ||p|lec < 7i/p; as well as P(I) = P(S = I)
for any set I C [K]. By definition, we have

P({ie S}n{|S|=n})  2rj=nics PU)
P(ie S||S|=n)= P(|S] = n) T S e PO Z]:P J)

1

and p; = > ;e P(J). So the desired inequality ¢ - p; < 7; is equivalent to
c Y PI)Y P > PUI ZIP’
I:|I|=n Jued I:|I|=nz€el

Splitting the sum over I, J into sums over those containing ¢ and those not containing i we
see that the inequality above is implied by

c > PO P D P(U) D P (4)
I:|I|=ni¢l Jiued I:|I|=nsel JuigJ
Note that for any set I not containing the index i we have
Pi .
P [Ha-po= ] 2= [] (0 —pe)=PaU{i}).
pi i kel kgl KeIU{i}  kgIu{i}
Multiplying both sides in with p;/(1 — p;) we get

c Y. PO P > PI) D> PU),

I:)|I|=n+1,iel Jiied I:|I|=niel Jied

so it suffices to show that
c Y PN > PI).
I:)|I|=n+1,iel I:|I|=niel
Indeed, we have

c > P)=c > PO Z%

I:|I|=n+1,iel I:|I|:n+1,z‘€I kikel ki

—c Y = Y PUNRTE

I:|I|:n+1,i€[ k:kel k#i

c
< w1 =Pl Z P\ A{k}) - px
Pl (Ik):|I|=n+1,€l
kel k#i
1
== > BDY.m< Y PO
J:|J|=nied k¢J J:|J|=n,ieJ
where we used that >4, pr < 32 Pk = 1. [ |

In order to prove Theorem [2] we need two auxiliary results. The first is a corollary of Schur’s
product theorem, see e.g. [12]. For convenience we include its short proof.



Corollary 4 (of Schur’s theorem) Let A, B € RE*E be two square matrices of the same
dimension. If A is positive-semidefinite (p.s.d.), then

Ao Bl <A [|B].

Proof The matrix

|B|| - (AeT) AOB _ A A o |B|| - I B
(Ao B)!  |B|-(AeT) A A Bt ||B||-I
is p.s.d., since the right hand side of the equation is a Hadamard product of two p.s.d.

matrices and thus by Schur’s product theorem also p.s.d. Further by [12, Theorem 7.7.9]
this means that there exists a contraction C', meaning ||C|| < 1, such that

AOB=|B|-(AcDY?2C (A2,

and hence ||[A® B|| < [J[A®T] - ||B|. [ ]

The second result is the following lemma, which collects relations between first and second
order inclusion probabilities for n resp. n — 1, corresponding to [19, Eq. 5.21], and bounds
between first order inclusion probabilities for n resp. n — 1.

Lemma 5 Let m;(n) = P,(i € I) be the first order inclusion probabilities associated to a
rejective sampling model with parameter n and weight vector p = (p1,...,pK) with p; €
(0,1), then we have

Wj(nl__lzri_(nﬂﬁ(f)_ D for alli #j (5)

and mi(n—1) <mi(n) for alli. (6)

mij(n) = mi(n) -

A proof of Eq. can be found in [19]. The inequality in @ follows from [3], using that
u = P is strongly Raleigh. Therefore y,—1 = P,—1 = P, = py, which further implies that
for increasing functions f, such as f(S) = 1g(k), m(n — 1) = [ fdun—1 < [ fdp, = mi(n).
For convenience, alternative proofs, which use only the language and techniques introduced
in this paper, are provided in Appendix With the two results above we are ready to
prove Theorem

Proof [of Theorem [2] (a) We want to show that

1 s
Tl ypta— A01iD) + 1D, 0 AL

AoY, | £ —+—7—7——
14620 < T

First note that since ¥, has m(n) on the diagonal, a simple application of the triangle
inequality yields
[AOEn]| S |[AOEn = A® Dyl + [A© Dry| = (A= AOTL) © Ep || + [|A © Dy I,

which already proves the theorem for n = 1, where all off-diagonal entries of ¥,, are zero,
meaning the first norm term is zero. In case n > 2 it remains to show that for H = A— A®I



we have ||[H © X, < ¢ || D) H Dyl With constant ¢ as above. Using the abbreviation
Ay =1 = Dyn) we know from that

mi(n)
1—mi(n—1)

—1 —1
= (Aﬂ(m)Dw(mH Dr(n-1) = Ap(n_1yPr(m)H © En—1>ij :

(H © En)ij = Hij - mij(n) = - Hij - [mi(n — 1) = mij(n — 1)]

Next Lemma [5 tells us that D (,_1) = Dx(y), which leads to
1H © S|l < A7, |l - 1Dr(m)y HDr(n1) = Dy H © Epa |
< (@ = [[7()loo) ™"+ (1Dxuy H Dy | + | Dy H © Sa ) - (7)
Applying the inequality above to H' and using the symmetry of ¥,, we also get
1 © Sl < (1= 7)) ™ - (1D sy HD gyl + [HDsoy © Sual) . (8)

For n = 2, the matrix ¥,_; is again a diagonal matrix, meaning the second norm term
vanishes and we are done. For n > 2 we simply apply the inequality in to H® Xp1
with H = D, H, leading to
1Dy H @ || = |1 H © B 1H
< (1= 7(n=Dlloo)™" - (IPxtn-1)yHDrn-) | + | HDrn-1) © Zns]])
< (L= llwm@) o)™t - (17 () oo | Dy H Dox || + | Doy H Dy © T2l -
Substituting the inequality above into @ yields

and since X, _o has m(n — 2) on its diagonal the result follows from Corollary {4| (with
A =3%,_9) and Lemma (a)v
(b) We want to show that E,[151%] = ¥, < n7’ + 2D, meaning
> 11— L117P(D) . D)1= =n LILSPI)P(T) N 2 Y r1j=n DP(I)
2= PU) 7~ O r11=n P(1)? 2 r11=n P()

Multiplying both sides by (3. 7=, P( ))? we therefore have to show that

Yoo uPp) = ) LPOPI)+2 Y DPIP().

(L, D): =] T|=n (L, D): =] T|=n (L, D):[]=|J|=n

Now the crucial step is to partition these sums in a special way. For a pair (I,J), by
definition of the Poisson sampling model, we can rewrite P(1)P(J) as

N=]Ie: I -e) [Ip: [JCO—p) = T[] 08 T] »iCt—po) [] (0 —pp)%

el jel i€ G ielnd  ielAJ JEI1uJ

10



where IAJ denotes the symmetric difference of I, .J. This implies that for two pairs (1, J),
(I',J') we have

P(I)P(J) =P(I")P(J") whenever INJ=I'NJ and IAJ=TITAJ.

This allows us to define natural partitions on the set of pairs (I, J) such that the probability
P(I)P(J) is constant on each partition. Concretely, for any integer m € {1,...,n}, together
with a set A C [K] with |A| =n —m and a set B C [K] \ A with |B| = 2m, we look at the
collection of pairs (I, J) with intersection A and symmetric difference B, i.e.,

Qap:={I,J): LJCIK|,|[I|=|J|=nINnJ=AIAJ=B}.

Note that each pair (I, J) with |[I| = |J| = n can be uniquely assigned to a collection Q4 p
and that P(I)P(.J) is constant for all (I,.J) € Q4 p. Using that the sum of positive semi-
definite matrices is positive semi-definite, it therefore suffices to show that for all possible
choices of A, B we have

o= Y u1h+2 Y D

(I,J)€Qa,B (I,J)€Qa,B (I1,7)€Qa,B

For A, B fixed we abbreviate Q) = Z(LJ)EQA,B 171t and Q = Z(LJ)GQA,B 1;1%. Note that
Z( 1))eQu 5 Dy = Q ©1, so the inequality above is equivalent to showing that

0=Q-Q+2-Qol (9)
For the entries of these matrices we have

Qij=H{,J)€Qap:ijel} resp. Qij=I|{(I,])€Qap:icl,jeJ}.
In case i, j € A we obviously have Q;; = Q;; = |Qa 5, so
Q©(1a1}) = QO (1ally).

In particular, this means that @ holds trivially for m = 0, where B = ().
In case that ¢ € A,j € B we have Q;; = Q;j = (Qm_l) =: d,, and therefore

m—1
QO (1alz +151Y) = Q ® (1413 + 151Y).
It only remains to check what happens for 4, j € B. The case m = 0 is already settled, thus
we assume m > 1. On the diagonal we get ();; = 0 while Q; = (27;":11) = d,,. We have
Qij = (27;"__22) =: gm and Q;j = (27:?_—12) =: @p. In summary
Q-Q+2-QOI=(Gmn—qn) 1815 — (Gn — Gn +dn) - Dp+2-QOL  (10)
Since G, > ¢, the matrix (Gm — gm) - 1p1% is positive semi-definite. Finally, as (272'1:22) +

(QnT:lz) = (2¢:zn:11

) we have ¢, + ¢ = dy,. Thus for all m > 1, we have

(Qm_Qm+dm)'DB:2'(jm’DB52'dm‘DB:2’Q®DBj2'Q®]L

11



showing that also the remaining terms in are positive semi-definite, which completes
the proof of (b). (b)v
(c) We will prove the statement by induction. Let L be a set of size m < n — 2 and
L={ICI[K]:LCI}. Wefirst show that for k ¢ L and L = L U {k} we have

(1= 7k(n)) - En[lo\plp - 12(S)] 2 mh(n) - Ena [13@12@ “1:(9)] (11)

We again use that for any set J not containing the index k we have

Pk

2 B() =BT U (k)

Thus expanding the expectation we get

£, Loy 15, 12(5)] = > piri=n,rer P A1 1) ‘ > ri1j=ner PUI)

21 1j=n P(I) > 1)=neer PU)
X nn=n et PO ) Y pnenger BU)
a > ritj=n.ker PU) ' 21 1j=n P()
B ZJ;|J|:n—1,k§éJ,f1§JP(‘])(]'J\I:lf]\ﬁ)
a > i1 )=n—1,k¢s P(J) TR
- ZJ:Ilen—l,igJP<J)<1J\i13\ﬁ) ' > ri1j=n—1P() ()
- > i J|=n—1,k¢s £(J) > rij1j=n—1 P()
e ics B0 ) S, PUT)
a > 11j=n—1P() DT o)) ()
P(I
=E,_1 [15\zlg\ﬁ “14(9)] - Zi:jznij;J(PZJ) - m(n).

Now all that remains to do in order to prove is to bound the fraction above. Writing
out the expression in the denominator we get

Ypp=n—1PU) > r1j=n—1 P()
> aigl=n—16¢s PC) 2 nin=n—1 PU) = Xorjr=n—1ker PU)
1 1 1
TP (keS) S1-PukeS)  1—m(n)

By induction and using again that mx(n — 1) < mx(n), we finally get

En (15,15 - 1e(S)] [[(1 = me(n)) < EBpypy[1s1s) - [ [ me(n),
(L teL

which completes the proof of (c). (c)v

Finally, it only remains to prove Corollary

12



Proof [of Corollary [3] We want to show that for a matrix H with zero diagonal we have

Lt e t
————|\|D,HD H'D,
0= Tl 11

Let Hj be the k-th column of H and Hf = (Hj)'. We rewrite the expression, whose
expectation we want to estimate, as

|IE(DsHDsH' Ds]|| < 1Dz © (HD-H")|.

17l

DsHDsH'Dg = (HDsH") ® (1515) = (> HpH}) © (1s1%) = Y " (HpH}) © (151%).
kesS kesS

Since the k-th entry of Hj and therefore both the k-th row and k-th column of H, ;CH,tg are
zero, we have (HyH}) ® (151%) = (HxH}) ® (15\{k}1g\{k})’ yielding

DsHDsH'Ds = > (H,H}) © (1s\ (13 1 1))
_ Z(1S(k) - HiH}) © (Ls\ 1y 15, 1)
- Z HyHj) © (Lo 3y s gry - s (R)).

Note that 1g(k) = 12(S) for L = {k} and £ = {I C [K]: L C I}. Thus using the Schur
Product Theorem, which says that the Hadamard product of positive semi-definite (p.s.d)
matrices is p.s.d., meaning for A, P, P p.s.d. with P < P we have A® P < A® P, together
with Theorem further leads to

E, [DsHDsH'Dg] = Z(HkH;;) OB, 1\ (e} 15y - L5 (k)]

<Y (HHP) © (Sno1 - 72%)
k

2 (1= |7lloe) ™ (D Hi -7k Hf) © Bt = ¢ - (HD-H') © Sy 1.
———
. k

=:cr

This means that for the operator norm of the expression above we have the bound
IEn[DsHDsH' Dsl|| < ex - |(HDzH') © SnA]ll,

and all that remains to be done is to apply Theorem @ to A = HD,H' in the bound
above. So defining Cyr(n) := (1 + [|7(5)]loo)(1 — [|7(S)]lc)"* and observing that due to
Lemmawe have mp(n — 1) < mp(n) = 7 and thus Cr,—1) < Crn) = Cr we get
|En[DsHDsH' Dsl|| < ex - [ A©® ]|
< cCq- (Cw(n—l) : ”Dﬂ'(n—l)[A —A® H]Dﬂ(n—l)H + ”A © DTr(n—l)”)
=c¢p Cn |DrHD-H'Dy|| + ¢x - ||Dx ® (HD-HY) |,

3

where for the last inequality we have also used that A = HD,H?! is positive semidefinite. B
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Appendix A. Motivation and derivation of Relation (3))

For the interested reader we give a short motivation how one constructs the glimpses in
dictionary learning, which in first order approximation lead to Relation . We then derive
a similar relation using second order approximations and show how Corollary [3| comes into
play.

The goal of dictionary learning is to identify the dictionary ® from a set of sparse signals,
following a model y = ®gxrg = ®PDgx. The main idea behind most iterative dictionary
learning algorithms is to take a guess U of the same size as ®, and from each signal realisation
y = @y try to identify I and subsequently xj, using some sparse approximation scheme.
Combinations of y and z; are then aggregated in a way suitable to approximate ®. For
instance if S follows a rejective sampling model and for simplicity x = o, a Rademacher
sequence, we have Elyx!] = E[®Dgzx'] = E[®Dgl] = ®D,, so after renormalisation we can
retrieve ® from E[yz!] or rather its approximation by finite averages. Of course, if we only
have ¥ instead of ® we will not get = but only an estimate & and the question is if using
E[y#!] will lead to a better approximation of ® than ¥. Let us for simplicity assume that the
sparse approximation routine always manages to retrieve the correct support realisation I,
which is true with high enough probability that the resulting error remains small whenever
U is close to @, cp. [I8]. Then the best approximation to y using ¥y is § = \III\IIJ}y, meaning
Ty = \Iljy = \Iqu) 1T, Where \IJJ} is the Moore-Penrose pseudo-inverse. If W has full rank n,
then we have

Ty = \I’jq)[l'[ = \If}\l’]l'] + \IJ}((I)[ — \I’[)l'[ =x7+ \I/;ijj =x7+ (\I/l}\lf[)_l‘lftIZ[$[.

If Gy = U4¥; — I has small operator norm, which for realisations of rejective sampling
happens with high probability as long as G = ¥!W — I has small entries and small weighted
operator norm, [I7], then using a Neumann series we have (Ut W,)~! =3 (-G ;)™ This
means that in first order we can approximate \Il} by ¥} and in second order by ¥4 — G r¥}.
So for most support realisations I we have

&r=ar+ V' Zrx; = Dz + DrU'ZDrax  and

Tr=zr+ W?Z[ﬂ?[ - G[}]\I/tIZ[.’L‘[ =Dix+DVZDrx — D]GD[\I’tZD[.’L‘.

Assuming again that x = ¢ is a Rademacher sequence, we now arrive at Relation ,
E[yi'] = ®E[Dgzx'Ds + Dsxa'DgZ'UDg| = ®[D, + (Z'V) © ,,].
Similarly, using the second order approximation and recalling that Z'¥ = D, + H we get

E[yi'] = ®E[Ds + DsZ'WDgs — D; Z'WDsGDg|
=®[D, + (Z'V — D.G) ® %,,] — PE[DsH DsG Dg].
Theorem [2] already allows us to directly bound the first two terms. To control the last
term note that I is a discrete random variable so we can interpret the expectation as a sum
of matrices Y, A¢By. Let A = (A1,...,Ar) and B = (Bf,...,BL)!, then || >, A¢B||* =
|AB||?> < ||A||?- | B||* = ||AAY|| - | B!B||. Applying this to the expectation above where
Ay~ P, (S =1)"2D;HD; and By ~ P, (S = I)'/2D;G Dy leads to

|E[DsHDsGDg]|* < |[E[DsHDsH' Ds]| - [|[E[DsG* DsG D5l
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which we can finally bound using Corollary |3} Note, that using tricks similar to the ones
above together with Lemma |5 Theorem [2| and Corollary 3| also allows to treat E[yz!] in
full accuracy. This opens up the way to the convergence analysis of practically relevant
dictionary learning algorithms, which usually involve additional components such as E[2#1],
see e.g [18].

Appendix B. Elementary proof of Lemma

For the reader’s convenience we here prove Lemma[5| using only the language and techniques
introduced in the paper.
Proof [of Lemma [5] We first want to show that for two indices i # j we have

mij(n) = mi(n)

mi(n—1) = mi(n—1)

1— m(n — 1)
Recall that for any set J not containing the index i we have
Pi .
-P(J) =P(JU{i}).
() = PO U i)

Using this relation we get
ris(n) = > rirj=n L)) 11() - P(I) ‘ > riri=nicr P()
ZI:II\:n P(1) Zl:\ﬂ:n,z’g[ P(I)
. ZI:|I|:n,ieI 1;(5) - P(1)
a > itj=nier P()
pi L=pi 2ggj=n-1gs L10G) - P(J)

-mi(n)

ZJ:\J\:nfl P(J)

T1- Di Di ZJ:\J\:n—l,i¢J P(J) ) ZJ:\J\:n—1 P(J)
— 15(n) - Z]z|]|:nfl,i¢J 15(5) - B(J) . ZJ:U\:nq P(J)
' > g Jj=n—1P(J) > s d=n—1,iga P(J)

Further rewriting the fractions in the expression above yields

Yo ra=n—tigs LiG) - PCT) 32 5 g1=ne1 15() - P(T) B > gi=n—1 Li(0)15() - P(J)

> 7 Jj=n—1P(J) X =1 () > 7 Jj=n—1P(J)
i (n—1) mij(n—1)
as well as
Z]:|J\:n71 P(J) Z]:|J|:n—1 P(J) 1

> siden—1igs D) X gigien1 PO) = X sgjen-1ies B(J) 1 =mi(n — 1)
which completes the proof of the first equality.
Next we will show more generally that for arbitrary L C [K]|, mr(n — 1) < mp(n). We
define £ = {I C [K]: L C I}. Using this together with the definition of P,, we can rewrite
mr(n—1) <mp(n) as
> igj=n—1 1c(J) - P(J) _ >orij1j=n 1) - P(I)
Y rgena PC) T Y= PU)
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which is equivalent to
> 1.(J) - P(J)P(I) < > 1.(1) - P(J)P(I).
(I,0):|J|=n—1,|I|=n (I,J):|J|=n—1,/I|=n

Next we use a similar partition as in the proof of Theorem (b), that is for m € {1,...,n},
together with a set A C [K] with |A| =n—m and a set B C [K]\ A with |B| =2m — 1, we
look at the collection of pairs (I, .J) with intersection A and symmetric difference B, i.e.,

Oup:={(LJ): LJC[K],|I|=n,|J|=n—1,INJ=AIAJ = B}.

Since each pair (I,J) with |I| = n,|J| = n — 1 can be uniquely assigned to a collection
Qa p and P(I)P(J) is constant for all (I,.J) € Q4 p, it is sufficient to show that

Yoo D 1x(D)

(I,J)eQa,B (I,J)€Qa,B

or equivalently that
H(I,J)€Qap:LCJ} <|{U,J)€ Qap:LCI}. (12)

If L is not contained in A U B, there is no valid pair (I,J) € Q4 p and the inequality
trivially holds. If L C AU B we abbreviate Ly = LN Aand Lg = LNB. Since Ly C A, all
pairs in (I, J) € Q4 p automatically satisfy Ly C I and L4 C J so we can rewrite (12]) as

H{(I,J)€e Qap:LpCJ} <|{(I,J)€ Qap:LpCI}. (13)

Since we need to have AU Lp C J, in case |[AU Lp| = |A| + |Lp| > n the left hand side in
(13)) is zero and the inequality holds. Finally, if k = |Lg| < n—|A| = m, we can still choose
m — k — 1 out of the 2m — k — 1 resp. m — k out of the 2m — k — 1 remaining elements in
B to fill I resp. J and create a valid pair. Since

2m —k —1 < 2m —k —1
m—k—1) m—k )’
the inequality in is satisfied, which completes the proof. |

Finally, let us quickly exploit the partitioning trick to get an elementary proof for another
bound, that comes in handy when working with rejective sampling inclusion probabilities,

7TLuM<n> SWL(TL)~7TM(TL) if MNL=0. (14)
Again this bound can be proved using 3 lines and some heavy machinery from [3], i.e.,
since u = P is strongly Raleigh, so is u, = P,, which then implies that P, is negatively

associated, so for increasing functions f = > ,.; 1s(f) and g = > 3, 15(m) we have
mrom(n) = [ fodpn < [ fdpn [ gdpn = 7r(n) - mar(n).

Alternatively, we can use somewhat more lines but only elementary combinatorics.

We define £ ={I C [K]: L C1I}and M ={I C [K]: M C I}. Using this together with
the definition of P,, we can rewrite mruar(n) < 7r(n) - mar(n) as

2 1j=n M (1) - 1(I) - P(I) _ 2 gigj=n IM(J) - BJ) X opyn=p Lel) - P()
ZI:|I|:n P(I) N ZJ:‘J|:7L P(‘]) Z[:\ﬂ:n IP)(I) ’
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which is equivalent to

S dm@) 1) -POP) < Y Ty() - 1) - PP,

(1,9):|1|=|J|=n (1,J0):|1|=|J|=n

We now use the same decomposition as in the proof of Theorem [2(b), meaning for m €
{0,...,n}, A C [K] with |A| =n —m and B C [K]\ A with |B| = 2m, we define

Qupi={(1,J): 1.7 C [K),|I| = |J| =n,IJ = A, IAJ = BY.

Using the usual argument we now only need to show that

Yoo 1< D Tml) - 1e(T)

(I,J)eQa,B (I,J)eQa,B

or equivalently that
HU,J)e Qap - M CI,LCI}|<|{({,J)eQap:MCJ LCI}.

If L UM is not contained in AU B there is no valid pair (I, J) € Qa p and the inequality
trivially holds. If (LUM) C AU B we abbreviate Ly = LNA, L =LNB, Ma=MnNA
and Mp = M N B. Since (Lg U My4) C A, all pairs in (I,J) € Q4 p automatically satisfy
(LAUM4)C I, Mg CJand Ly C I sowe can rewrite the inequality we want to show as

HU,J) € Qap : MpCI,LpCI}|<|{(I,J)€ Qap:MpC J LpCI}. (15)

Since we need to have (AULgUMp) C I, in case |AULgUMp| = |A|+|Lp|+|Mp| > n the
left hand side in is zero and the inequality trivially holds. Finally, if k = |Lg|+|Mp| <
n — |A| = m, we can still choose m — k out of the 2m — k resp. m — |Lp| out of the 2m — k
remaining elements in B to fill I resp. J and create a valid pair. Since |Lg| < k, we have

2m — k < 2m — k
m—%k /)~ \m—|Lp|)’
meaning the inequality in is again satisfied, which completes the proof.
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