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Abstract

In Ward and Kolda (2023) and Xu et al. (2024), the authors proposed a sketching based initializa-
tion for unconstrained two block matrix factorization (MF) with provable guarantee. The purpose
of this thesis is to examine the limits of extending these two proof frameworks in the context of
Non-negative Matrix Factorization (NMF), as well as its numerical implications.

The first chapter deals with fundamentals of NMF: its formulation, the identifiability issue and
guarantees, a survey of iterative methods to solve it, and finally some complexity results.

In the second chapter, I will quickly go over spectral initialization techniques for matrix optimiza-
tion problems, and introduce sketching, a family of randomization techniques for numerical linear
algebra, with a particular focus on its uses in iterative methods. The core focus of this chapter lies
at the intersection of these two topics: a sketching-based initialization for the unconstrained two-
block MF problem, using either non-alternating or alternating gradient descent (GD). We will
go over the proof frameworks. In the third chapter, I will present my attempts to generalize the
proof frameworks to NMF and the conclusions based on the partial progress.

The fourth chapter deals with numerics. We will compare the performance of different base
methods in different data regimes using all of the initializations mentioned in this thesis.
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Chapter 1

A quick tour of NMF

NMF has emerged as a fundamental computational tool in machine learning, data mining, and
signal processing. By enforcing non-negativity constraints on the factor matrices, NMF produces
highly interpretable, parts-based representations of complex data. This chapter provides a com-
prehensive overview of NMF, laying the theoretical and algorithmic groundwork for the subse-
quent developments in this thesis. We begin by formally defining the problem, followed by an
exploration of its geometric properties and inherent identifiability challenges. Finally, we review a
wide array of iterative algorithms and state-of-the-art optimization techniques used to solve NMF
in practice.

1.1 Notations

Throughout this thesis, scalars are written in standard font, while vectors and matrices are de-
noted by bold lowercase and uppercase letters, respectively.

Sets and spaces

We use R, R, and R, to denote the sets of real, non-negative real, and strictly positive real
numbers. The space of n-dimensional real vectors is denoted by R", and the space of m X n
real matrices by R™*". The subsets of entrywise non-negative and strictly positive matrices are
denoted by R"*" and R'['\*", respectively. Similarly, S™*", S", and S"’{" represent the spaces
of symmetric, positive semi-definite, and positive definite matrices.

Norms and indexing

The standard Euclidean norm (or spectral norm for matrices) is denoted by || - || or || - ||2, while
|| - || 7 represents the Frobenius norm. For a matrix A, its (4, j)-th entry is denoted by A (3, j) or
the more compact subscript form A;;. Its i-th row and j-th column are denoted by A(i,:) (or
A, )and A(:,j) (or A, ), respectively.



Matrix inequalities

When the dimension of A is clear from context, the entrywise inequality A > 0 concisely indi-
cates that A € R""*". More generally, A > C'and A > (' signify that all entries of A are greater
than or equal to, or strictly greater than, a scalar constant C'. Similarly, we write > 0 and > 0 to
denote positive semi-definiteness and positive definiteness when the dimension is clear.

Entrywise non-negative projection

For a given matrix A € R™*", the notations [A];, max{0, A}, and J, (A) are used interchange-
ably to denote the entrywise projection onto the non-negative orthant. This operation sets all neg-
ative entries of the matrix to zero while leaving non-negative entries unchanged, defined element-
wise as:

[A]+(7,7) = max{0, A;; }.

Hadamard operations

For operations in NMF, ® represents the Hadamard (entrywise) product between two matrices
P,Q € R™*", defined as:

(P Q); =P;Q,.

The entrywise inverse of a strictly positive matrix A € R’"X™ is denoted by A®(~1, where:

1
ACCD] = —

Factorization conventions

We consider low-rank factorizations where the target rank d (or r) satisfies d < min{m, n}. For
unconstrained two-block matrix factorizations, the objective is typically formulated as:

1
min =[|A - XYT|3,
XY 2

where A € R™*" and the factors X € R"™*%and Y € R™*? are both “tall” matrices. However,
following standard NMF conventions, we instead structure the right factor as a “flat” matrix H €
R yielding the objective:

: 1 mXxd dxn
%}ﬁﬁﬂA—WHHQF s.t. W e R H e R



1.2 What is NMF

Definition 1.2.1: Exact NMF (Problem 2.1. in Gillis (2020))

Given a matrix A € R"™", and a target factorization rank r, compute, if possible, two ma-
trices W € RT" and H € R*" so that

A = WH. (1.1)

We call WH an Exact NMF of A with size r. Equivalently, we sometimes call (W, H) a
solution to the Exact size-r NMF problem of A € R["*" if the pair satisfies (1.1).

Sometimes we will use d to represent the inner dimension of the factorization in the case where
we are operating in an overparametrized regime d > r. Also, we always assume r < min{m, n}.

We focus on the optimization under the Frobenius and Euclidean norms .
Definition 1.2.2: (Approximate) NMF

Given a matrix A € R’"*", and a target factorization rank r with r < min{m,n}, we aim
to find two matrices W € R"*" and H € R’*" so that

1 )
min S|A - WH]7 (1.2)

)

st. WeRP HeRX
A pair (W, H) that minimizes (1.2) is called an (approximate) NMF of A with size 7.

Having established the algebraic formulation of both exact and approximate NMF, it is instructive
to examine the problem from a geometric perspective. Understanding the geometric intuition
behind NMF not only clarifies the role of the non-negativity constraints but also illuminates why
finding a unique factorization can be so mathematically challenging.

1.3 Geometric interpretation

The geometric picture of NMF can be roughly thought of as the following;:

e The matrix A represents the data cloud living in the non-negative orthant for which we
would like to perform a low-rank factorization. If A is of rank r, then there exist r distinct
rays which constitute the convex cone/hull generated by the columns of A.

e The matrix W can be thought of as the basis for the approximation, and H can be treated
as the non-negative scaling parameter for W.

Rigorously, the convex cone generated by the columns of A is

cone(A) = {x € R™ | x = Ay forsomey € R" }. (1.3)

!Many applications and algorithms are formulated and can be derived under 3-divergences or from an information geometry
perspective Amari (2016). In the case when 3 = 2, we recover the Frobenius norm.



Elements in cone(A) are non-negative linear combinations of the columns of A. Note that for
the j-th column of A, we have A(:,j) = WH(:, j). Since W > 0 and H > 0, we have

A(:,j) € cone(W) C RY, (1.4)
and as a consequence
cone(A) C cone(W) C R”". (1.5)

Therefore, the goal is to find a matrix W whose cone sits in between the two cones cone(A)
and R, while best “enclosing” cone(A ).

This geometric intuition, fitting a cone within a larger orthant while successfully enclosing the
data, naturally leads to a critical question: is there a single, unique cone that satisfies these condi-
tions? As we will explore next, NMF generally suffers from severe non-uniqueness, making the
study of its identifiability a deeply constrained problem.

1.4 Identifiability issue

In unconstrained two-block MEF, the identifiability /non-uniqueness of the solutions arises from
two places: rotational ambiguity and scaling ambiguity. Specifically, given A € R™*", we are
looking for a factorization consisting of products of an unconstrained pair: X € R"™*"and Y €
R™"™ so that

A =XY. (1.6)

Suppose X, and Y, is an exact pair of factorizations, then:

e (XQ,Q 1Y) is another valid solution pair for any invertible matrix Q € R"*".

e (cX.,c'Y,) is another valid solution pair for any non-zero scalar ¢ € R \ {0}.
Similar issues happen in NMF, where the ambiguity is given by permutation and scaling.

Definition 1.4.1: Equivalence of two exact NMFs

Let (W, H) and (W', H') be two Exact NMFs of the same A € R with size 7, i.e.
A =WH=WH". (1.7)

rXr

We say they are equivalent if there exist a permutation matrix IT € {0,1}"*" and a diagonal

scaling matrix D € R™" with positive diagonal elements such that

W =WIID and H =D 'II'H. (1.8)

As the name suggests, there can be two different solutions to the same exact NMF problem that
are NOT equivalent. Such a pair can be created if the non-negative constraints are “loose” enough
to allow us to rotate the interior matrices.



Example 1.4.2: Non-equivalent solutions

Letr = 3, and let W and H be the following:

100 05 0.4 0.1
W=1[010 and H= |01 05 04]. (1.9)
001 04 0.1 0.5

Since W is the identity matrix, A = H.
Now, consider the following matrix Q:

1 01 0 1 =01 0
Q=10 1 0 and Q'=1(0 1 0f. (1.10)
0 0 1 0 0 1
The second pair can be created and calculated as follows:
101 0 0.49 0.35 0.06
W=WQ=1|0 1 0 and H=Q'H=[01 05 04]. (111
0 0 1 04 01 0.5

It is easy to check that (W', H') is a valid pair of solutions. W and W' are not essentially
unique because W' has 0.1 off the diagonal, and there is no permutation and scaling matrix
such that it maps W to W’ or vice versa.

When the entire solution set of the Exact NMF of fixed input A and fixed size 7 contains only one
equivalent class, we say it is unique. We state the formal definition here.

Definition 1.4.3: (Essential) Uniqueness of Exact NMF (Definition 4.1 in Gillis (2020))

The Exact NMF (W, H) of A € R"™" of size r is said to be (essentially) unique if and only
if any other Exact NMF (W’ H’) of the same A of size r is equivalent with (W, H).

1.4.1 Uniqueness guarantee
Exact NMF is, in general, highly non-unique and non-identifiable. However, essential uniqueness

holds under structured assumptions. We highlight a few conditions in which the answer becomes
positive.

The case when rank(A) < 2
We have the following guarantee:

Theorem 1.4.4: Uniqueness under rank(A) < 2 (Theorem 4.2 in Gillis (2020))

Let A € R with rank(A) = 2. The exact NMF of A of size 2 is unique if and only if
(iff) A contains a 2 by 2 diagonal matrix with positive diagonal elements as a sub-matrix



(which is not required to be a minor). Concretely, there exist indices 7, j, k, [ such that

@RI w1)

for some o > 0 and 3 > 0.

Roughly speaking, if the rank is 2, normalizing the columns of A projects the data points onto a
one-dimensional line segment. Again, finding an exact NMF means finding a bounding segment
(defined by the two columns of W) that completely covers the data points while fitting entirely
inside the non-negative orthant.

If A contains a 2 by 2 diagonal sub-matrix, it means the dataset contains two “pure” extreme
points that sit exactly on the boundaries (i.e. the axes) of the non-negative orthant. In this case, the
bounding segments cannot be pushed inwards or outwards, hence guaranteeing the uniqueness
of the solution.

The case for r < rank(A) and 7 > rank(A)

The former case is the one we usually perform (approximate) low-rank factorization with. How-
ever, in such a regime, exact NMF would be impossible, and this is the result due to submulti-
plicativity of the rank function. To see this:

rank(A) = rank(WH) < min{rank(W), rank(H)}. (1.13)

Now, obviously the rank of a matrix cannot exceed its smallest dimension (and here recall that
we have assumed r < m, n), and so

rank(W) <r and rank(H) <r. (1.14)
This yields an obvious contradiction since < rank(A) < r.

In the overparametrized regime r > rank(A ), the exact NMF is trivially non-unique. One could
create an example like the following: suppose A € R'!"*" has an exact NMF of size 1y = rank(A),
that is, there exists Wy € R™*"0 and Hy € R’°*" such that

0
A = W()HO = Z Wo(Z, Z)Ho(’L, ) (115)
i=1
Note that from here we can construct a continuum of exact NMF solutions of size r = 79 + 1. We

do so by artificially splitting any single rank-1 component from our base case into two separate
components.

Let 6 € (0,1), and we can re-write the first component as
WO(:7 1)H0(17 :) = [QWO(:7 1)] H0(17 :) + [(1 - H)WO(:v 1)} HO(lv ) (116)

Via this trick, we can augment W and Hj with another dimension:

RTX(T()-{-I) > W(0) A [OWo(;,1) (1 —0)Wo(:;,1) Wo(:,2) - W(,r)], (117)

6



RO s H A | Ho(2,0) | (1.18)

Hy(ro, ) |

One can check that W () and H are a family of valid exact NMF solutions of size 1y + 1, which
is not unique.

Uniqueness under = rank(A)

In the rank- 2 case, we require A to contain a 2 by 2 diagonal matrix with positive diagonal. The
same reasoning holds for the general case where we require the matrix to contain the identity as
a sub-matrix (up to scaling and permutation). Rigorously, this translates to the following sepa-
rability condition.

Definition 1.4.5: Separability (Definition 4.10 in Gillis (2020))

The matrix H € R'*" is separable if cone(H) = R’,..

Theorem 1.4.6: Uniqueness under separability (Theorem 4.12 in Gillis (2020))

If A admits an exact NMF (W, H) of size r = rank(A) where W' and H are separable,
then the exact NMF (W, H) of A is unique.’

“It is also worth noting that we need both factors to be separable to guarantee uniqueness.

Again, separability is a very demanding condition. The Sufficiently Scattered Condition (SSC) is
a more relaxed condition that only requires the data to be “spread out” enough.

Definition 1.4.7: Sufficiently Scattered Condition (Definition 4.15 in Gillis (2020))

The matrix H € R’*" is sufficiently scattered if the following two conditions are satisfied:
e SSC1:C ={x€eR, |e'x>/r —1|x[]2} C cone(H).

e SSC2: There does not exist any orthogonal matrix Q such that cone(H) C cone(Q),
except for permutation matrices.

SSC1 requires the canonical hull of the data to be wide enough to engulf a specific second or-
der cone C defined as above. Since this reference cone C is tangent to every single facet of the
non-negative orthant, SSC1 implicitly forces the data to have some degree of sparsity to push up
against these boundaries. It is also worth noting that checking the SSC1 condition is NP-hard.

SSC2 is a geometric and regularity check. It ensures the cone generated by the data is robust
enough that it cannot be trivially enclosed by an arbitrary orthogonal rotation.



When both factors satisfy the SSC, their mutual geometric spread is robust enough to eliminate
any rotational and translational slack, hence guaranteeing uniqueness.

Theorem 1.4.8: Uniqueness under SSC (Theorem 4.21 in Gillis (2020))

If W' and H are sufficiently scattered, then the exact NMF (W, H) of A of size 7 = rank(A))
is unique.

While understanding the theoretical limits of identifiability and uniqueness is crucial, the practi-
cal utility of NMF hinges on our ability to actually compute these factorizations efficiently. Exact
NMF is generally NP-hard, forcing us to rely on approximate, iterative optimization techniques.
The next section provides a comprehensive tour of the most prominent iterative algorithms de-
signed to tackle the non-convex NMF objective.

1.5 Zoo of iterative algorithms

Here, we will do a quick tour of iterative methods to solve NMF. Instead of proving the conver-
gence and iteration complexity rigorously, we will only derive most of the methods heuristically.
In addition, since NMF objective is globally non-convex, most of the existing complexities for
these algorithms in the convex regime do not carry over directly to the non-convex regime.

The most ad-hoc methods for NMF include Multiplicative Update (MU) Lee and Seung (2000)
and Hierarchical Alternating Least Squares (HALS) Cichocki et al. (2007). The former can be
viewed either under the context of Majorization-Minimization (MM) or as a form of (entrywise)
scaled/adaptive GD. The latter can be viewed as just a special case of block coordinate descent.

1.51 MU
Again, the goal is to minimize
F(W,H) = %HA—WHH% (119)
= %Z(Az‘j — (WH);)?,
J

under the constraints W > 0and H > 0.

Now, to make taking the derivative easier, it helps to rewrite the Frobenius norm using the trace,
where ||A]|% = Tr(AAT):
1
F(W,H) = 5T [(A—WH)(A-WH)'] (1.20)
1
= 5Tr (AAT-AH'W' —WHA" + WHH'W')

1 1
= §Tr(AAT) —Tr(WHA") + §Tr(WHHTWT).



The gradients can be easily calculated as follows:

VwF=—-AH" +WHH' and VgF=-W'A+W'WH. (1.21)

Now, suppose for now we are only updating the W block; then the standard GD takes the form
W< W —nwVF =W +nw(AH" — WHH'), (1.22)

and the most obvious issue with using a fixed learning rate 7w is that it can cause the elements
of W to become negative and hence violate the non-negativity constraints. One fix is to use an
(entrywise) adaptive learning rate so that the entrywise non-negativity constraints are respected,
and this leads to one of the perspectives for the MU method.

Derivation using the MM framework

The analysis here follows Lee and Seung (2000). For the sake of simplicity, we consider optimizing
a single column of H € R%*™:

e Leta € R be a single column of the data matrix A.

e Leth € Ri . be the corresponding column of H. Here we assume strict positivity to
prevent division by zero in the update rules.

o Let W € R™*? be the non-negative weight matrix.
e Let M = W'W € R¥ because W;, > O for all i, a; and it follows that M,, =
Yo WiuWy, > 0 forall a, b.

Therefore, the exact objective for this column is
1 1 1

f(h) = 5Ha — Wh|3 = 5aTa —a' Wh+ §hTMh. (1.23)
The gradient of f(h) with respect to (w.r.t.) his
Vf(h) = —W'a+ Mh. (1.24)

Definition 1.5.1: Majorization function

A function G/(h, h') is a majorization function for f(h) if it satisfies the following conditions
forallh, h! € Ri:

e The global upper bound: G(h, h’) > f(h).
e Tightness at the fixed point: G(h’, h*) = f(h").

Here we treat h as the free variable and h’ as the fixed parameter.

Lemma 1.5.2: The descent guarantee

If G(h, h') is a majorization function for f(h), then f(h) is non-increasing under the update
rule h'™' = arg miny, G(h, h?).

Proof:



By the definition of the minimum, G(h'™ h’) < G(h? h?).
By the properties of the auxiliary function:

f(B) < G h') < G(h',h') = f(h'). (1.25)
Therefore, f(h*!) < f(h'). This establishes monotonic non-increase. ll

Now the question that remains is how to construct a proper auxiliary majorization function for

our f(h).
Lemma 1.5.3: Construction of the majorization function

Define a diagonal matrix K (h') € R%? such that its diagonal elements are:

Mh?),
Ko(h') = % (1.26)
The function G (h, h') defined below is a majorization function for f(h):
1
G(h,h") = f(h") + (h — h") "V f(h’) + 5= h')" K (h')(h — h?). (1.27)

Proof:

First, we verify the equality condition. If h = h?, the second and the third terms become zero,

yielding G(h,h) = f(h).

Second, we show G(h,h*) > f(h): the Taylor expansion of the quadratic function f(h)
around h' is

f(h) = f(h') + (h — )TV f(h') + %(h —h')"M(h — h?). (1.28)

Comparing G/(h, h) and f(h), the inequality G(h, h*) > f(h) holds iff:
(h —h")TK(h")(h —h’) > (h — h") "M(h — h). (1.29)

This requires proving the matrix K (h') — M is positive semi-definite (p.s.d.), which amounts to
showing

x' K (h")x > x"Mx. (1.30)
Expanding x'K (h')x:
d d
x"K(h')x =Y x1K,(h') =) x2 Z Z Mabhb b (1.31)
a=1 a=1 a=1 b=1

M is symmetric, we rewrite the sum by pairing symmetric terms and split the sum into two halves
and swap the dummy indices a and b on the second half:

d d d d 1h 1 ht
D3 Mab -y Y M, <§h—fx2 Qh_gxg> | (132)
b

a=1 b=1 a=1 b=1
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By the inequality A% + B% > 2AB, we can show that
h! , h!
FX e F 2> 2X,Xy, (1.33)

h! ht
w1thAAFX and B £ h‘tl x2.

Multiplying the non-negative constant l1\/I b ON both sides, we have

1 hj 2 1h!
My, (2 ht . T §E ) > MpXXp. (1.34)
Summing this inequality over all @ and b gives:
d
TK(h")x > Z Z M.,pXaXp = X Mx. (1.35)
a=1 b=1

This shows that K (h') — M is p.s.d. Therefore G(h,h) > f(h). B
Now we are able to derive the MU rule: to find h*™* = arg miny, G(h, h'), we set the gradient

of G w.r.t. h to zero:
VnG(h,h') = Vf(h") + K(h')(h —h*) = 0. (1.36)
Solving for h:
K(h")h = K(h")h' — V f(h"). (1.37)
Because K (h') is a diagonal matrix with strictly positive entries, it is invertible. We may isolate a
single element h,:

Vf(hh)),
ha - hz - % (138)
. _ __ (Mnt
Substitute V f(h’) = —W "a + Mh' and K, (h?) = e Ja,
t hy T t
h, = h! — (Mﬁt) (—(W'a), + (Mh'),) (1.39)
WT'a),
— ht ht ( _ ht
© (M),
— ht (WT )0«
* (Mh'),
Substitute M = W T W back into the original equation to yield the MU for a single column:
W'a)
h, = h; W a) 1.40
a (WTWht)a ( )
Extending this to the full matrix notation, we have:
WTA
H*' = H' o WIWIE (1.41)
A symmetrical derivation yields the update for the W block:
AHT
W =W'o ——. 1.42
© WHH' (142)

11



Algorithm 1 MU for NMF
Input: Non-negative target matrix A € R""*", factorization rank r
Output: Converged non-negative factors W € R}"*" and H € R*"

. // Initialization
. Initialize WY > 0 and H? > 0

—_

: // Main Loop
fort=0,1,2,--- do
T
141 p (WA
e O G rwa
A<Ht+1)T
il t
W Wo WIHH (HA) T

w

6:

7. end for
1.5.2 HALS: Hierarchical Alternating Least Squares

We can rewrite matrix multiplication WH as the sum of r rank-one matrices. Let W(:, k) € R™
be the k-th column of W, and H(k, :) € R" denote the k-th row of H:
(1.43)

WH = ZT:W(:, k)H(k,:).

Define R as the residual matrix R = A — WH, and define its component EXCLUDING the k-th
(1.44)

component as Ry, i.e.:
i#k
The global objective function, viewed solely as a function of H(k,:), becomes a local objec-
(1.45)

tive f(H(k,:)),ie. X
FH(E, ) = SR = W, RH(E, [

We would like to further decouple the formulation. Again, H(k, ) is the [-th scalar element of
the row vector H(k, :), and Ry(:, () is the [-th column vector of the residual matrix R;. We may

further decompose this local objective by running this down column by column, that is:
1 n
FEE) = 5 Y IR D) = W R)HE D32 (146)
=1
Note that since H(k, [) only appears in the [-th term of the sum, each element of H(k, :) can be

optimized completely independently of the others.
Let’s minimize a single term from the sum above w.r.t. the scalar h = H(k, [). Denote r; = Ry(:

,1). We would then like to minimize a simple quadratic function g(h):
(1.47)

1
Slir = W, b)h

g(h) £
—(r) 1, — 2hW (. k) ') + B2W (5, k) TW(:, k).

1

“Note that the change from Frobenius norm to Euclidean norm is valid here since we are summing column vectors.
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Take the first-order derivative and set it to zero:
dg - » W, k)
& e WER A WER)Z =0 = h= el L
dh ’ W, R)II3

Here we required h > 0, and since g(h) is a strictly convex parabola (opening upwards, assum-

ing [|[W(:, k)|| > 0), the constrained minimum is simply the unconstrained minimum projected

onto the non-negative orthant, and therefore the update for H(k, [) should be

(1.48)

W(, k) "Ry (:, l)}
H(k,1)* = max {O, (1.49)
IW (-, k)13
Now for the entire row H(k, :), we simply have:
W(: k)TRk}
H(k,:) + max {0, — . (1.50)
IW (-, k)13
If we further substitute Ry = A — WH + W (:, k)H(k, :):
W, E)TA — (W(:,k)"W)H
H(k,:) < max {O, H(k,:) + (1.51)
IW(:, k)3
The update for the k-th column of W can be derived in the same manner:
AH(k,:)" — WMHH(k,:)"
W(:, k) <—maX{O,W(:,k‘)+ (F, )HH(k ;HQ ) )} (1.52)
s /112

Algorithm 2 Hierarchical Alternating Least Squares (HALS)

Input: Non-negative target matrix A € R'""*", factorization rank r
Output: Converged non-negative factors W € R}"*" and H € R*"

1: // Initialization
2: Initialize W > 0and H > 0

3: // Main Loop
4: repeat
5: for k=1,2,--- ,rdo

H(k,:) + max {0, H(k,:) +

end for
8: for k=1,2,--- ,rdo

W(:, k) + max {O,W(:, k) +

10: end for
11: until convergence

.@

N

©

1.5.3 PGD, AItPGD, and PALM
Inexact and exact Block Coordinate Descent

HALS as we have seen is a special case of the (Gauss-Seidel/cyclic) Block Coordinate Descent
Method. BCD is a decomposition method that simplifies multivariable optimization by updating

13



a subset of variables at each step while holding the remaining blocks fixed. Specifically, we are
interested in minimizing the following composite function:

p
F(X17X27 T 7Xp) = f(X17X27 e 7Xp) + ng(xk)7 (153)
i=1

where for all & € [p], x;; € Ei. The mappings f and g are real valued, ie. f : E; x--- xE, - R
and gi : E;, — R. Here E;, denotes the Euclidean space of dimension dj, > 1 for all k& € [p].

We further define the functiong : £y x --- X E, — Ras

g(x1,Xg, -+ ,Xp) = Zgl(xl) (1.54)
i=1

Let V, f denote the gradient w.r.t. the i-th block, whenever f is differentiable, and the total gra-
dient of f is therefore

V) = (Vif(x), Vaf(x),- -, Vpf(x)). (1.55)

We will need to isolate and analyze the change w.r.t. a single block. To this end, we define the
linear transformation that projects a single block to the whole ambient space. Thatis/; : E; — E,
where

U(d)=(,---,0, .d, ,0,---,0) where d € E,. (1.56)
i—th block
With the shorthand notation x = (x3;--- ;X,) and E = E; X - - - X E,, our problem becomes
mellrg F(x) = f(x) + g(x). (1.57)
Denote by x* = (x{, X5, - - - , X},) the iterate at time ¢, the BCD method then updates the (¢ +1)-th
iterate x'*! by updating the p components sequentially. That is, within the (¢ + 1)-th iteration,

we have p-sub-iterations: at the k-th sub-iteration, where k € [p|, we update the k-th component
of the k-th iterate x’. For a given x, denote by x'** the k-th sub-iterate when updating from x’
to x' 1. That is

th _ (o t+l L t+1 1 i1t t
x5 = (x0T T X X, X)) forall k€ [p], (1.58)
where XZ’k is the i-th sub-block of the iterate x"*. Therefore, at the k-th sub-iteration, we are only
updating the variable x%*. Then x"* = x’ and x"? = x'*1,

There are two types of BCD methods: if we are seeking the absolute minimum of the objective
at every sub-iteration, this will be exact BCD. That is:

t+1

: t+1 t+1 t t
X; EarginelllEl.F(Xl X X Xy, X)) (1.59)
7 7

14

Inexact BCD seeks to minimize some surrogate model (as in the case of MM) of I’ as we will see
in the following. We will need the following assumptions and definitions:

Assumption 1.5.4: Inexact BCD (Assumption 11.1 in Beck (2017))

(A). g; : E; = (—00, 00] is proper, closed, and convex for all i € [p].

14



(B). f : E — (—o00,00] is proper and closed, and dom(f) is convex; dom(g) C
int (dom(f)), and f is differentiable over int(dom(f)).

(C). fis Lg-smooth over int (dom(f)), where Ly > 0"
(D). There exist Ly, Lo, - - - , L, > O such that forany ¢ € {1,2,--- , p} it holds that
IVif (x) = Vif(x +Ui(d))|| < Li[d], (1.60)
for all x € int(dom(f)), and d € E; for which x + U;(d) € int (dom(f)).

(E). The optimal set of the problem is nonempty and denoted by X*. The optimal value
is denoted by F.

“Here, Ly is the global Lipschitz constant. The block-wise Lipschitz constant L;'s can be significantly smaller than L ¢
in practice.

Definition 1.5.5: Partial prox-gradient step (Definition 11.3 in Beck (2017))

Suppose that f and g1, g2, - - - , g, satisfy properties (A) and (B) of Assumption 11.1, L > 0,
and leti € {1,2,--- ,p}. Then the i-th prox-grad step is the operator 7} : int(dom(f)) —
R% defined by

; 1
Ty, = proxy, (xi — ZVJ(X)) : (1.61)

For fundamentals of proximal operators, readers may refer to Bauschke and Combettes (2017).
In light of operator splitting methods, 7} may also be viewed as the forward-backward operator.

Algorithm 3 Inexact BCD (The Cyclic Block Proximal Gradient Method, Beck (2017))

Input: Objective function F'(x) = f(x) + g(x), block Lipschitz constants { L }}_,, number of
blocks p

Output: Converged solution x*

1: // Initialization
2: Pickx? = (x{,%9,--- ,x)) € int(dom(f))

3: // Main Loop
4 for t =0,1,2,--- do

5: x0 — xt

6 for k=1,2,--- ,pdo

7. Xt,k « Xt,k—l + Z/{k (Tka (Xt,k—l) . X?]fc,k—l)
8 end for

9: XH_1 < xtP

10: end for

To put it in context, the partial gradient step evaluated at x**~! is:

1
Tfk (x"F 1) = proxﬁgk <X2’k_1 — zka(xt’k_l)) . (1.62)

15



One may expand the prox operator using standard techniques such as completing the squares,
and plug it back into the update expression for x** to get:

* € argmin { (Vo f(x" ),y —x*” 1>+—Hy P gly) o (1.63)
yEE S~

- ,
Linearization of f

Regulari
Prox1m1ty Penalty cguarizer

Theorem 1.5.6: Complexity for inexact BCD (Theorem 11.18 in Beck (2017))

Let {x'};>0 be the sequence generated by the Inexact BCD (Cyclic Block Proximal Gradient)
method. Then for any & > 2

1 (t=1)/2 L L 2 P2
F(xf)—FoptémaX{(é) () = Fo), Pt Lme O g

Lnin(t — 1)

where Ly, = minepy L; and L. = maXie) L, and R = Rp(xo).

In addition, if n > 2 satisfies
1 Sp(L + Liax )2 R?
{bg(F(x“) — Fp) +log (g)] st Lo R g

A
n > NInexact — max{

lOg(Q) Lming
(1.65)
we can achieve F/(x") — Fi < €.
Algorithm 4 Exact BCD (The Alternating Minimization Method, Beck (2017))
Input: Objective function F'(x) = f(x) + g(x), number of blocks p
Output: Converged solution x*
1: // Initialization
2: Pickx? = (x{,x9,--- ,x0) € dom(F)
3: // Main Loop
4 for k=0,1,2,--- do
5: for :=1,2,--- ,pdo
o R Eang i PG w6
X; €L
7: end for
8: end for
Assumption 1.5.7: Exact BCD (Assumption 14.10 in Beck (2017))
(A). ¢; € E; — (—00, 0] is proper, closed, and convex for any i € [p].
(B). f:E — Risconvex and L -smooth.
(C). Forany a > 0, there exists [7, > 0 such that
maxE{Hx —x||: F(x) < a,x" € X'} < R,. (1.66)
x,x*e

(D). The optimal set of the problem X* is nonempty. The optimal value is denoted by Fp.
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Theorem 1.5.8: Complexity of exact BCD (Theorem 14.11 in Beck (2017))

Suppose that Assumption 1.5.7 holds, and let {x’};>( be the sequence generated by the al-
ternating minimization method. Then for all ¢ > 0:

(t=1)/2 2 D2
1 L
F(x) - opts]max{@ <F<x0>—Fopt>,%}, (167)

where R = Rpxo).

By standard arguments, one may explicitly calculate * the lower bound for n to achieve e-accuracy:

0 1 8pL ;p* R?
To2(2) {log(F(x ) — Fopt) + log <E>] ’T} + 1 (1.68)

Here, we compare inexact and exact BCD purely from the perspective of iteration complexity.
Notice that there is a transient term @ [log(F(x°) — Fyp) + log(1/¢)] and a sub-linear term
on the order of 1/¢ in both Niexact and Nexaer. In the case when we need low accuracy or the
initialization error is large, then the transient term will dominate and Nyexact and Neyaer Will be
roughly the same regardless of the sub-linear terms. However, in the case when we need high

accuracy ( ¢ is small), the sub-linear term will matter.

A
n Z NExact = max{

Precisely, we may examine the following ratio of the Inexact and Exact sub-linear rate:

_ 8p(Lf + Lmax)2R2 8pop2R2 _ (Lf + Lmax)2 (1 69)
P Lming € poLmin 7 ‘

then if p < 1, inexact BCD is better, whereas exact BCD will prevail when p > 1.
There are concrete scenarios for these two cases:
Case 1: Highly uncoupled and identical blocks

Suppose the variables barely interact with each other across blocks, and hence all blocks are
equally smooth. In this case, Liax = Lmin = Ly, and this would yield:
4

p=-, (1.70)
p

meaning that in the case when we have p > 4 independent, identical blocks, p < 1 and inexact
BCD requires fewer iterations than exact BCD.

Case 2: Highly coupled and poorly conditioned block

In this case, one simplification would be Ly ax > Lmin, and for simplicity we may take L; =

PLmax. This would yield:
(p + 1)2 LmaX
p2 Lmin ‘

p= (1.71)

In this case, since (p + 1) > p, we would have p > 1, and exact BCD would yield vastly fewer
iterations.

*The lower bound for n in this case is not provided in the original text.
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However, an explicit and rigorous comparision on the iteration complexity for HALS (exact
proximal BCD) and AItPGD (inexact proximal BCD) would be difficult as NMF objective is
globally non-convex. Existing literatures on exact and inexact BCD uses different convergence
measure in the non-convex regime. The former mostly uses convergence to limit points Tseng
(2001); Xu and Yin (2013) and the latter argues convergence to stationarity Razaviyayn et al.
(2013) by showing vanshing gradient.

Detour: PALM - Proximal Alternating Linearized Minimization

We consider the following composite minimization problem:
min ¥(x,y) = f(x,y) + g(x) + (). (172)

In standard Proximal Alternating Minimization, we update the blocks by minimizing the entire
smooth function f alongside the non-smooth function and a proximal penalty, that is:

e Xx-update:
x't € arg min {f(x, y') +g(x) + %HX — xt||2} . (1.73)
e y-update:
. d
e € argmin {77 9) 4 0(3) + Sy -y 17 a7

In NME, this would be the case where g(W ) and h(H) are indicator functions of the non-negative
orthant, i.e.

g(W)=0,(W) and  h(H)=0.(H), (1.75)
and we would have, assuming (W', H') is obtained:
e W-update:
1 c
k+1 _ nd A — g2, 4 L — W2
WH = argglz%{QHA WH'||7 + > W —-W HF} . (1.76)
e H-update:
1 d
i+l : - _ t+1 2 “t _ET2
H argr&gr&{ﬂ\A W H|7 + 5 |IH-H HF} (1.77)

We refer to this method as the plain Proximal Alternating Method (PAM). The bottleneck is
the presence of the coupling term inside the argmin{-}. Unless f(:,-) is of simple structure,
evaluating it explicitly in arg min{-} at every iteration could be expensive. This would normally
require the use of active set methods like non-negative least squares (NNLS) by Lawson and
Hanson (1974).

PALM Bolte et al. (2014) replaces the smooth terms f(x,y’) and f(x'*!, y) by their first order
Taylor expansion, i.e. it uses the linearization technique to eliminate the coupling effect due to
the presence of f inside arg min. Concretely, they are:
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e Xx-update:

x+1 € argmin { (Vo (%!, ¥'), % = %) + 5} = %13 + g(x) } (1.78)
1
— proxg/Ct (Xt - C_tvxf<xt, yt)> .
e y-update:

. d
v g {(V, /<3y v + Sly -y )} am

1
= prox; ,, (yt — d—tVyf(xtH, yt)) )

Notice that PALM completely decouples the smooth coupling function f from the non-smooth
counterparts g and h. In the case where g and h are indicator functions, PALM recovers AItPGD
exactly. Precisely,

e W-update:
Wt+1 — maX{O, Wt . athf(Wt, Ht>}, (180)
with a; = 1/[[H(H") 7.
e H-update:
Ht+1 _ maX{O, Ht . ﬁtVHf(WH_l, Ht)}, (181)

with 8 = 1/[[(W) WL,

Algorithm 5 Alternating Projected Gradient Descent (AltPGD)

Input: Non-negative target matrix A & ]RTX", factorization rank r
Output: Converged non-negative factors W € R7"*" and H € R7*"

—_

. // Initialization
. Initialize W° > 0 and H° > 0

N

3: // Main Loop
4 for t =0,1,2,--- do
5: a; < 1/|H{HY |
6 Wi« max{0, W' — o, Vw f(W', H')}
7. 5t — 1/H(Wt+l)—|—wt+lH
8: H'™ < max{0,H' — 3,V f(W'"! H)}
9: end for
1.54 ADMM

The Alternating Direction Method of Multipliers (ADMM) was developed in the mid-1970s by
Glowinski and Marroco (1975) and Gabay and Mercier (1976) primarily as an extension of the
augmented Lagrangian theory. A few years later, it was formalized that ADMM is equivalent to
applying Douglas-Rachford splitting to the dual of the optimization problem Eckstein and Bert-
sekas (1992). Here we state the general formulation of ADMM and its instantiation in NMEF.
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General formulation of ADMM

Consider the following standard equality constrained problem:

Iilin f(x) + g(z) (1.82)

)

st. Ax+ Bz =c,

where x lives in R™ and z lives in R™. The constraint matrices A and B are of size p x nand p x m
respectively. The functions f : R* - RU {+oc0} and g : R™ — R U {400} are closed, convex,
and proper (CCP). Also, they are possibly non-smooth.

The standard Lagrangian associated with the equality constrained problem will be:
L(x,2,y) = f(x) + g(z) +y" (Ax + Bz — ). (1.83)
The augmented Lagrangian adds a quadratic penalty term to the standard Lagrangian, with p >
0:
Ly(x,2,y) = f(x) + 9(z) + ¥ (Ax+ Bz —c) + gl\Ax +Bz — clf3. (1.84)
There are a couple of advantages to this quadratic term. The standard Lagrangian relies on Dual
Ascent. In the case f and g are not strictly convex and hence not strongly convex, the Fenchel
conjugate function functions f* and g* are possibly non-smooth. By adding this quadratic term,

we are forcing the Lagrangian to be strongly convex w.r.t. the constraint Ax + Bz, where p is
precisely the strong convexity parameter.

Now, the standard Method of Multipliers (MoM) minimizes this Augmented Lagrangian jointly
w.r.t. X and z, and then updates the dual variable y:

1. (x*1 z') = argming , L,(x,2z,y"), and

2.yl =yt 4 p(Ax‘*! + Bzt —¢)
In some cases, jointly minimizing (X, z) might be computationally expensive or even impossible
to separate if A and B couple the variables. ADMM fixes this by splitting the minimization.

1. x-update: x'*! = argminy L,(x, 2", y"),
2. z-update: z'™' = argmin, L,(x'", z,y"), and

3. y-update: y'*!' = y' 4+ p(Ax'*! + Bz'*! —c).

ADMM formulation for the W-subproblem

.1 9
min §HA — WH||7 (1.85)
st. W >0.

To apply ADMM, we will need to introduce an auxiliary slack variable S to separate the least-
squares term from the non-negative constraint. Let J, (S) be the indicator, and so the above prob-
lem becomes

1
min §||A—WH||%+5+(S) (1.86)
st. W—-S=0.
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The scaled augmented Lagrangian with U being the dual variable becomes:
1
L,(W,S,U) = 5||A - WHI: +6.(8) + 5| W — S + U] (1.87)
Going from the standard augmented Lagrangian to the scaled augmented Lagrangian

While the standard formulation of ADMM relies on the unscaled augmented Lagrangian,
it is common practice to use a scaled version. The scaled version combines the linear and
quadratic penalty terms into a single squared Frobenius norm. This simplification is highly
advantageous because it isolates the primal variables within a standard least-squares frame-
work, making the W and S update steps easier to derive and implement.

To see how we arrive at this scaled form for the W-subproblem, we begin with our con-
strained objective:

1 )
min 5[|A — WH]|r +4.(S) (1.88)
st. W—-S=0.

Let Y € R™*" denote the standard dual variable matrix. The unscaled augmented La-
grangian is defined as:

1
L(W,8,Y) = 5[|A — WHI% +5,(8) + (Y, W —8) + L[ W 8|3, (189)

where (X, Z) = Tr(X " Z) represents the standard trace inner product for matrices.
To complete the square for the penalty terms, we introduce a scaled dual variable U =
(1/p)Y, which implies Y = pU “. Substituting this into the linear penalty term gives:

(U, W = 8) + LW —S|2 = (U, W —8) + L|W —S|[Z.  (190)

Factoring out the penalty parameter £, we can complete the square by adding and subtract-

ing [[ U3
p(UW —8) + LW =S|I = £ (IW =S|I} + (W - S, 1))
= 2 (IW = S|+ W — 8, U) + U]} - U }?)
= £IW - s + U - £|[U. (191)

Substituting this algebraically equivalent expression back into the full Lagrangian yields the
scaled form:

1 p p
L)(W,S,U) = S|A - WHI: +6.(S) + 5IW - S+ UJ2 - JjjU}.  (192)

When optimizing L, w.r.t. the primal variables W or S, the final term —p/2||U||%. is in-
dependent of the variables of interest and acts solely as a constant. Therefore, it is safely
dropped during the arg min updates, allowing us to concisely write the working objective
for the W-subproblem as:

1
Ly(W,S,U) = 5||A - WHI: +6.(8) + 5| W — S+ U] 3. (1.93)
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This scaling absorbs the multiplier into the quadratic penalty, leading to the derivations in
equations (1.94) and (1.95), and resulting in a dual update step (1.96) that simply tracks the
running sum of the primal residuals.

“see Ryu and Yin (2022) and Bauschke and Combettes (2017) for this technique.

The ADMM updates therefore for W at inner iteration ¢ are:
e W-update: by setting Vw L, = 0:
Wi = (AH" + pS' — pU)(HH" + pI)~. (1.94)
e S-update: this is the projection onto the non-negative orthant:
St = arg min [5+(S) + gHVVtJrl - S+ UtH%] (1.95)
= max{0, W' +- U'}.

e U-update:

By symmetry, one could derive the update for the H update. Here we denote the slack variable
as T and the dual variable as V, and the update for the H subproblem would then be:

e H-update:
H™ = (W'W 4 pI) " {(WTA + pT" — pV?). (1.97)

e T-update:
T = max{0, H'" + V'}. (1.98)

e V-update:
Vit — vt gt - it (1.99)

1.5.5 Extrapolation and accelerated versions
Extrapolation and acceleration

Recall that standard GD:

X1 = X — NV f(xe), (1.100)
as —V f(x;) represents the direction in which the descent is the fastest. This, for some less desir-
able function classes or less well-chosen step-sizes, might lead to oscillations. A more conservative

choice is to incorporate information from prior updates, i.e. the momentum x; — x;_;, and this
leads to the Heavy Ball Method in Polyak (1964):

Xer1 = X — NV f(xe) + B(xe — xe-1), (1.101)
with 3 and 7 properly chosen.

Nesterov (1983) uses the momentum as an intermediate step, that is

Vi =X+ Bit1(Xe — X¢e—1), (1.102)
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Algorithm 6 ADMM for NMF

Input: Non-negative target matrix A € R""*", factorization rank r, penalty parameter p > 0
Output: Converged non-negative factors W € R}"*" and H € R*"

1: // Initialization

2: Initialize W°, H?, S°, T° U°, V°

3: // Main Loop

4 for t=0,1,2,--- do

5; // W-subproblem updates

Wt+1 Y (A(Ht)T —|—pSt _pUt)(Ht<Ht)T +pI)_1
St < max{0, W' + U’}

Ut « Ut + Wit! _ gt+!

® N

9; // H-subproblem updates

10: Ht+1 — ((Wt+1)TWt+1 _i_pI)fl((WtJrl)TA_’_th _ th)
11: T < max{0, H""! + V}

1. Vil vt g it

13: end for

where the descent happens at this intermediate point y;:

X; = yi = NV f(Yey1)- (1.103)

Here 7 = 1/L and (3;,, is chosen carefully to achieve the optimal O(1/t?) convergence rate.
Many variants and new interpretations are proposed. Such an acceleration scheme could also
be applied to the proximal method, leading to the celebrated FISTA method Beck and Teboulle
(2009). In general, the choice for the hyper-parameters and the proof technique in accelerated
optimization is highly non-trivial.

E-A-HALS: extrapolated A-HALS

In HALS, we need to compute HH' and AH' when updating the W block, and W'W
and W' A when updating H. Instead of updating one row of H then immediately switching
to updating columns of W, an efficient way Gillis and Glineur (2012) is to update multiple or

all rows of H while reusing W'TW and W' A to avoid redundant calculations; this is known as
A-HALS.

E-A-HALS Ang and Gillis (2019), on top of re-using those matrices, adds a block-wise extrap-
olation, and this is one of the most efficient methods for NMF. Although there are complexity
guarantees for non-convex extrapolated BCD (and its proximal versions) in Xu and Yin (2013),
E-A-HALS does not make the objective function monotonically decrease at each step due to its
non-standard and hybrid scheme of extrapolation and projection so the existing complexities
do not carry over.
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Algorithm 7 Accelerated HALS for NMF

Input: Data matrix A € R''"*", factorization rank r, parameters & > 0,€ > 0
Output: Converged non-negative factors W € R"*" and H € R*"

1: // Initialization
2. Initialize WY € R and H° € R7X™

3: Let K be the number of nonzero entries in A. Calculate pyy = 1+ % and pg =1+ i:’—fg
4: // Main Loop

5. for t =0,1,2,--- do

6: // W-subproblem updates

7. Compute P = A(H")" and Q = H/(H")"; W0 «+ W*

8 for l=1to |1+ apw]|do

9: Compute W! using HALS

10: if |[WH — Wh=L| L < e[ Wi — WE0|| - then

11: break

12: end if

13: end for

14: Wt+1 — Wt,l

15: // H-subproblem updates

16:  Compute H"! from H' and W**! using a symmetrically adapted version of steps 7-14

17: end for

IBPG: Inertial Block Proximal Gradient (Inertial BCD)

As seen before, Nesterov uses a single extrapolation point for evaluating the gradi-
ent. Inertial momentum uses a two-point extrapolation scheme, namely, one for evaluating the
gradient and one for evaluating the proximal term. Again, we are looking at

min F(x) = £(x) + g(x), (1.104)

where f is smooth, having a Lipschitz continuous gradient, and ¢ is a proper, lower semi-
continuous mapping from R? to R U {+00}, and is possibly non-smooth. The two-point ex-
trapolation proposed is as follows, where:

Vi = x4+ B(xe —x—1) and ¥ = x + y(x — X1). (1.105)
Then in single block notation, the proximal update step is:
Xt+1 = proxng(yt - T]Vf<yt)) (1106)

. . 1 N
= X;q1 € argmin (<Vf(}’t)7 X —X¢) + g(x) + %IIX — MI%) :

In Hien et al. (2020), the authors formalize this inertial block proximal gradient method (IBPG)
using this two-point extrapolation scheme. IBPG has been shown to outperform E-A-HALS em-
pirically.

As demonstrated by the wide array of methods from MU to ADMM and accelerated BCD, algo-
rithm design for NMF heavily exploits the block-multi-convex structure of the objective. However,
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analyzing the performance of these algorithms fundamentally depends on the inherent difficulty
of the NMF problem itself. To contextualize these algorithmic efforts, we conclude this chapter
by briefly reviewing the computational complexity of solving NMF.

1.6 Some complexity results

In Vavasis (2009), it is shown that exact NMF is NP-hard. This is achieved by establishing equiv-
alence (in the sense of polynomial time reduction) between the exact NMF problem and an in-
termediate simplex problem. The latter is equivalent to 3-SAT which is known to be NP-hard
(complete) Karp (1972). However, this only rules out the possibility of an algorithm whose run-
ning time is polynomial in all parameters (n, m, ). Subsequently, Arora et al. (2012) improved
this by providing an exact (and approximate) polynomial-time algorithm for every constant 7,
under the separability condition.
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Chapter 2

Spectral techniques for initializations

Before diving into specific algorithmic techniques, it is instructive to review the foundational
problems that motivate the two-stage framework. These examples highlight how structural prop-
erties of the target matrix are leveraged during initialization.

2.1 A few canonical problems under the two-stage approach

For MF problems, they can be cast as optimization with a function f(X,Y) over two vari-
ables X € R™?and Y € R4, where X and Y quite often represent low-rank factors that
best approximate the ground-truth A.. In the context of low-rank factorizations, the ground-
truth typically refers to the true, underlying low-rank matrix that generates the observed data
or measurements. We show a few canonical examples summarized from the fantastic expository
Chi et al. (2019) in table 2.1.

2.1.1 Why spectral initialization works well (under gradient methods)?

Having established these foundational problem classes, we naturally turn our attention to the
reasons behind the empirical success of spectral initializations' in solving them. There are two
components to such arguments:

1. Proximity to the ground truth: An intermediate matrix M constructed using the spectral
information of the ground truth A, will be very close to it. M is achieved via X and Y
that live in the factorized spaces which directly use the spectral information of A, usually
by SVD. Via matrix perturbation arguments, one can often show that the distance || M —
A || is bounded by the signal oy, (A.) of the ground truth.

2. Local curvature/regularity conditions (and benignness of the landscape): Within the
neighborhood or the basin of attraction of the ground-truth A,, which is dictated
by 0min (A ), the objective will satisfy some local regularity and curvature conditions. The
iterates that land anywhere in this basin will converge under simple first-order methods.
This will be the main recipe for establishing the convergence guarantee.

'Most tractable and provable results for initialization in matrix optimization will use spectral information of the target matrix.
Here spectral initialization narrowly means SVD-based initializations
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Table 2.1: Common matrix recovery problems and their objectives.

Problems and Objectives

Key Set-ups and Assumptions

Matrix Sensing
P

min £(X,Y) £ % >y (<Ai,XYT> - yi>2

i=1

Here X and Y relate to A, via the measurement matri-

ces A; and measurement result y;.

1. Goal: recover a rank- r component A . from the p > 1 measure-
ments. 2. The collection of matrices {A; € R™*"}¥_| represents

the sensing matrices which are known a priori. 3. The collection of

scalars y; 2 (A;, A.) are the measurement results. 4. The opera-

tor A : R™*™ — RP represents the sensing operator whose actions
can be cast as

AM) = [p71/2<Ai7M>]1§i§p~ (2.1)
5. The operator A satisfies the 7-RIP condition, i.e.,
(1—-6)IM|7 < [AM)I3 < (14 6,)|IM|17, (22)
holds for all M € R™*" with rank(M) < r and §, € (0, 1)
Phase Retrieval/Quadratic Sensing 1. Goal: recover a rank- r component A, = X*XI c R»*"™

min /(X,X) = /%) £ 23 (a7 XI3 - 0)

j=1

where X, € R"™". 2. The collection of vectors {a; € R"}?_,
are design/ measurement vectors.

3. The collection of scalars y; = ||a] X.|3 = a; A.a; are the
quadratic measurement results.

4. Design/measurement vectors are drawn ii.d. Gaussian, that
isa; " N(0,1,).

5. The case when r = 1 is Phase Retrieval.

Matrix Completion
. 1
min f(X,Y) £ LPa(XY" - Ak

1. Goal: recover A, € R™*™ from Pn(A,) € R™*™ where Q) C
[m] X [n] is the sampling index set. 2. Pq : R™*™ — R™*" is the
projection operator onto the sampling index set Q). That is,

M, ; if (Z,]) en

[PQ(M)]i,j = {0 (2.3)

else

3. Sampling is i.i.d. with probability (w.p.) 6 € (0, 1] for each loca-
tion (7, 7). That s, (,7) € Q independently w.p. 6.

4. Eigenvectors of the ground truth A, satisfy the incoherence con-
dition, c.f. equation (34a) and (34b) in Chi et al. (2019).

Blind Deconvolution
p
min f(h,x) £ Z |b;‘|hXHaj — il
j=1

Here -" means the complex conjugate.

1. Goal: recover two signals h, € C* and x, € C¥ or M, £
h,.x".

2. The collection of vectors {b; € CX}?_, and {a; € CV}?_, are
the measurement vectors.

3.y = b';h*xf a; are the bilinear measurement results. 4. The
measurement vectors are constructed using a semi-random scheme.
That is, a; £ N(0,1/2In) + iN(0,1/21x) and b;’s are con-
structed using a DFT matrix. 5. h. and b; satisfy the incoherence
condition, c.f. equation (37) in Chi et al. (2019).

Robust PCA

- al
Jnin £(X,Y,8) =

T 2
£ Pa(a. —XYT - 8)]}

1. Goal: Recover A, = L, + S, € R™*", where L, is some low-
rank component and S is sparse. We have access to partial entries
of A through the random sampling model €2 and Pgq as in the case
of Matrix Completion. 2. The sparse component S. C S, satisfies
the sparsity constraints, that is,

Sa 2 {S:[|Sx(4,:)|lo < an and
[18+(:,)llo < am V(i j) € [m] x [n]},

where « is a common sparsity ratio shared by the rows and columns.

. @4
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Here we gave a list of spectral initializations used, as well as the perturbation guarantees. Unless
mentioned otherwise:

e A,isofrankr.

e Uc R ¥ eR™,and V € R™™ are the compact rank- 7 SVD of the intermediate
matrix M € R™*", but not A,.

e ( > 0 is a parameter to control the ratio of perturbation w.r.t. the signal o,m(A) =
o-(A). It affects the precise high probability estimate for the perturbation guarantees. We
will not delve into details.

e (¢ and ¢ are sufficiently large constants, which vary by problem.

e /i is the incoherence parameter, which varies by problem.

e K is the condition number of A..

e dist(X, X,) is the Procrustes distance between two matrices X, X, € R"™*" of the same

size that mods out rotations, that is,

dist(X,X,) = min ||XQ — X.||r, (2.5)

Qeorxr

where O"*" is the set of all orthogonal matrices of size r X 7.

To formalize the intuition behind spectral methods, we must first quantify the initial proximity to
the ground-truth target.

2.1.2 Proximity to ground-truth via matrix perturbation

The derivation of the perturbation falls into three steps:

First, we express our surrogate data matrix M as M = M, + A, where

e M., isthe “clean” large-sample limit (which is often E[M] or the ground-truth A..) whose
eigenvectors perfectly align with A.,.

e A is the perturbation caused by finite-sample noise or incomplete data.

The purpose of this decomposition is to make use of the Davis and Kahan (1970) and Wedin
(1972) sin © theorems to bound the distance and/or the principle angles between the intermedi-
ate matrix M and the ground-truth A .. Such a bound will be dictated by the perturbation A and
the smallest singular value of A.. Second, for the sin © theorems to hold, we need A to be small.
The techniques to do so vary by context. In the case when RIP condition of the sensing operator
can hold, as in the case for Matrix Sensing Tu et al. (2016), we can treat M, as A, and the pertur-
bation || M — A.|| can be bounded deterministically using algebraic techniques involving the RIP
constant da,. If not, we must treat M, as its large-sample limit E[M], and bound ||M — E[M]||
using Matrix Concentration Inequalities Tropp (2015).

Lastly, once we have successfully obtained a tight bound on || A||, it can be used to plug-in the sin ©
theorems. Beyond mere proximity, we must also ensure that the optimization landscape itself is
amenable to GD within this neighborhood.
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Table 2.2: Surrogate matrices, spectral initializations, and perturbation guarantees for the prob-

lems in Table 2.1.

Problems and Surrogate Matrix

Spectral Initializator

Perturbation Guarantee

Additional Assump-
tions

Xo| X«

Matrix Sensing X, =UxY 2/ dist? Y| |y < (or(Ay) A satisfies 2r-RIP
P — T 1/2 * )
M 2 1 ZyiAi = A"A(AL) Yo=V ¥ c.f. Theorem 22 in Chi et al. (2019). withzr < cov/C/(v/rs
L
Quadratic Sensing X, = Ux/? dist® (Xo, X.) < Co,(AL) Sample Complexity:
il 2 - c.f. Theorem 24 in Chi et al. (2019). p > conr® log(n)
M2 = yaia,
Pi=
: . 1/2 ;42 Xo X 5
Matrix Completion Xo =UX dist vol'ly < (or(Ay) Sample Comglexuy:
Yo =V X2 0] L¥=l/ np > cop’r log(n)
c.f. Theorem 26 in Chi et al. (2019).
M2 > (A, ADA
(1,5)€Q
~Po(A.)
== —Q *
p
Blind Decgnvolution hy = ou Sample Complexity:
al H Xo = +/oV . np > co¢ >’ K log(p)
ME 2D ybia; Lomin {llaho — b2 + flaxo = %ull2} | Here recall K is the di
=1 mension of the h vector.
< (bl
c.f. Theorem 25 in Chi et al. (2019).
Robust PCA X, = UxY/? dist? §0 5 )Y(v* < (or(As) Sample Comglexity:
Y, =VIx/? 0 * n2p > copr’n

M £ %,PQ(F* —So)

with Sog = Heanp(Pa(T'x)) where the
truncation operator H; is given in equa-
tion (86) of Chi et al. (2019).

c.f. Theorem 29 in Chi et al. (2019).

Sparsity Ratio:
a < e /(ur®’?)

2.1.3 Local curvature condition

Convexity and smoothness are standard recipes for the convergence of first-order methods. Be-
yond this, we would like to highlight a particular condition that also guarantees convergence.
Standard iterative methods take the form:

where g : R? — R? could take several forms. In standard GD, g(x) = V f(x).

Definition 2.1.1: Regularity condition (Definition 3 in Chi et al. (2019))

X1 = X — ntg(xt),

(2.6)

The function g is said to obey the regularity condition RC(u, A, ¢) for some p, A, ¢ > 0 if

2(g(x),x — x.) > pllg®)|z + Mllx — x.[3,

for all x € B(xX., (), the open ball of radius ( centered around X.,.’

(2.7)

“Here X, is a root of g. In Chi et al. (2019), it is assumed that X is identifiable. When f is convex, X, is unique.
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The intuitive interpretation is as follows:

e For gradient methods to work, we want —g(x) to point roughly towards the optimum x..
A positive inner product means the angle between the update steps and the path to opti-
mum is acute.

e The term 1u||g(x)||% prevents the gradient from being too large relative to its alignment
with the optimum (to prevent overshooting the target).

e The term \||x — X,|| ensures that the gradient is sufficiently steep to push the iterates
toward the optimum when they are far from it.

The regularity condition can be viewed as a marriage between strong convexity and smoothness.
Recall the first-order characterizations via coercivity and co-coercivity:

Definition 2.1.2: a-strong convexity via coercivity (Theorem 5.24 (iii) in Beck (2017))

Let f : R? — RU{+0c} be a closed, convex, and proper function. It is said to be a-strongly
convex if

(Vix) = V). x—y) 2 alx -yl (2.8)
forall x,y € dom(Vf).

Definition 2.1.3: S-smoothness via co-coercivity (Theorem 5.8 (iv) in Beck (2017))

Let f : R? — R be convex and differentiable. We say f is 3-smooth if
1
(V) = Vi) x =y} 2 2lIVE) = Vi)l (29)

forallx,y € dom(f). "

“The co-coercivity is characterized using the dual norm || - ||« in Beck (2017). Since the 2-norm is self-dual, we just
write %HVf(x) — V£(y)||3 instead of % |V f(x) — V£(y)]|? for simplicity.

Now, if a function f is both a-strongly convex and 3-smooth, then evaluating y at one local opti-
mum X, will yield V f(x,) = 0. As a result, we have

(Vf(x),x —x.) > allx —x.]f3, (2.10)
1
(Vf(x),x —x.) > BIIVf(X)IIS- (2.11)
Adding these two together gives:

1
2AVI(x),x = x.) > EHW(X*)II% +afx —x 3. (212)

This is the regularity condition with i = 1/ and A = a. Even though the regularity condition
is clearly a weaker condition than strong convexity and smoothness combined, gradient methods
still enjoy convergence guarantees under this condition.
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Proposition 2.1.4: Convergence under regularity condition (Lemma 2 in Chi et al. (2019))

Under RC(u, A, ¢), the iterative method (2.6) with a constant step-size 17, = p and x¢ €
B(x., ) obeys

% — x.|l3 < (1 — pN)||xo — x.|[5  forallt > 0. (2.13)

Proof. We proceed by induction: assume X; € B(X, (), then

Beers — %ull3 = [l — meg(3xe) — %13
= llx — x5 + 0 g ()13 — 2m{xe — x4, g(x0))
< lxe = x5 + i llg(xo)ll3 — me (pllg(xo) 13 + Allxe — x.]13)
= (1= nM\)llxe = x. )1z +ne(me — 1) lg(xe) 12
< (L =m)x = x| (2.14)
The first inequality is a result of the regularity condition. Note that the last inequality is valid for
any 7; € [0, u|. Setting 7, = 1, we arrive at:

s = %13 < (1= pA)[lxe = x5 (215)

This also guarantees that x;11 € B(xX.,(). The claim follows under induction with the base
case Xg € B(Xy, () being part of our assumptions. O

With the convergence guarantees rooted in the regularity condition, we can now examine a prac-
tical application: the Orthogonal Procrustes Flow algorithm.

2.1.4 Putting it together: Orthogonal Procrustes Flow as a special case

We will use the Orthogonal Procrustes Flow Tu et al. (2016)%, which is a special case of the
quadratic sensing problem, as a canonical example of this two-stage approach. To clarify the
optimization target, we begin with a general rank minimization problem of the form

min rank(A) st A(A)=b, (2.16)

nxXn
Aes?

where the affine transformation A : S}7*" — RP? is known a priori. Its k-th entry is given
by [A(X)],, £ (Ay, X) £ tr (A X), where each Aj, € R™*".
Directly solving (2.16) is computationally intractable. Therefore, the standard heuristic is to apply

the Burer-Monteiro reparameterization, replacing the matrix A with a low-rank reparametriza-
tion UU". We thereby aim to solve the unconstrained matrix bilinear equation:

find U € R™" s.t. A(UU') = b, (2.17)
via a local search heuristic. In the case of quadratic measurements, the actual optimization objec-
tive we are minimizing is:

: 1 1 2
min f(U) £ -||A(UUT) - b|j2 = i > (A, UUT) —by)". (2.18)

UeRnxr 4
k=1

’the name is due to the use of the proscrustes distance in equation (2.5), and has less to do with the so-called Orthogonal
Procrustes problem. Readers may refer to Gower and Dijksterhuis (2004) for this problem and we will not delve into details here.
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Assuming a proper initialization Uj, is attained, then the GD update we would like to apply is:

p

Tt+1 Nt+1
U 22U, — —HI}ZHQW(Ut) = U, — —HI}EHQ > (AU —b) AU | (219)
k=1

To safely reach this unconstrained GD phase, we rely on a single, unified algorithm comprised of
two distinct stages. The first stage constructs a surrogate matrix via iterative rank-projection to
get within the basin of attraction of the ground-truth. Once sufficiently close, an SVD extracts the
initialization Uy. The second stage then proceeds with standard GD, exploiting the benign local
geometry. This complete two-stage pipeline is summarized in the following algorithm.

Algorithm 8 Procrustes Flow (PF) (Algorithm 1 of Tu et al. (2016))

Require: {Ak}zzp {bk}izp {2y A}y, To € N
1: // Initialization phase

2: MO £ On><n

3 for t=0,1,--- 75 — 1 do

4; // Projection on to rank r PSD matrices

s My Py [M— ar 0, (A M) — be) A
6: end for

7: N

8 //SVD of My, with Q € R™" 3 ¢ R™"

o QEQ' £ My,

1. Uy £ QX2

12: // Gradient descent phase

13: repeat
P

14: Ut+1 — Ut - ||1-Z§——g:|l|2 (<Ak7 UtU;,r> - bki) Ak‘Ut
k=1

15: until convergence

The first stage is a variant of singular value hard-thresholding Jain et al. (2010), and this particular
iterative rank-projection is due to Oymak et al. (2018), which enjoys geometric convergence due
to the RIP property of the sensing operator A.

Proposition 2.1.5: Convergence of iterative rank-projection (Lemma 5.2 in Tu et al. (2016)
and Theorem 1.2 in Oymak et al. (2018))

Let A € R™*"™ be an arbitrary matrix of rank 7. Let b = A(A) € RP? be p linear measure-
ments. Consider the iterative updates:

1
Zi < P <Zt - ]—9 Z((Aka Z;) — bk)Ak> : (2.20)
k=1
Then
1Z: — Allr < p(A)'[1Zo — Allr, (2.21)
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holds. Here, p(.A) is defined as
p(A) £2 sup [(A(P), A(Q)) — (P, Q). (2.22)

[Pl|=Lrank(P)<2r
|Ql|p=1,rank(Q)<2r

The contraction parameter p here is due to the RIP-ness of the sensing operator .4, and a specific
bound is given in Candes (2008).

Discrepancies between two results

It is worth noting that the corresponding result in Oymak et al. (2018) is Theorem 1.2, which
has a different form than what is stated here. That result establishes PGD for an unknown
vector X from measurements y = Ax. In the noiseless regime (w = 0), the proof in Section
6.2 tracks the error h; = z;, — x at each iteration. Specifically, equation (6.9) in Oymak et al.
(2018) explicitly gives the step-by-step construction: ||h¢y1||2 < kp(pe)||ht]|2. The relation
between the two results is summarized as follows:

Oymak et al. (2018) Tu et al. (2016)

True signal vector x True rank- r matrix A

Iterative estimate vector z; Iterative estimate matrix Z;
Errorterm h; = z; — x Error term Z; — M

Step size 4 Step size 1/p

Constraint set K and projection Py | Rank- 7 manifold and projection P,

Once a satisfactory initial matrix is formed, local refinement commences, relying heavily on the
previously mentioned curvature properties. The second stage local refinement relies on the same
regularity condition. Our objective function f(U) £ }1 |A(UUT)-b ||§2 after sufficient numbers
of iteration 7T} of stage one, will satisfy the regularity condition RC(u, A, () with the gradient
coefficient 1, the distance coefficient A, and the radius coefficient ¢ being

64 1 1

: 1
Putting them altogether, we get:

Theorem 2.1.6: Convergence guarantee under two-stage method and quadratic measure-
ments (Theorem 3.2 in Tu et al. (2016))

Let A € R™ " be an arbitrary rank-r symmetric p.s.d. matrix with singular values ordered
as0; > 09 > -+ > 0, > 0 and condition number k = 01/0,. Assume A = X*X*T for
some X, € R and letb = A(A) € RP? be p linear measurements. Furthermore, assume
the mapping A obeys rank- 6 RIP with RIP constant dg, < 1/10. Also let a; = 1/p for
allt = 1,2,---. Then using Ty > log(\/rk) + 2 iterations of the initialization phase of
Procrustes Flow as stated in Algorithm 8 yields a solution U obeying

1
dist(Up, X..) < 70,(X.). (2.24)
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Furthermore, take a constant step size 1, = n forallt = 1,2,---, withn < 36/425. Then,
starting from any initial solution obeying (2.24), the {-th iterate of Algorithm 8 satisfies:

1 8n b2
dist(U, X)) < = (1 — ——> o-(Xy). (2.25)

Connection to NMF

While the Orthogonal Procrustes Flow serves as a pristine, canonical example of the two-
stage spectral initialization framework, it is instructive to clarify why this exact sequence of
analysis, particularly the global reliance on the regularity condition, does not trivially map
onto NMF. First, NMF generally lacks a known, unique ground-truth factor X, to anchor
the regularity condition globally. Second, and crucially, a recent result by Zhang (2026)
demonstrates that NMF inherently contains spurious local minima. At these spurious crit-
ical points, the objective cannot uniformly satisfy a Polyak-Lojasiewicz (PL) or regularity
condition. Thus, while Procrustes Flow effectively illustrates the mechanics of the two-stage
pipeline, the unique geometric hurdles of NMF necessitate the more specialized initializa-
tions discussed in subsequent sections.

2.1.5 Implicit bias of (small) Gaussian initialization

There is another line of work Stoger and Soltanolkotabi (2021); Ye and Du (2021); Jiang et al.
(2023) showing that gradient methods can achieve success even without using explicit spectral
decomposition of the target matrix. A noteworthy piece is the one by Stoger and Soltanolkotabi
Stoger and Soltanolkotabi (2021). In this work, the dynamics of gradient methods under small
Gaussian initialization, with the assumption of overparametrization, resembles the dynamics
under spectral initialization, especially during the early phase where GD behaves like a power
method. Other techniques under Gaussian initialization include the leave-one-out analysis for
phase retrieval Chen et al. (2021).

2.1.6 Some default options for initializations of NMF
NNDSVD: Non-negative double singular value decomposition (SVD)
Here, we introduce an initialization scheme that is specifically designed for NMF. Again, in the

case of low-rank approximation of NMF, where the size of the factorization & is less than the rank
of A, our hope is to design W > 0 and H( > 0 so that the residual

Ro=A-W¢H, with W, € R7"*"and H, € R}, (2.26)

is as small as possible.
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Optimal low-rank approximation via SVD We first examine the fundamental approximation
error constructed by the standard SVD. Suppose the target matrix A & RTX” is of rank 7, then

an explicit SVD of A is
A= Z g Z a;CY, (2.27)
where
e 0; is the j-th singular value,ie. 0y > 09 > --- > 0, > 0.

e u; € R™*! s the j-th left singular vector.
e v, € R"*!is the j-th right singular vector.

e CU) A ujva is the j-th unit rank factor.

In the case of low-rank approximation, the Eckart-Young-Mirsky theorem Mirsky (1960) guaran-
tees that the optimal unconstrained rank- £ approximation £ < r is formed by taking the top k

singular components:
k
B=%"g,C0. (2.28)
j=1

The leftover approximation error, which we call E(k), is the sum of the discarded trailing compo-

nents:
I

E® 2 A _ A — Z o,CY). (2.29)
j=k+1
From this, a matrix decomposition is

A=A®_LE® (2.30)

SVD with uniform truncation and the sign ambiguity Let A = UXV ' be the SVD of A.
To construct a non-negative initialization from the optimal unconstrained approximation A *), a
naive approach is to equally distribute the spectral information to the left and right blocks and sim-
ply truncate the negative values. Taking the top k singular value-vector pairs (denoted by Uy, 3,
and V},), one could define a uniform truncation:

Wuniform = [Ukzl/Q] and Huniform - [Ellg/QV];r]-‘r (231)

Notice that the j-th column of UX'/2 is simply 0]1-/2uj and the j-th row of 12V T is 0'1/2VT
After truncation, an equivalent column-wise description of W and row-wise descr1pt1on of HO
is:
y 1/2 . 1/2
Wuniform(-7]) - Uj [uj]-i- and Huniform(]a ) - U [Vj]+7 (232)
where the bracket [-]; acts as an entrywise operation retaining only positive elements.’

However, this formulation is inherently ill-defined because the SVD is not unique. Specifically,
if A = UXV' isavalid SVD, then sois A = (UK)X(VK)T, where K = diag(+1,...,+1)

*When z is a scalar, [x]; 2 max{z,0} and [z]- 2 |min{z,0}|. When applied to a vector, this acts element-wise.
Thus, w;+ 2 [u;]+ and u;— £ [u;]_, and similarly for v, and v, _.
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is an arbitrary diagonal sign matrix. At the component level, this means CU) = ujvjT =

(—u;)(—v;)". Consequently, taking the positive part [u;], versus the negative part [u;]_ (which
corresponds to the positive elements of —u;) is completely arbitrary and relies entirely on the sign
convention returned by the underlying numerical solver. It is not theoretically sound to assume
that [u;] is inherently a better initialization than [u;]_.

NNDSVD NNDSVD Boutsidis and Gallopoulos (2008) avoids blind truncation. It extracts the
positive and negative parts for each rank-1 component formed by (u;, v;) and objectively checks
which combination approximates the original term o; ujvjT better. It calculates the norms of both
the positive and negative lobes:

pir = uiellllviell and gy = fluy-lllvs-]- (2.33)
By the Perron-Frobenius theorem, the first singular vectors (u;,vy) of a non-negative matrix

are strictly non-negative. Therefore, we initialize the first column of Wynpsyp and the first row
of HNNDSVD directly:

WNNDSVD(i,l)Z\/U_lm and HNNDSVD( ) \/_V1 (2.34)

For subsequent columns and rows, the choice depends on the magnitude of ;1 and p—. We
initialize the rows/columns according to whether the positive or negative component is more
dominant. Specifically, for 2 < 5 < r:

If pjv > pj-
T
WNNDSVD( ) VO i+ ||u ” and HNNDSVD(ja 3) VOii+ 7 r ”V H (2.35)
i+ i+
Similarly if ju;4 < pr;_:
T
. u;_ . Vi
Winosvo (55 J) = /T5fti— [u,|| and Hnosvo(J, 1) = \/Uj/iijV]—'H' (2.36)
J— i-

With this construction, one obtains the following bound on the initialization error:

Theorem 2.1.7: Initialization error estimate of NNDSVD (Proposition 6 in Boutsidis and
Gallopoulos (2008))

Given A € R"™" and the pair (Wxnpsvp, Hanpsyp) initialized by the NNDSVD scheme,
then the residual Rynpsvp = A — Wianosvo Hanosvp is bounded as follows:

IE® |z < [|Ranosvolle < [E®||e + || Exnosvoll (2.37)
where
| Exnosvollr < 3 (02[(3% + 1) 0; <23 o (2.38)
j=2 Jj=2

Here Cif) denotes the positive section of the j-th rank 1 singular component of A

and 05[C Sf)] denotes the second largest singular value of the matrix CSZ)
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Successive Projection Algorithm (SPA) under separability

Beyond the standard SVD-based truncations, another family of fast and robust recursive algo-
rithms exists for NMF under the separability assumption. This approach, generalizing the Suc-
cessive Projection Algorithm (SPA), sequentially identifies the extreme rays of the convex cone
generated by the columns of the data matrix.

The theoretical guarantees of this algorithm rely heavily on two core assumptions regarding the
target matrix A and the selection function f:

Assumption 2.1.8: Separability (Assumption 1 in Gillis and Vavasis (2014))

The target matrix A € R"™*" is separable if it can be written as A = WH = W|L,, H'],
where W € R"™*" has rank 7, H € R’*", and the sum of the entries of each column of H' is
at most one.

In the context of hyperspectral unmixing, this is equivalent to the pure-pixel assumption, which
dictates that for each constitutive material (endmember), there exists at least one pixel in the
image containing exclusively that material.

Assumption 2.1.9: Strong convexity of the selection function (Assumption 2 in Gillis and
Vavasis (2014))

The function f : R™ — R is strongly convex with parameter ;¢ > 0, its gradient is Lipschitz
continuous with constant L, and its global minimizer is the all-zero vector with f(0) = 0.

The most standard and robust choice for the function f that satisfies this assumption is f(x) =
el

Given these assumptions, the recursive algorithm proceeds by selecting the column of the resid-
ual matrix R that maximizes the function f, and subsequently updating R by projecting all its
columns onto the orthogonal complement of the selected column.

Algorithm 9 Recursive algorithm for separable NMF (SPA)

Require: Separable matrix A = WH ¢ RTX", the number 7 of columns to be extracted, and a
strongly convex function f obeying Assumption 2
Ensure: Set of indices .J such that A(:,.J) = W up to permutation
. R—A J+—{},j«1
2: while R # 0and j < rdo

3: J* < argmaxy f(Ry)
4: u; < R;j*

u;ul
s Re (I-125)R

6: J<+—JU {]*}
7: j+<7+1
8: end while
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Convergence in the noiseless regime Because the function f is strongly convex and the ma-
trix W is full rank, the algorithm is guaranteed to extract a set of indices corresponding exactly
to the columns of W in the noiseless case. This is formally stated as:

Theorem 2.1.10: Noiseless recovery (Theorem 1 in Gillis and Vavasis (2014))

Let the matrix A = WH satisfy Assumption 2.1.8 and the function f satisfy Assumption
2.1.9. Then Algorithm 9 recovers a set of indices .J such that A(:, J) = W up to permutation.

Relation with QR factorization When instantiated with f(x) = ||x||3, Algorithm 9 is intimately
related to QR factorization with column pivoting. Specifically, Golub and Businger construct QR
factorizations by performing, at each step of the algorithm, Householder reflections w.r.t. the spe-
cific column of the data matrix whose projection onto the orthogonal complement of the previ-
ously extracted columns has the maximum {,-norm. This aligns exactly with the greedy selection
and orthogonal projection steps of SPA.

Robustness guarantee in the noisy regime In practical scenarios, the input data matrix is often
perturbed by noise, such that A’ = A + N = WH + N. SPA demonstrates robustness by
approximately identifying the columns of W even under small arbitrary perturbations.

Theorem 2.1.11: Robustness of SPA (Theorem 3 in Gillis and Vavasis (2014))

Let A’ = WH + N be the perturbed matrix, and assume the noise is bounded by ||n;||> < €
for all 7. Under appropriate bounds on € relative to the conditioning of W, the index set .J

extracted by Algorithm 9 guarantees that there exists a permutation P of {1,2,...,r} such
that: KW L
/ z —
lrg]agxr Haj(j) — WP(j)”Z <€e=c¢€ <1 I SOW;) 9 (239)

where K (W) = max; |w;]|2, 0,,(W) is the r-th singular value of W, and 1, L are the strong
convexity and Lipschitz constants of f.

The bound essentially guarantees that if the perturbation is small enough, the extraction error
will be tightly bounded by O(¢/02(W)).

Transitioning from spectral initializations, we next explore sketching techniques, which offer pow-
erful computational shortcuts by compressing high-dimensional data while preserving essential
structural characteristics.

2.2 Sketching techniques in optimization

Sketching is a family of probabilistic techniques for processing usually large matrices into a much
smaller surrogate (i.e. “the sketch”) while preserving their key mathematical structure, such
as the column spaces, singular values, or Euclidean distances (or distances under other metrics)
between the rows or columns. Two important motivations are its uses in low-rank approximations
and least squares (subspace embedding):
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e In low-rank approximation, given a matrix A € R™*" and its best rank- k approxi-
mation A®, where k < min{m, n}, we hope to construct a probabilistic rank- k esti-
mate A(*) possessing low complexity and is cheap to compute, while maintaining the
approximation quality in the sense that

A —A® |, < (1+e)|A—-AP|, with high probability (w.h.p.). (2.40)

e In least-squares, given A € R™*"™, we are minimizing an over-determined system ||Ax —
b||2 with m >> n, and we would therefore like to construct a probabilistic estimate X’ s.t.

|[Ax" = bl < (1+e)|Ax—b|z  whp. (241)

These are all achieved by simplifying A into a simpler probabilistic surrogate. In what follows, we
put more emphasis on its applications on the latter. For applications in low-rank approximations,
readers may refer to Halko et al. (2011); Martinsson and Tropp (2020).

2.2.1 Some examples of sketches

To build a sketch, one generates a random test matrix S (i.e. the sketching matrix) and multiplies
it with A. These sketches fall into two categories, depending on whether the distribution of S
depends on the data matrix A.

1. Data-oblivious sketches: The distribution of the sketch matrix S does not depend
on A. Examples of this category include Gaussian matrices, Subsampled Randomized
Hadamard Transform (SRHT), and CountSketch matrices. Due to the data-independent
nature, they can be generated independently and applied in a streaming setting with min-
imal communication.

2. Data-dependent sketches: The distribution of S relies on properties of A. The most com-
mon example is Leverage Score Sampling (LESS), where columns or rows are sampled
with probabilities proportional to their statistical leverage scores. These yield tighter sam-
ple bounds for specific matrices but require a preliminary pass to approximate the distri-
butions.

Before elaborating these examples, an important notion in measuring the sketch quality is the
notion of subspace embedding. We say the sketch matrix S € R4*™ is an e-subspace embedding
(for the column space) of the matrix A € R™*" if

ISAx||5 = (1 +¢)||Ax|3,Vx € R (2.42)
An equivalent characterization is that
L, — (SU)'SU| = |IL, - UTS'SU||; <, (2.43)

for any U € R”*" whose columns form an orthonormal basis for the column space of A.*

Gaussian Sketch

An obvious choice that is easy to implement is to let the entries of S draw entries from i.i.d.
standard normal. With suitable scaling, we have the following guarantee:

“Notice that this is a deterministic statement.
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Theorem 2.2.1: Embedding guarantee of Gaussian sketches (Theorem 2.3 in Woodruff
(2014))

Fixe, 6 € (0,1)and S(4,j) ~ N (0,1/d) with S € R¥>*™, Thenifd = O((n-+log(1/5))e~2),
for any m X n matrix A, w.p. atleast 1 — ¢, S is a e-subspace embedding of A.

However, if the sketching matrix happens to be dense, then performing the sketch, i.e. the matrix
multiplication, will take O(nmd) operations. The sub-sampled randomized Hadamard trans-
form coming up next is designed to improve this.”

SRHT

For an input dimension 7 and sketch dimension d, the SRHT matrix S € R4*™ s constructed as

the product of three matrices
1

Vdm

e P € R¥™ is a Sampling/Projection Matrix that selects exactly d coordinates out of m

S = PH,,D. (2.44)

uniformly at random.

e H,, € R™*"™ is a Walsh-Hadamard Matrix, where n is a power of 2. Its entry is defined
as:

. 1 iy
Hm(l>j> = \/_m(_1)< 7]>7 (245)
where (i, j) = leoffm i.7- and (fiog, m, "+ , 1) and (fiog, m, - - ,J1) are the binary rep-

resentations of the integer indices ¢ and j.

e D € R™ is a Random Sign Matrix where each diagonal entry D(4, 7) is drawn inde-
pendently from {—1, +1} with equal probability.

Theorem 2.2.2: Embedding guarantee of SRHT (Theorem 2.11 in Woodruff (2014))
Let S be constructed as above, then given a precision parameter ¢ > 0, if the sample number d

is of
d = Q(e*(log n)(v/n + y/logm)?), (2.46)

then, for any fixed m X n matrix U with orthonormal columns, we have

|II, -U'S'SU||, <e  whp. (2.47)

Here is how these three matrices collaborate with each other:

e The matrix H,,, acts like a Fourier transform. It takes the randomized input and mas-
sively mixes each coordinate with all the other coordinates. If the original data vector
had one massive spike, H,, flattens that information uniformly across all m coordinates.
In addition, due to the recursive and block-wise pattern, no dense matrix multiplication

°In the ideal case when A is highly sparse, then it only takes O(dnnz(A)) operations. However, a common pitfall of all
sketching frameworks is that sketching destroys the sparsity/sparsity pattern of the data matrix A.
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is needed. By the Fast Walsh-Hadamard Transform (FWHT), it takes only O(m logm)
operations.

e In the ideal case, H,, already distributed the information of the input vector across all m
coordinates. No single coordinate carries too much/too little information, so the uniform
sampling matrix P could preserve the signal properly.

e Notice that H,, is a deterministic matrix, so one could still design an input vector that
resisted the “mixing effect” of H,,. Adding a randomization matrix D helps the proper
mixing of H,,.

In summary, a precise operation count for applying the d x m SRHT sketching matrix S to an m xn
data matrix A is as follows:

1. Apply D: Multiplying D - A simply flips the signs of the rows of A, requiring ex-
actly O(mn) operations.

2. Apply H,,: Standard matrix multiplication is avoided. Instead, applying the Fast Walsh-
Hadamard Transform (FWHT) independently to each of the n columns of length m
takes O(m log m) per column. For n columns, this takes exactly O(mn log m) operations.

3. Apply P: Extracting d rows from the transformed matrix takes O(dn) operations.

Therefore, the total time complexity for the sketching step is O(mnlogm). Notice that while
this operation count is indeed independent of the target sketch dimension d, one cannot simply
choose d = m. The parameters represent fundamentally different quantities: m is the original,
fixed data dimension, while d is the reduced sketch dimension chosen by the user to satisfy an
error tolerance €. Setting d = m would defeat the core purpose of sketching, as the goal is to
make d < m to drastically reduce the complexity of the subsequent downstream computations
(e.g., dropping the cost of solving a sketched least-squares problem from O(mn?) to O(dn?)).

LESS

In previous examples, S is generated independently of the properties of A. One way to perform
data-dependent sketching is to pick a subset of its rows. In the case when all the important infor-
mation is concentrated in a few rows, uniform sampling will miss them. Leverage scores measure
the importance of each row: (Definition 2.6 in Woodruff (2014)):

e Again, let A € R"*" be a skinny matrix (m > n) with orthonormal columns.

e The i-th leverage score of A is defined as I> = ||e] A||2, which is simply the squared

Euclidean norm of the ¢-th row of A.

e Since A has orthonormal columns, the sum of all leverage scores is exactly n. Therefore,
an ideal sampling probability distribution can be defined as p; = I?/n.

e Since computing the exact leverage score can be slow, we allow an approximate distribu-
tionq = (ql, 000 ,qm) as q; > [p; for some constant 5 > 0.

In the end, we would like to sample d rows, and hence construct the sampling matrix 2 € R™*¢
and D € R%*? which is a diagonal re-scaling matrix. For each of the d trials, we independently
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pick a row index i € [m] w.p. ¢;. If row i is chosen on trial j, we set §£2(i,j) = 1 and set the
diagonal rescaling weight D(7, j) = 1/1/¢;d. We have the following guarantee:

Theorem 2.2.3: Embedding guarantee of LESS (Theorem 2.11 in Woodruff (2014))

Suppose A € R™*" has orthonormal columns. Suppose the number of sampled rows is

144nIn(2n/§
_ 144nIn(2n/5)

2.48
and €2 and D are constructed as above. Then w.p. 1 — 9, simultaneously for all ¢:
1-e<d?D'QTA) <1 +¢, (2.49)

where o; denotes the i-th largest singular value.

Discrepancy on the definition of embedding

At first glance, the bound on the singular values in (2.49) might appear distinct from the stan-
dard ¢, subspace embedding guarantee considered eatlier (i.e., [|SAx||3 = (1+¢)||Ax]|3 for
all x). However, they are mathematically identical under the theorem’s specific assumption
that the data matrix A has orthonormal columns (A" A = I,,). For any unit vector x € R",
the geometry of orthonormal columns guarantees that || Ax||2 = 1. Substituting this into the
standard subspace embedding definition simplifies the condition to ||[SAx||53 = 1 & ¢ for all
unit vectors x. In linear algebra, the minimum and maximum values of ||SAx||3 over all unit
vectors X correspond exactly to the squared minimum and maximum singular values of the
sketched matrix SA. This leads to (2.49).

Difference between a left sketch SA and a right sketch AS

So far, our setting has been left sketches. Given a matrix A € R"*™, a left-sketch S &€ Raxn
with n > d reduces the number of rows. It acts on the column vectors of A, meaning that
it preserves the geometry of the column space. It is universally used for over-determined least
squares, where the constraint is on the rows (e.g. min [[Ax — b|| — min ||SAx — Sb||).

In a right sketch, we draw a matrix €2 € R™*? with m > d and form AQ € R™?. Here we
are reducing the number of columns. It captures the action on the row space. It is fundamentally
used to extract the dominant spectral structure of A for low-rank approximations.

These sketching paradigms lay the foundation for scalable optimization by strategically embed-
ding high-dimensional data into more manageable spaces.

2.2.2 Sketching techniques in iterative methods

The use of sketching in optimization and iterative methods falls into three categories:

1. Sketch-and-Solve: This is the most direct application of dimensionality reduction. When
facing an over-determined least squares problem with A being “tall and skinny”, we com-
press the rows of A and the target vector b using a sketching matrix. We then solve this

42



much smaller, sketched matrix directly using conventional tools. The resulting solution
we get is a good approximation to the original solution w.h.p. This is also desirable if we
aim for a low-precision solution, i.e. € = 1071,

Concretely, in the ordinary least-squares problem we aim to find x, that minimizes:

X, = arg m]iRn |Ax — b2, (2.50)
XER™

where A € R™ " with m >> n. We draw a sketching matrix S € R¥™ with d < m
(e.g. via SRHT or CountSketch). We compute SA € R%*™ and Sb € R?, and solve

X = arg m]iRn |ISAx — Sb||». (2.51)
xeR™

. Iterative Sketching:

As the name suggests, this is a class of methods where we sketch our problem repeat-
edly and refine the estimate using conventional optimization methods. This usually leads
to a moderate level of precision, e.g. ¢ = 1072 to 107°. A powerful framework in this
area is the Sketch-and-Project framework Gower and Richtarik (2015), which is primar-
ily aimed to solve linear systems but has many equivalent formulations and applications
in stochastic and randomized methods. Its general strategy to solve a consistent linear
system Ax = b is to take a current guess, sketch the residual to find how far off we are
in a random subspace, and project out our guess so that it perfectly satisfies the sketched
system: let B € S} and it yields the B-inner product and its induced B-norm:

x,y)g = (Bx,y) and |x|B = V(x,X)B. (2.52)

Suppose x; € R" is already computed in solving Ax = b, then x,,, is generated via a
sketch S:

Xi41 = arg irel]iRrvll |x —x/||g  suchthat SAx = Sb. (2.53)

The convergence rate of these methods usually depends on the sketched geometry of the
problem. Moreover, this framework establishes equivalences between other stochastic and
randomized methods such as the Karczmarz method and Weighted SGD Needell et al.
(2016). Other examples of iterative sketching include sketching for quasi-newton methods
Pilanci and Wainwright (2017; 2016) as well as sketching for SDPs Yurtsever et al. (2021).

. Sketch-and-Precondition: In the case we require machine-precision level accuracy,
Sketch-and-Solve will be slow for small . The Sketch-and-Precondition framework
Rokhlin and Tygert (2008) uses a sketching matrix to downsample the problem, but only
to extract the geometric structure of the matrix (usually via a QR decomposition of the
sketch). We then use this extracted structure as a pre-conditioner for a standard iterative
method (like LSQR or Conjugate Gradient) on the originally massive problem. To be spe-
cific, to solve Ax = b, we again perform the sketch SA, but then proceed to compute the
compact QR decomposition of the sketched matrix

SA = QsR. (2.54)

Because SA has the approximately the same sub-space geometry as A, the small upper-
triangular matrix R € R™*™ acts as an excellent pre-conditioner. We then solve the
well-conditioned system:

min (AR )y — b|s, (2.55)
Yy

using an iterative method like LSQR. Once we find y, we recover x = R™ly.
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Dereziniski and Mahoney (2024) gives a modern perspective on the uses of sketching in optimiza-
tion, including using modern RMT tools to perform complexity analysis.

2.3 A sketching based initialization

In this subsection, 7 = rank(A) and d denotes the factorization dimension. By default, d > r.

Building upon the generic sketching strategies, we now pivot to specific formulations tailored to
MF tasks. While an SVD based initialization enjoys good properties, an explicit SVD may be costly
when the dimension of the target matrix is large. Specifically, for A € R™*", the ratio for the cost
of a sketching (with S € R¥™, d < m, n) and a compact SVD is roughly

flop(A — SA) d

~ . 2.56
flop(A — UXVT)  min(m,n) (2.56)
Here, we will be looking at the unconstrained two-block MF problem
. 1 T2
= — — 2.57
min f(X,Y) = 5[A = XY ||F, (257)

with X € R™*4and Y € R"*4,

2.3.1 PL-based approach

Ward and Kolda (2023) proposed an unbalanced sketching-based initialization, using alternating
GD.

Assumption 2.3.1: Alternating GD (AItGD) (Assumption 1 in Ward and Kolda (2023))

For 17 > 0 and initial condition (X, Y), the asymmetric update is
X1 = Xy —nVx f(Xy, Yy) (2.58)
Yt-i—l = Yt — nVYf(Xt+1, Yt)a (259)
with Vx (X, Y) = (XYT — A)Y and Vy (X, Y) = (XYT — A)TX.

There are several key components and highlights to this approach. First is an unbalanced initial-
ization:

Assumption 2.3.2: Initialization and related quantities (Assumption 2 in Ward and Kolda
(2023))
o Let ®;, &, € R"*? be random matrices with i.i.d. N'(0, 1/d) and N(0, 1/n) entries.
o FixC >1,v<1/3and D < %l/, and 7 denotes the stepsize. Let

1

Xy=——
07 pl2Co,(A)

A®, and Y, =1"2Doy(A)®,. (2.60)
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e For 7 > 0, define

(2.61)

(- 57)

e c-optimality will be shown to be dependent on

B = (g;gigy (2.62)

e The probability of finding the e-optimality will depend on
6= (Cy7)3 7 4 e C2d o724 72 4 97 (2.63)

where (', Cy > 0 are universal constants.

We have the following guarantee:

Proposition 2.3.3: Initialization (Proposition 4.3 in Ward and Kolda (2023))

Assume X and Y are initialized properly according to Assumption 2.3.2
Further assume that C' > 1,v < 1,and D < % (which is equivalent with % <v).
Then the following holds w.h.p.:

1 por(A)
1. O'T<X0) Z \/—ﬁ%m

2. O'l(Xo) S %ﬁ
3. 01(Yo) < y/nCvoi(A)/3
4. (1-3v)?[|Al% < F(Xo, Yo) < (1 +v)*||Al%

Here, the bounds on the spectrum of X and Y rely on a fundamental result on non-asymptotic
random matrix theory (RMT):

Proposition 2.3.4: Deviation of extreme singular values of Gaussian matrices (Corollary
5.35 in Vershynin (2012))

Let A € RY*" be a random matrix with i.i.d. standard normal with N > n (hence a ‘tall,
skinny’ matrix), then for all ¢ > 0, we have:

\/N_\/ﬁ_t S Umin(A) SamaX(A) S \/N_F \/ﬁ—i_t? (2'64)
w.p. atleast 1 — 2 exp(—t2/2).

The initialization is defined as X, ~ \%}A@l and Yo ~ ,/n®,. Since 7 is chosen to be
small, this means X, is scaled up to be large and Y|, is chosen to be small. Because of this
extreme difference in scale, the updates to X; remain very small relative to its massive initial
scale, while the updates to Y; happen rapidly relative to its tiny scale at the initialization. Conse-
quently, the AItGD dynamics effectively mimic standard GD on a simpler linear regression prob-
lem, min g(Y) = [|XoY " — A||%, where the large X is treated as if it were being fixed.
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The second highlight is the preservation of column space of the X-block.

Lemma 2.3.5: Boundedness of column span (ColSpan) of X; (Lemma 4.5 in Ward and
Kolda (2023))

With the alternating update scheme, if ColSpan(Xj) C ColSpan(X), then for all ¢ > 1:
ColSpan(X;) C ColSpan(A). (2.65)

A defining feature of this initialization is that X is constructed using A ®,, forcing its columns
to reside entirely within the ColSpan of the target matrix A. Analytically, this is achieved by
induction arguments which also take advantage of the simple additive structure of the gradient
update:

ColSpan(X;;1) = ColSpan(X; — nVx f(X¢, Yy))
= ColSpan(X; — X, Y, Y, + nAY),)
C ColSpan(X;) U ColSpan(nX,Y, ) U ColSpan(nAY,)
C ColSpan(A), (2.66)

where the implication from the second-last line to the last line is due to the fact that the column
span of X, XthT ,and AY, all belong to the column span of A, by induction or construction.

The column space preservation means that the X-block is not rank degenerate throughout the
entire trajectory, and therefore 0,.(X;) = omin(X;) > 0forall . Also recall that we have a very re-
fined control on o, (X)) at initialization. Also, with a slightly tighter control on a few constants,

we have an even more refined control on o, (XT) up to some finite horizon T Specifically, for
al0 <t <T = LﬁJ,where fo 2 f(Xo,Yy), we have
1 /B
A (Xy) > =4[ —. 2.67
or(X¢) > 2\ 1 (2.67)
This is elaborated in Lemma 4.4 of Ward and Kolda (2023). With these conditions, one could have
a PL inequality on the Y -block.

Lemma 2.3.6: PL inequality (Lemma 4.6 in Ward and Kolda (2023))

Suppose A has rank , and ColSpan(X;) C ColSpan(A) and 0,(X;) > 0 for all ¢, then
IVy f(Xe, Yeor)l[7 = 207(X0) f(Xe, Yion). (2.68)

In other words, the PL condition Polyak (1963); Karimi et al. (2016) essentially guarantees that
the gradient grows faster than the function value, ensuring that as long as the gradient is non-
zero, the algorithm will make strictly positive progress toward the global min. In the asymmetric
MF problem, the loss function f(X,Y) = || XY — A||% is highly non-convex and does not
globally satisfy a PL inequality. However, linear convergence is still achievable without requiring
a PL condition on the X block, and this is due to the presence of:
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e alocal PL condition on Y: because the unbalanced initialization and the update invari-
ance restrict X; to the ColSpan of A, and this ensures that its r-th singular value o, (X})
remains strictly positive, a local PL. emerges.

e the sufficient decrease on one block: The proof bounds the gradient step w.r.t. Y strictly
away from zero.

B

IVy f(Xes1, Yo) 7 > %f(XtJrla Y,). (2.69)

Now, the PL inequality guarantees sufficient decrease on the Y block. Putting everything to-
gether, one would have the final complexity result:

Theorem 2.3.7: Main convergence result for PL-based approach (Theorem 5.1 in Ward and
Kolda (2023))
Suppose
1. Xjpand Y are initialized properly as in Assumption 2.3.2

2. C > 4 (Stronger than C' > 1 defined previously)

9
3. i = 4Cvo1(A)

4.TA:L‘9J

8n° fo
Then w.h.p. (atleast 1 — 5), forallt =1,--- ,T, we have
IA = X, Y/ |7 < 2exp(—Bt/4) fo < exp(=Bt/4)(1 + v)?||A|%. (2.70)

In Theorem 5.1, the alternating updates act like a driver and a passenger. The Y block does all the
“heavy lifting”, i.e. the driver. Meanwhile, we only need the X update to not cause any damage,
i.e. a passenger. Concretely:

e X block: Because the objective function is smooth and the gradients are Lipschitz contin-
uous, Lemma 4.1 in Ward and Kolda (2023) guarantees that as long as the Y block is not
too large (||Y¢||* < 1/7), a gradient step on X will never increase the loss, that is

fXi1, Ye) < f(Xe, Vo). (2.71)
Again, we don’t have strict decrease here since no PL condition is invoked. It is a “safe”,
non-increasing step.

e Y block: The Y block is where the strict geometric drop occurs. Due to the ColSpan
argument, the X block maintains a strictly positive r-th singular value in the next step
and for all future steps by induction, that is 0, (X41) = Omin(Xs41) > 0. The objective
inherently satisfies the PL inequality w.r.t. Y. Taking the gradient step on Y forces a strict
linear decrease:

FXig1, Yea) < (1= 5/4) f(Xegr, Yo). (2.72)
Combining these two inequalities gives a joint decrease on both blocks:
F(Xie1, Yepr) < (1= 8/4) (X, Ye) < (1= 8/4) f(Xe, Yo). (2.73)

Having explored the PL-based framework and its asymmetric dynamics, we now consider an
alternative analytical lens that reveals convergence via fixed-point mappings.
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2.3.2 Contraction-based approach

Xu et al. (2024) proposed to use a contraction/fixed-point method to prove the convergence under
roughly the same sketching scheme, which works both for standard GD and Nesterov accelerated
GD (NAG). At the heart of which is a careful decomposition of the GD dynamics. The residual
dynamics was decomposed into a linear component and a nonlinear component. The linear com-
ponent acts as a strict contraction map within a specific subspace containing the residual, and this
serves as the main driver for convergence. The higher order nonlinear component remains close
to their initialization and with a bootstrapping argument we can bound the nonlinear component
with the total residual.

Concretely, the initialization is slightly different in the following sense: X is initialized in the
same manner, but Y is chosen to be O for the simplicity of the proof. In Ward and Kolda
(2023), Y is a small random initialization, so the empirical effect of such a modification is negli-
gible.

Denoteby R; £ X, Y, — A, f(X;,Y,) £ 1|R;||3. The authors uses a (single-block) GD of the

following form:

|:Xt+1:| _ |:Xt - nvxf(Xt, Yt)Yt}
Y1 Y, — Vv (X, Y) X,

. Xt = n(XtY;r = A)Yt

- [Yt XY _A)X,| (2.74)

For NAG, recall that it is designed to work on a loss function ¢ that is strongly convex and smooth,
and the scheme is as follows:

1 =2 —NVEZ) and  Za = 241 + B2 — ), (2.75)

where again, 7 is the step-size and [ serves as the momentum/extrapolation parameter. In the
context of our problem, this becomes

Xit1 X; —nR: Y, Xi—1 —nR—1 Y
=(1+ = . 2.76
{Ytﬁ-l} ( 2 |:Yt - 77RtTXt & Y1 — nR;r—1Xt—1 (2.76)

In both cases, we treat X_; = Xpand Y_; = Y.
In the following, we will present the proof structure and key results in parallel for GD and NAG.

Initialization

Formally, draw a Gaussian random matrix ® € R"*¢ with ®,; ~ N(0,1/d), and let
Xy =cAP and Y, =0, (2.77)

where c is a large constant specified later in the final complexity analysis for both GD and NAG.
Controlling the spectrum of the random matrix X is in the same spirit with Ward and Kolda
(2023) so we will not go into details here.

Residual dynamics decomposition

Here r, is the vectorized residual matrix R, = A — XthT )
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Proposition 2.3.8: GD dynamics (Proposition 2 in Xu et al. (2024))

Let P, & X1 — Xy and Q £ Y1 — Y. forallt > 0, then GD admits the following
dynamics:

riy1 = (L — nHo)ry + &, (2.78)
where H; = (Y, Y/]) ® L, + I, @ (X; X/ ) and &; = n(Hy — Hy)r; + vec(P,Q/).

Here we define the linear operator T¢p 21— nHy.

Proposition 2.3.9: NAG dynamics (Proposition 3 in Xu et al. (2024))

Let P, = X1 — X, and Q; = Y41 — Y, denote the update steps for ¢ > 0. Then NAG
admits the following dynamics:

[rm] _ [(1 + 8) Ly — 1Ho)  —B(Ln — nHo)] Lrtl] B [Eot] , (2.79)

| Imn 0 t—

where Ht = (Yth)T X Im + In X (XtXt)T, and ét = Ct + Ly, with

Ct = VeC(PtQ;r) aF BVGC(Pt_lQ;r,I) i Bn(Rt—lYt—le—fl T Pt_lXtT,lRt_l) (280)

v = (1+B)nHo — Hy)r, — Bn(Hy — Hy_y)ry 1. (2.81)
Here again, we define Tnac L |:(1 + B) (}mn - nHO) _6(Imn0_ nHO):| )

We breakdown proposition 2.3.9 from the following perspectives: the augmented state space in
dynamics formulation, and the roles of higher order terms.

How to understand the (state-augmented) formulation of dynamics here?

A first order difference equation in control theory (for instance, in Linear Quadratic Regula-

tor) takes the form
X411 = Qx; + Bu. (2.82)

where x;, X1 € R™!,u € R™,and Q € R"™"and B € R"*™. Standard GD naturally fits
into this first-order form because the next step only depends on the current step: x;41 = X; —
nV f(x;), where f(x) = x"Qx + q' x. Momentum-based methods are based on a second-
difference scheme, meaning that the update x;;; depends on x; and x;_;. Because standard
linear system analysis requires the system to only depend on the immediate prior state, we
need to augment the state vector to “remember” the past. We create a new augmented state z;
that stacks current and previous variables.

To illustrate by a concrete example, we consider the Polyak momentum (Heavy Ball Method)
on a strictly convex quadratic f(x) = x' Qx + q' x with Q > 0. The update rule is

X1 = X — va(xt) + 5(Xt - Xt—l)' (2.83)
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Here > 0 is the momentum parameter. Substituting our gradient V f(x) = Qx:

Xep1 = X — NQX + 8%y — 8%

= [(1+ /I = nQ]x; — fxy—1. (2.84)

To turn this into a first order system, we define the augmented state vector:

Xt
Zy = . 2.85
' {th} ( )
Now we can write the update rule as a single block-matrix equation:
_ X _ [T =aQ =BT | x

o= [t < [+ A 0@ o) 0] 235

Similarly, Nesterov momentum can also be put into this form. More on the state-space aug-
mentation technique can be found in Section 4 of Lessard et al. (2016). To emphasize, the
derivation above assumes a quadratic objective so that V f(x;) = Qx; + q (the constant
q can be absorbed by shifting the origin). For a general, possibly non-convex, function f,
the gradient V f(x;) is not linear in X;, and therefore cannot be written as Qx; with a fixed
matrix Q. Nevertheless, the linear state-space representation remains highly relevant for two
reasons:

e Local analysis: Near a local minimum x* where V f(x*) = 0, one can linearize the
dynamics using the Hessian H = V2 f(x*). For small steps, V f(x;) ~ H(x; — x*),
reducing the problem to the quadratic case.

e Global convergence of momentum methods: For strongly convex functions with
Lipschitz gradient, the exact linear form does not hold, but one can still analyze the
method using integral quadratic constraints (IQCs) or by "lifting” the system to a
higher-dimensional space where the nonlinearity is bounded by quadratic inequali-
ties, see more in Lessard et al. (2016).

Thus, while the matrix equation z,.; = Az, is exact only for quadratics, it serves as the
fundamental building block for understanding and extending momentum methods to more
general problems.

Finally, ; and ¢, serves the following purposes:

The roles of the higher order terms

e 1, represents the “dynamic shift” or the “curvature shift”. The core of the authors’
convergence relies on showing that the residual contracts linearly according to the
initial state matrix Hy. However, the actual update depends on the current state ma-
trices H; and H;_;. The ¢; term captures the error introduced by approximating the
current, time-varying curvature with the initial curvature Hy. As long as the iter-
ates X; and Y, do not move too far from their initializations, H; remains close to Hy.
Therefore this rate is bounded and shrinks at a rate of O(6").
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e (; represents the “higher-order terms”. Note that it is made up of terms
like vec(P;Q, ) and momentum-delayed versions of these products. Here it is de-
fined that P, £ X1 — Xy and Qq £ Y1 — Y,;. When the residual matrices are
multiplied together during the GD updates, it creates interaction terms between vari-
ables. If the residual R, is shrinking at a rate of 8, the step increments P, and Q; also
shrink. Consequently, their product shrinks faster, yielding a bound of O(6%).

To ensure these error terms remain manageable, it is critical to confine the dynamics within a
well-behaved subspace.

Column space preservation

Lemma 2.3.10: Eigensubspace (Lemma 1 in Xu et al. (2024))

Let H € R™" denote the linear subspace containing all eigenvectors of Hj with positive
eigenvalues. If X is initialized as in (2.77), then we have

H = (col(A)" and  {r;, &} CH, (2.87)

where Hy, r;, and &; are defined as in Proposition 2.3.8.

Again, H is the linear subspace spanned by all eigenvectors of the initial “pseudo-Hessian” ma-
trix Hy that have strictly positive eigenvalues. To unpack this, recall our unbalanced initializa-
tion Xg = cA® and Yy = O:

e X is formed by multiplying the target matrix A by a random Gaussian
sketch ®@, col(Xy) C col(A). With the fact that these two matrices are of the same
rank, X shares the exact same column space as A.

e The matrix Hy is given by I,, ® (XX ).
e Due to properties of the Kronecker product, the positive eigenspace of Hj is simply the

column space of X, repeated n times.

For the orthogonal complement to H is the null space of Hy. In this subspace, eigenvalues of H
are exactly zero. This complement is highly problematic if our algorithm ever enters it. To use
GD (Proposition 2.3.8) as an example:
e The linear part of the GD update is governed by the transition operator Tgp = L,,,,, —nH.
e If we apply this operator to a vector in the null space H*, the eigenvalue of Tgp is 1.

e Aneigenvalue of 1 means that any error or residual component in this subspace will never
shrink.

e Hj does not have full-rank, Tsp is NOT a global contraction over the whole space R™".

Contractivity analysis

With the dynamics decomposition above, we can analyze their convergence separately. The ac-
tions of the linear components of the dynamics on the effective subspace H can be bounded with
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the smoothness and strong convexity parameters. With proper tuning, they will become strict
contractions.

Lemma 2.3.11: GD contractivity (Lemma 2 in Xu et al. (2024))

Let L = 0%(Xy), u = 02(Xy) and H as defined before. Letn) € (0,2/L), then forany v € H:
ITepvl| < max{[l —nL|,[1—nul}|v]- (2.88)

. . 2 L—yu
In particular, if n = L—ﬂtl then || Tgpv]| < I

vl

Proposition 2.3.12: NAG Contractivity (Proposition 4 in Xu et al. (2024))

1 L —
Letn = —and f = u, then for all (u,v) € H x H, we have
L VL + i

e {]]1= (-v5) I

It is worth noting that the choice for 3 is common for Nesterov-type momentum Nesterov (2018).

(2.89)

Controlling the nonlinear error

Lemma 2.3.13: GD nonlinear error (Lemma 3 in Xu et al. (2024))

If there exists # € (0, 1), and some constants C; and C5 such that for any s < t, the GD
dynamics yields

e < C16° |Xs —Xollrp <Oy [[Ys — Yollr < s, (2.90)
then we have
[vec(P,Q, )| < C50*|ro|*  and  |In(Hy — Ho)ry|| < C16°||roll, (291)

for some constants Cs and C; depending on C; and C.
Moreover, if C; and C, satisfy

[max{[|Xol|, [[Yol[} + Ca] nCi|lro|| < (1 = 6)Cx, (2.92)
then we have || X, 1 — Xo||r < Cyand || Y11 — Yol|r < Cs.

Lemma 2.3.14: NAG nonlinear error (Lemma 5 in Xu et al. (2024))

Suppose 0 < 8 < 62 < f < 1. If there exist some constants C; and C, such that for
any s < t, the NAG dynamics yields

]

<

Ir
Lol]H X, = Xollr < Co and ||Ys — Yollr < o, (293)

52



then we have )

Gl < C56* and [lo,]| < Cu6*

K =]

for some constants Cs and C; depending on C; and C5. Moreover, if C; and C, satisfy

’ , (2.94)

(max{[[Xol[, [[Yoll} + C2)nCi

Lro } H < (1-0)%C,, (2.95)
-1
then we have || X1 — Xo||r < Cyand || Y11 — Yol < Cs.

With the linear components firmly bounded and the non-linear errors adequately controlled, we
are prepared to establish the complete convergence rates for both algorithms.

Final Iteration Complexity Analysis

Putting them together gives °:

Theorem 2.3.15: GD convergence rate (Theorem 1 in Xu et al. (2024))

For 0 < 7 < ¢, denote § = 36{7(d+T+1)min{log01%’02’%}}, where ¢; and ¢y are universal

constants.

Denote L = 02(Xy), n = 02(Xp). Letn = LLW, and

N 12v/d cond*(Xy)|| Al
7(Vd —r—1)o,(A) cond*(Xg) — 1 °

Then with ¢ plugged in the initialization, ie. Xy = cA® and Y, = 0, GD returns X,

and Y; w.p. atleast 1 — 0 such that

c>c (2.96)

2 2 A
Rl < 220 (

64
In particular, if ¢ = ¢, then GD finds ||R¢||r < ¢||A]|F in

1— %)t . (2.97)

d?K? C
T=0 log — 2.98
(72(d—r+1)2 Ogg)’ (298)
L 277%(d — 7+ 1)? cond*(Xg)x>
iterations, where C' £ 62 p— X,) T

®In the original paper, there are two harmless typos. Regarding ¢, they’ve written

a Vdo.(A) cond*(Xo)||A|lF
127(Vd — /r —1) \| cond*(Xo) —1

c>c

144cond* (X0) || A .
cond (Xo)IAIE  The correct version

This is not correct due to the fact that we need equation (16) in their paper, thatis, p > — (Xo)—T

should be the one that is stated above.
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Theorem 2.3.16: NAG convergence rate (Theorem 2 in Xu et al. (2024))

. . . —(d—r+1) min{ log ——, cad, &
For 0 < 7 < ¢, define 9 as in Theorem 1, i.e. § = 3¢ ( ) { 8or 2 2}, where ¢;
and ¢y are universal constants.

Define L = 0%(Xy), u = 02(Xy). Further fix the following constants:

1 L — d(2vd A
pe=t e 5:u and e>c299 (2vVd+ VD)l Alles
L VI+ Vi (Vi Vi = 1) o3(A)
(2.99)
Then with ¢ plugged in initialization, that is, Xg = cA® and Y, = 0, w.p. atleast 1 — 9
such that ) o .
A
Ryflr < —— lA) (VB (2.100)
64cond(X,) V'L
In particular, if ¢ = ¢, then NAG finds | Rr||r < €||A||r in
dk C
T=0|————1log— 2.101
(T(d—r+1) Oge)’ ( )

841d(2v/d + \/r) K3
6473(v/d — \/r — 1)3 cond(Xo)

iterations, where C' =

Recall that we have had the constants C'5 and C; to bound the geometric decay rate for the dynamic
shift term ¢; and the higher-order term (; respectively. To eventually roll/absorb them under C',
the authors defined an auxiliary term ¢, that wraps the non-linear error, which is

Co X 01(03”1'0” + C4)||I'()|| (2102)

To absorb the error terms and prove that the residual stays inside the C16" envelope, they are
required to satisfy a second, entirely different condition:

ap + 7 0 < C?||A|r eq. (15) for GD in Xu et al. (2024) (2.103)
—p
o 2 .
to+ 75— < V202 || Al » eq. (24) for NAG in Xu et al. (2024), (2.104)
—p
where (5 and Cj are absorbed by the term 9&.
- P

Beyond conventional unconstrained MF methods, other base algorithms also benefit from ad-
vanced sketching ideas.

2.3.3 Detour: Nystrom initialization works well on a different base method

ScaledGD, originally proposed in Mishra et al. (2014); Mishra and Sepulchre (2016) from the
lens of Riemannian optimization, and formalized in Tong et al. (2021), was designed to improve
the convergence rate of first order methods on ill-conditioned matrix optimization problems such
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as Matrix sensing, Robust PCA, and Matrix Completion. Formally, it is:

Xt+1 =X} — nVXf(Xta Yt)(YtTYt)_l

=X, — (XY, =AY (YY), (2.105)
Y=Y, —nVyf(X, Y)(X/X,)™?
=Y, — (X, Y — A)TX,(X X)L (2.106)

Motivation for ScaledGD via quotient-manifold optimization

To motivate the derivation of ScaledGD slightly: recall that for the unconstrained two-block
MF A = XY " where X € R"™?and Y € R™*, then for any M € GL(d), X' = XM
and Y’ = Y(M™!)T is also a valid pair of solutions. Standard GD in Euclidean spaces of-
ten wastes computational effort by bouncing around different internal representations such
as (X,Y) and (X', Y’) that all map to the same matrix A. It also suffers from scaling im-
balances: if Y is large and X is small, standard GD will struggle to make an effective update
using a single learning rate. Instead of performing Euclidean GD, we may first mod out these
general linear groups and create a smooth quotient manifold M = (R"*? x R™*4) /GL(d).
By directly optimizing on this manifold, each step is making more fundamental changes, by-
passing the rotational and scaling ambiguity. If one were to derive the Riemannian metric
on this manifold, the resulting gradient scheme is precisely ScaledGD as given in (2.105)-
(2.106).

More recently in Li et al. (2025), the authors also showed that applying such an initialization
scheme improves the known iteration complexity in Tong et al. (2021). Equally important is the
establishment of the column span argument (implying the full rankness of X; over the entire
trajectory) and a refined analysis on the control of o, (X[ X;).
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Chapter 3

Do their frameworks fit for NME?

3.1 The attempt for the PL framework

3.1.1 The need for non-negativity at initialization

Recall that the initialization in the unconstrained setting is
1
XO ~ —Aq)l and YO ~ \/ﬁ(ﬁg (31)
Vi

Note that ®; and ®, could draw negative values and we need to preserve non-negativity at ini-
tialization for this to work with NMF. One obvious fix is to take the absolute value of the entries,
so that the distribution of ®; and ®, becomes a half-normal (or folded-normal) distribution.

However, standard non-asymptotic concentration results in RMT for sub-Gaussian matrices
strictly require the entries to be isotropic, which fundamentally relies on having a centered (zero)
mean '. Because the half-normal distribution is strictly non-negative, it inherently possesses a
strictly positive, non-centered mean. Consequently, the off-diagonal entries of its second moment
matrix do not vanish, breaking the isotropic assumption.

Applying existing RMT concentration bounds to sub-Gaussian variables with a non-centered
mean requires a careful reworking of the inequalities, if it is not a complete dead end for this
specific framework. This probabilistic roadblock illustrates why one cannot simply rely on purely
random non-negative distributions.

Instead, a plausible fix is to draw a sketching matrix using standard, mean-zero Gaussians (per-
fectly preserving the isotropic sub-Gaussian properties) and then apply a controlled, determinis-
tic, strictly positive rank-1 shift (e.g., ap1,1] ) to safely push the entire initialization into the non-
negative orthant. This approach directly motivates the contraction-based framework explored
later in this chapter.

!see Vershynin (2012) for details
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3.1.2 The need (and failure) for a meaningful proximal PL inequality

In this section, we provide a counter-example where the proximal Pt with such initialization
cannot hold. Let A be a full-rank 2 X 2 matrix, and consider

1
nt/2Co1(A)

where ®; € R?*? is drawn from a half-normal distribution \/;. The fundamental property of

Xy = Ad,, (3.2)

the half-normal distribution is that its support is strictly positive. Therefore, every entry of ®; is

. i ; - 1
strictly positive w.p. 1. Let us define the scalar constant c4 = T72Cor(A)"

For the proximal-PL inequality to hold over the landscape at X, there must exist a universal
constant Cp;, > 0 such that forall Y > 0:

IGY (X0, Y) |7 = Cor[omin(Xo)]*f(Xo, Y). (33)
where the proximal partial gradient GUY w.r.t. Y block is defined as:
1
GY(X,Y) = 5(Y — Y - Vv f(X,Y)]4)? (34)

If this inequality is a universal geometric property of the landscape, it must hold at the constrained
global minimum of the function. Let Y* be the exact matrix that minimizes f(Xy,Y) subject
toY > 0.

The gradient mapping at the constrained minimum

Because Y* minimizes the convex function f(Xy, Y) over the non-negative orthant, it must sat-
isfy the Karush-Kuhn-Tucker (KKT) stationarity conditions. By the algebraic definition of the
projection operator, satisfying the KKT conditions is exactly equivalent to the projected gradient
mapping being zero:

|GY (Xo, Y*)|1% = 0. (35)

To see this, recall that we are minimizing the convex function f(X,Y) w.r.t. Y under the strict
constraint Y > 0. Let Y* be the exact constrained global minimum. KKT states that for every
entry (i, 7), exactly three conditions must hold simultaneously at the optimum Y *:

(1) Y7, > 0 (Primal feasibility);

(2) Vy f(Xo, Y*);; > 0 (Dual feasibility);

(3) Y, Vy f(Xo,Y");; = 0 (Complementary slackness).

The projected gradient mapping is defined algebraically for each entry as:

* 1 * * *
Gy (Xo,Y*);; = E(Yi,j — Y7, = nVy f(Xo, Y )ijl4)-

We evaluate this mapping under the strict KKT constraints. By Condition (3), there are exactly
two possible states for any entry (i, j):

’In light of equation (1.61), the prox-gradient step is TE,] =[Y — nVy f(X,Y)]+ with g; being the indicator of the non-
negative orthant, then the proximal partial gradient Gy is simply G = 1/n(Y — Tl‘;n (X,Y))
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-Case A:If Y7 ; > 0, Condition 3 strictly requires that the gradient is zero: Vy f(Xo, Y*);; = 0.

Therefore: GX(XO, Y*) ;= %(Yj] -Y;;)=0.

- Case B: If YZ g = 0, Condition 2 strictly requires that the gradient is non-negative. The term
inside the projection is less than or equal to zero, so GE(XO, Y*);; = 0. Because every single
entry evaluates exactly to 0, the Frobenius norm is exactly zero: |G (Xo, Y*)||3 = 0. This proves

the equivalence.

The Unconstrained minimum and the specific failure of ®,

To evaluate the right side of the PL inequality, we must determine if the residual error f(X,, Y*)
reaches 0. The error f(Xy, Y) equals 0 iff:

XY =A. (3.6)

Substitute our specific initialization Xy = c4 A®Pq:
cAAD YT = A, (3.7)
Because A is a full-rank 2 X 2 matrix, it is invertible. Multiply both sides by A~!, and this gets us
ca® YT =1L (3.8)

Solving for the unconstrained zero-error state Y _ yields:

Y, = icbfl. (3.9)

CA

This is where our specific initialization mathematically breaks the NMF problem.
Let the strictly positive random matrix ®; be:

P, = {Z Z} with a,b,c,d > 0, (3.10)

The following probabilistic statements hold:

e Every entry is strictly positive w.p. 1,i.e. a,b,c,d > 0.

e The determinant det(®,) = ad — bc is a continuous random variable. The event ad —
bc = 0 defines a set with a 4-dimensional Lebesgue measure of exactly 0, and the joint
probability distribution is absolutely continuous w.r.t. the Lebesgue measure. This means
that ®, is invertible w.p. 1.

The analytic inverse of ®; is:

1 d —=b
=i __
ero L[4 ], o1

Because a, b, ¢, d are strictly positive, the signs of the entries inside the matrix depend exclusively
on the determinant ad — be:

1. If ad —bc > 0, the scalar multiplier is positive. The off-diagonal entries —b and —c remain
strictly negative.

58



2. If ad — be < 0, the scalar multiplier is negative. The diagonal entries d and a become
strictly negative.

In all possible continuous outcomes, exactly two entries of ®; ' are strictly negative. Conse-
quently, the unconstrained matrix Y . = ifl’l_l contains strictly negative entries w.p. 1.

Because the zero-error state Y, requires strictly negative entries, it lies strictly outside the non-
negative orthant. Therefore, the constrained non-negative minimum Y * cannot equal Y .

Because Y* # Y ., the factorization cannot be exact. The residual error is strictly positive:

f(Xo,Y") > 0. (3.12)
Additionally, because A and ®, are invertible matrices, their product Xj is invertible, meaning
that

O min(Xo) > 0. (3.13)
Substitute these exact values back into the proximal-PL inequality:

1GY (Xo, Y*) I3 > Cpi[omin(X0)]* f(Xo, Y¥)
0 > Chy (strictly positive)(strictly positive). (3.14)

This strict algebraic outcome forces Cp;, < 0. This means that a proximal-PL will fail in the 2 by
2 case w.p. 1.

3.2 The attempt for the contraction-based framework

3.2.1 Motivations and re-parametrization techniques

Again, we are trying to see whether we could adapt such a proof framework for NMF. If we were
to directly fit

F(W,H) = 5 [|A ~ WHI 45, (W) + 6, (H), (3.15)

this would be impossible due to non-smoothness coming from the projection/indicator function.
We’ve considered a variety of smooth re-parametrization technique, among which are:

1. The Hadamard reparametrization technique for non-negativity constraints

1
F(W,H) = 5HA ~(WoW)HOH)|3+ \WWoW+ A \gHOH,  (3.16)

which resembles the Burer-Monteiro technique Burer and Monteiro (2003; 2005).The im-
pact of such reparametrization on landscape issues often involves KKT analysis, see for
instance Ding and Wright (2025) and Li et al. (2023).

2. An entry-wise log-barrier penalty as a soft-surrogate for the projection:
1
F(W,H) = S||A - WHI3 ~Aw Y llog(Wiy)] — i Y llog(H)l.  (317)
0,] Y]
We choose the latter mostly for the sake of curiosity. We would like to see to what extent * such a
barrier-penalized objective fits into the proof framework of Xu et al. (2024).

*The current proof is incomplete and has some unverifiable statements that the author does not have the time to completely fix
it. It maybe shown in the future that some of those claims are wrong or contradictory.
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3.2.2 Set-up

To this end, we need to make a few modifications on top of what is already presented in the
barrierized objective. Namely, the left block needs to always stay within the ColSpan of A. For
this, we define the a span-restricted objective as follows

~ 1

F\(Z,H) = ;| A — (AZ)H|[} — 2 ) log [(AZ);;] — A log(Hy), (3.18)
ij irj

with domain dom(F)) = {(Z,H) : AZ > 0,H > 0}. Its gradient may be calculated explicitly

as follows:

Vz(Z,H) = AT((AZ)H - A)H" — \AT((AZ)°D). (3.19)

Val\(Z,H) = (AZ)" ((AZ)H — A) — \H®D, (3.20)

Here again, we run single-block GD on this barrierized objective:
Zip1 =Z, —Vz (2, H,)) and  Hyyy = H, —VuF\(Z, H,). (321)

3.2.3 Initialization and positivity with a Gaussian max bound

We take @ € R"*? with i.i.d. entries N'(0, 1/d), and set
Zo=c®+apl,l; Wy=AZi=cA® + ay(Al,)1,. (3.22)

For any fixed row ¢ and column j

1
(A®);; = (A, ) ~ /\/(0, E||Ai:|y§>. (3.23)

Proposition 3.2.1: Gaussian max bound

With the above setting, we have, for ANY d > 0, w.p. at least 1 — ¢:

2log (2md
Be £ max _ [[(A®)yll < [[All2se0 2lo (73)

24
1<i<m, 1<j<d d ’ (3.24)

where [|All2_s00 = max; [|A;||2, the magnitude of the row having the max 2 norm.

Proof: We will first need the following lemmas.
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Lemma 3.2.2: Gaussian inner product

Let g € R" haveii.d. entries g ~ N(0,1/d). Then for any fixed a € R",

(a,g) ~ N (0, ”2”2) . (3.25)

Proof: Write (a,g) = > ,_, axg. Since the g; are independent mean zero Gaussians, (a, g) is
Gaussian with mean 0, and its variance can be computed as:

n n 1 2
Ver({a,g)) = > af Vor(ge) = 3 at = - (326)

k=1

This proves the lemma. l
Lemma 3.2.3: Gaussian tail bound (Chernoff)

If X ~ N(0,0?), then for any ¢ > 0,

P(|X|>1t) < 2exp <—;T:2> . (3.27)

Proof: For any A > 0, by Markov and symmetry,
P(X >t) =P (eM > eM) <e™E [eM]. (3.28)

For X ~ N (0, 0?), the moment generating function is E[e*"] = exp <¥> Hence

)\202
P(X >1t) <exp (—)\t + 5 ) . (3.29)
Optimizing the right side over A > 0 yields the minimizer \* = ¢/0?, giving
t2
PX>t)<exp|—== ). (3.30)
202
By symmetry of X, the same bound holds for P(—X > ¢) = P(X < —t). Therefore
t2
P(|X|>t) =P(X >t)+P(X < —t) <2exp <_ﬁ) : (3.31)
o

This proves the lemma. Bl

Lemma 3.2.4: Union bound

If { E,}), are events in a probability space, then
N N
P (U Eg> < ) P(E). (3.32)
=1 =1

Proof: See any basic probability text. ll
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Now, applying Lemma 3.2.2 witha = A, and g = ®; gives

Ai: 2
(A®);; ~ N(O, a?j) and Ufj = H dH . (3.33)
Next we apply Lemma 3.2.3 to X = (A®);; ~ N (0, 07;) to get, for any ¢ > 0,
P(|(A®);| > 1) < 2 r 2 a (3.34)
ij| = > 26X ——— | = Z€X ——— || , .
] e P 2AP

Apply Lemma 3.2.4 with events E;; = {|(A®);;| > t}, and use the bound from Lemma 3.2.3:

m d m d dt2
P (n%ax\(AQ)ij\ > t) < ZZP(’(A‘I’M’ >1) < ZQGXP <—m) - (3.35)
7 i=1 j=1 j v

i=1 j=1

By definition, since ||A;.|| < ||Al|2— 0 for every i, we get the uniform bound

dt?
P (max |(A®);;| > t) < 2md exp (——) : (3.36)
0J ! 2[ A3
Set the RHS to be at most 4 and solve for ¢:
dt? 2l A2 omd
2md exp (——) <0 = 2> T g (T ) (3.37)
2[|Al13 500 d 0

Therefore, simply choosing t = || A |20 2 Jog (%l) yields:

2log (2%1)

P max|(A®)y| 2 Al —

< . (3.38)

Equivalently, w.p. atleast 1 — ¢:

2log (2%1)

| < )
lsiSI}nl,af{Sjgd ’(A‘I))”| < A ll2500 d (3.39)
We are done. Bl
Lemma 3.2.5: Positivity of initialization
Assume the following conditions hold:
e A > 0 entrywise (for free, since we are doing NMF)
e all row-sums are strictly positive (50 amin = min;(A1l,); > 0), which is less desir-
able but required.
Then, choosing
c||Allzsee [2log (22d 2C.
0 > [All2— g (%5 )+ 2 (3.40)
Qmin d Amin
ensures, w.p. > 1 — ¢, that
min(Wy);; > 20 = W, > 20, entrywise. (3.41)

%,]
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At the same time, Hy = 81d1;— with ¢ > 2C), gives Hy > 2 entrywise.

Proof: Again, recall that Wy = AZy = cA® + a(A1,)1]; Hence, with that same probability
(from the Gaussian max bound):

C(A‘I’)k,l Z —CH}CE)ZX |(A‘I’)k,l|

2log (2%1)

> —cl[Allaoe ||

(3.42)

This bound is the same for all (k, ), so when we take min, ; it stays unchanged and no j terms

remain; Further
[0(AL,)1;]i; = ao(AL,)i(1a); = ag(Aly,);, (343)

In summary, w.p. 1 — 4:

(T )y = i {ao<A1n>z- T (AD),

%,J %,J

N——

2log (2%5)

= Qg rniin(A]-n)i — || All2500 1

(3.44)

Therefore, applying the assumption @i, = min;(Al,); > 0 and substituting the choice of oy
from (3.40) into this lower bound guarantees that min; ;(Wy);; > 2C5. The strict entrywise
positivity of Hy follows trivially from its explicit construction. ll

Safety buffer: factor of 2

The factor of 2 acts as a safety buffer against the drifts of the iterates. Specifically, the induc-
tion hypothesis requires maintaining a positive lower bound w > Cj for all ¢. Recall that in
our case GD allows the iterates to move away from initialization by a distance up to C for
all, i.e. |[W; — Wyl||r < Cs. That is,

W, > W, — [[W; — Wy|| > 2C; — Cy = (s, (3.45)

and this will ensure W, stays strictly positive.

3.24 Dynamics decomposition

Proposition 3.2.6: Result 1 on dynamics decomposition

Let Rt — (AZt)Ht — A and r; = VeC(Rt). Then,

1. Forallt > 0
rit1 = Tharlt + Aby + &4, (3.46)

where the linear part is

Toar = I-1GP* and GP*' 2 (I, @ (W W, )+ ((Hy Hp) ®(AA)"). (3.47)
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The barrier forcing is
b, = nvec(AATWTVH,) + pvee (W HY V), (348)

with W, = AZ,. Furthermore, &, £ 1, + ¢, is the vectorized non-linear component
that consists of a quadratic remainder 1, and a linearization error term ¢,. Concretely,
P, = vec(¥,), and

‘I’t é AWAH = (Wt+1 - Wt) (Ht+1 - Ht) (349)
where AW and AH are the one-step increments in the W and H block respectively.

The vectorized linearization error is given by ¢; = Vec(Egz) + EEH) ), consisting of the

sum of linearization errors w.r.t. their respective base points W and H,. Concretely,

they are:
E” £ —nAAT(R(H/ — H)))H, — nAAT (R,H])(H, — Hy), @)
E(” 2 _(W, — W)W/, R, — W,(W, — W] )R,.

2. Moreover, 1y, by, &; all liein S = (col(A))"™.

Proof:

Once again, throughout the proof, we denote R, = W,H; — A as the residual and r; = vec(R;)
as the vectorized residual. Let A € R™*", Z, € R™*? H, € R**" and W, := AZ, € R™*¢,

By the single-block GD update, the one-step increments are:
AZ £ Ziy — 7, AH = H,,; — H,. (3.51)

Derivation of AZ and AW

The Z-update induces
AZ = —T]VZF)\(Zt, Ht>

S [AT((AZt)Ht ~AH/] - AAT(<AZt)®(‘”)]

— —n|AT(RH]) - AAT (W), (3.52)
where W, 2 AZ, and R, = W,H, — A. Now we can map AZ to AW through W = AZ:
AW £ W, — W, = AAZ = —n| AAT (RH]) — AAAT (W7) . (3.53)

Derivation of AH

The H-update induces
AH = —VgF\(Z,, H,)
. [zj AT((AZ)H, — A) — )\H?(_l)}
= —n[W/R, — xH V). (3.54)
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Residual update R;

Start from the residual definition, we have:
Ry =W Hi — A
= (W;+AW)(H, + AH) — A

=W;H, — A+AWH, + W, AH+ AWAH . 3.55
t_l: T | ¢ tH + e L ( )

We then compute the three contributions from I, II, III using the derived increments:
e TermI:
AWH, = ( _ g[AAT(RH]) — AAAT(W?(‘”)])Ht
= —pAAT(RH))H, + nAAAT(WPU D) H,. (3.56)
e Term II:
W,AH = Wt( ~g[W/R, — AH?(_”D
= W, W, R, + nA\W,H "V, (3.57)
e Term IIl: AW AH is quadratic in R; and will be kept as a remainder.
Putting pieces together,
R.1 = R, —nAAT(R,H/))H, — nW,W/ R,
+ A [nAAT(W?<‘1>)Ht v 'rthH?“”] + AWAH. (3.58)

£y,

Linearization at the base point via the Lyapunov operator

Introduce the base point (W, Hy) and define the linear operator:

Go[A] & WoW A + (AAT)AH, Hy. (3.59)

Add and subtract the base linear terms to separate a smooth linear part from a remainder. Write:
—nAAT(RH)H, = —n(AAR,Hj H,

+-—nAAT(R,H, —Hj))H, —nAAT(R,H] )(H, — Hy)

J/

_ E®
—nW,W/R, = —nW,W/ R,
+ (W, = Wo)W/R; — nWo(W, — W] )R, . (3.60)
B
Hence the residual update becomes:
Riy1 =Ry — nGo[R¢] + ABar, + &y, (3.61)
where
Bar, £ nAAT(W U H, + gWHY Y, (3.62)
and the full remainder is
=, 2w, +EY +EM, (3.63)
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Vectorization and the block operator T',,;

Use vec(UAV) = (VT @ U)vec(A) to get the matrix representation of G on vectors:

vec(GolA]) = [In ® (WoWJ) + (HTHy) ® (AAT)]vec(A) 2 GIat yec(A).  (3.64)

Define
b, £ nvec(AAT(W?(_l))Ht) + nvec(WtH?(_l)), (3.65)

and
& = vec(E,). (3.66)
Then the vectorized residual recursion is
i1 = (I—nGg™)r, + Ab; + &, (3.67)

and so
ri 1 = Thar; + Ab, + & (3.68)

Column-span invariance

Each column of R, lies in col(A):

e R, = W,H,— A = AZ,H, — A isalinear combination of columns of A minus A, hence

in col(A).
e The updates apply AA T to R, on the left and multiply on the right by H or its Gram fac-

tors; AAT maps col(A) to itself. The barrier terms AAT (W, (_1)) and W; are both
in col(A). Therefore every term in the recursion for R;; is a linear combination of
columns of A.

e Thus the invariant subspace
H = {A € R™" : each column of A lies in col(A)}, (3.69)
contains R for all ¢, and the stacked state evolves in H x H

Each column of EgZ) lives in col(A):

e By definition, the linearization error from the Z-update is:

Ei” = —nAAT(R(H/ —Hj))H, - nAAT(RH])(H, - Hy).  (370)

e As both terms are explicitly pre-multiplied by AA T, we can factor out the target matrix
A on the left:

E® = A[ — AT (R,(H] — H))H, — nAT(RH] )(H, — Hy)|. (3.71)

Note that A factors out perfectly on the left.

Each column of E{"”) lives in col(A):
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e The linearization error from the H-update is given by:
" = —n(W, = Wo)W/[ R, — nWo(W] - W()R,. (3:72)

e By substituting the structural parameterization of the state variables, W; = AZ, and
W, = AZ,, we obtain:

B = —n(AZ, — AZo)W] R, — n(AZy)(W] — W] )R,
— A| = 1(Z — Zo) W[ R, — 1Zo(W] —~ W])R,|. (3.73)
Note that A factors out perfectly on the left.
Each column of ¥, lives in col(A):
e The linearization error from the H-update is given by:
E") = —n(W, - W)W/ R, — nW(W] - W])R,. (3.74)

e By substituting the structural parameterization of the state variables, W; = AZ,; and
W, = AZ,, we obtain:

B = —(AZ — AZ)) W/ R, — n(AZo)(W] — W()R,
— A| = 0(Zi — Zo)W[ R, — nZo(W] — W] )R,]. (375)
Note that A factors out perfectly on the left.
Each column of Bar; lives in col(A):
e The exact barrier term introduced by the update dynamics is defined as:
Bar, = nAAT (WY H, + W, HO Y, (3.76)

e To prove that each column of Bar, lives in col(A ), we examine both terms independently.
For the first term, the matrix A can be trivially factored out from the left due to the explicit
projection matrix AA

nAAT(WOCH, = A [nAT(Wt@(_l))Ht] (3.77)
e For the second term, we substitute the algorithmic state parameterization W, = AZ;:
aWH ) = p(AZ)H Y = Az Y], (3.78)

e Because both terms can be written strictly as the matrix A multiplying another matrix,
their sum can also be factored identically:

Bar, = A[pAT(WECD)H, + nth?(‘”} . (3.79)

We are done. B
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3.2.5 Contractivity via spectral analysis of T},

Recall that

Go[A] £ WoWJA + (AATAH]Hy and GI* 21, ® (W,W{)+ (HjHy) ® (AAT),
(3.80)
Two structural facts we will use and justify in-line are:
o G isp.s.d., as:
- WoW/, HJHO, and AA " are all p-s.d.,
— kronecker of symmetric matrices is symmetric.

— the sum of symmetric matrices is symmetric, and hence G{*" is orthogonally diago-
nalizable.

e The space splits orthogonally as R™" = IC @ H, where
K £ ker(GF™) and H £ K = range(GF™). (3.81)

One can check that H = {vec(A) : A, € col(A)forall j} has dimension 7n, and K is its
orthogonal complement of dimension (m — r)n. In addition, on the subspace H, all eigenvalues s
of G satisfy s > Syin > 0; on K they are s = 0.

Dimension of H

Note here that dim(#) = nr. The subspace H is the space of vectorized matrices in R"*"
whose columns lie in col(A). Since col(A) has dimension 7 and there are n columns, the
total dimension of the subspace is r X n.

Eigenvalues of G{* on H and K

Note here that NOT all eigenvalues of GJ™" are positive. They are positive only on the
active subspace H. GI has a non-trivial null-space/kernel K because WoW, is rank- r
(where r < d) and H] Hy is rank-1 (where 1 < n). The eigenvalues are zero on K and
strictly positive only on the subspace H.

Throughout, we analyze the linear part of the first-order stacked residual update. Just to re-
call, Ty, is defined as:

ri = (I—nGy*)r; + (forcing and higher-order terms). (3.82)
—_——
é’]-‘bar
Proposition 3.2.7: Result 2 on spectral analysis

Let GI™' be as above. Define
A A

Smin = min{s; > 0:s; € spec(GP*)}  and  spax = maxspec(Gg*'),  (3.83)

where spec(+) denotes the spectrum of a matrix. Denote by p, the spectral radius of Ty, |x.
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(1). On the subspace H = range(GJ*) we have the Rayleigh bounds
Smin =— UX é O'T(W())Z and Smax S L + O'1<A)2HH0||§, (384)

(2). Furthermore, if the stepsize 7 satisfies 0 < 1 < 2/Syay, then p, € (0,1).

Proof:

Let A € R™*", the quadratic form associated with the (pseudo) symmetric operator G, is:

a(A) = (A, Go[A]) = tr(ATGo[A]). (3.85)
Recall that in (3.64), we already have vec(Go[A]) = G§@* vec(A). In light of this, we have
q(A) = vec(A) Tvec(Go[A]) = vec(A)T GE* vec(A). (3.86)
Letv 2 vec(A), then spin and s,y can be viewed as estimating the quadratic:
Smn= min v GV and Sy = max v GIty. (3.87)
VEH,||v]2=1 VEH,||v|2=1

In a more compact form, they become

Smin = min ¢g(A and Smax = max q(A). 3.88
1] =1 (A) o AlE=1 (8) (3:88)

We estimate the extreme singular values according to these two characterizations.

The lower bound s,,,;;, > jtx via curvature information of VVOVVOT

Substituting the definition Go[A] = WoWJ A + (AAT)AH| Hj yields:

q(A) = (A, WoWJ A) + (A, AATAH Hy) . (3.89)
T T
We expand the 7} term:
Ty =tr (ATWoW(A) =tr (WgA)T(WgA)] = |[Wg A7 (3.90)

This term measures the energy of the residual A when projected onto the column space of Wy,
Recall that

Smin = min A). 3.91
Ae?—l,HAHF:1q< ) (3.91)

From here we have:

1. Restricted subspace: we have established that the residuals live in
H = {A|col(A) C col(A)}.

2. Rank preservation: by initialization, Wy = AZj. If Z is well-conditioned (full-rank in
our case), then col(Wy) = col(A).

3. Strict positivity: Because A lives entirely in col(A), and col(A) = col(W), the matrix
product W A cannot be zero unless A is zero. Concretely, for any vector v € col(Wy),
we have |[W v|| > o,(Wy)||v||. Applying this column-wise to A:

IWo Allf > 0,.(Wo)*[| Al (3.92)

Therefore, Wy W, provides the necessary curvature (p.s.d.) to ensure sy, > 0,(Wy)?2. With-
out this term (or if W were rank-deficient), syi, could be zero, destroying the contraction guar-
antee p, < 1.
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Attainment of equality s, = f1x

Again
Go[A] = WoW A+ AATAH H, . (3.93)
TwlAl THlAl

The min eigenvalue s,;, on the subspace H is given by:

(A, TwlAD + (A, TH[AD). (3.94)

Smin

= min
AeH , [|Allp=1

We established that (A, Ty [A]) > px||A||% and (A, T g[A]) > 0, and therefore Sy, > fix-
To prove spin = ptx, we must find a non-zero matrix A* € H such that

1. Tw[A*] = puxA*, ie. it is an eigenvector of the W-part within min eigenvalue.

2. T ul[A*] =0, i.e. it lies in the null space of the H-part.

The subspace H consists of all matrices A € R™*" whose columns lie in col(A ). Due to ColSpan
preservation col(Wy) = col(A) and rank- r initialization assumption, we can construct A* using
the singular vectors of W(. We do so with the following steps:

Step 1: Minimize the W-part
Let u, € R™ be the left singular vector of W w.r.t. its smallest singular value o,(Wj), then:
e u, € col(Wj), and so it is a valid column for matrices in H, and
o W()W(—)rllr = O'T(W())Qur = Ux Q.
Step 2: Nullify the H-part: The operator T acts on A from the right via Hj Hy:
T ulA] = (AATA)(H, Hy). (3.95)
To make this zero, we need A to be orthogonal to the row space HOT.Let v € R" be a vector in the
null space of Hy, i.e. Hyv = 0. At initialization, Hy = €1, 1; . This matrix has rank 1. As long
as the dimension 7 (the number of columns of A) is strictly greater than 1, the null space of Hy
is non-empty (which is of dimension n — 1)
An explicit choice for v such that v 1 1, isv = [1,—1,0,---,0]".
Step 3: Define A*, construct the rank-1 matrix
A*Euv', (3.96)

We proceed as follows:

e Check subspace constraint: The columns of A* are multiples of u,. In addition,
since u,. € col(Wy) = col(A), we have A* € H.

e Evaluate 7y [A*]:
WoW( (u,v') = (WoWiw)v' = (uxu,)v' = puxA*. (3.97)
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e Evaluate T y[A*]:
AAT (u,.v)H Hy = (AATu,) (v Hy ) Hy, (3.98)
and since we’ve chosen v such thatv' H] = 0, the entire term vanishes:
T u[A*] = 0. (3.99)
Finally, applying the full operator to A* yields:
Go[A] = Tw[A*] + TulA¥] = uxA*+0 = uxA*. (3.100)

Since Spiy is the min eigenvalue and we have found a direction achieving (1 x, and we previously
proved Syin > [tx, it follows that

Smin — UX- (3101)
We are done with this part. l
Upper bound s, < L + 01(A)?||Hy||3
Smax = Mmax ||Go[Al|lr < L+ a1(A)?||Holl3. (3.102)

lA[F=1
where L £ a1 (WO)Q. Here, we seek to bound the operator norm G, induced by Frobenius norm:

1Go[A]||F = [WoWg A + AATAH Hy||3. (3.103)

Via triangle inequality, we get

1Go[Alllr < [[WoWo Allp + [ AAT AH; Hy||r. (3.104)

For the first term:
[WoW( Allp < [[WoW, [l2f|Allp
= 01 (WoWy) Al
= 01(Wo)?||Allp
= 01(Wo)?[| Al 7. (3.105)

For the second term:

IAATAHHy||r < [|AAT 2| Al 7| Hg Holl2
< o1(A)?[|A]l [ Ho |3 (3.106)

Finally, combining two bound yields
1GolAlllr < (L + o1 (AYIIEG|2) 1Al (3.107)
where again L = o1(Wj)?2.
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Compute det(Tya — 21,,)

Fix a scalar z € C. Then:

Thar — 2L, = 1T — nGP** — 21 (3.108)
Since G is symmetric, choose an orthonormal basis of R™" that diagonalizes it:
Gyt = Qdiag(sy, .-, Smn) Q" and Q'Q=L (3.109)
det(Thar — 2Lnn) = H(l —ns; — 2). (3.110)
i=1
Therefore,
spec(Thar) = {1 —7ns; : s; € spec(GF™)}. (3.111)

and the restriction onto H carries over to both sides:
spec(Thar|n) = {1 — ns; @ s; € spec(GF™|n)}- (3.112)

Admissible 7 for contraction on H

Recall that since GJ*" is p.s.d., all its eigenvalues are non-negative. The 7{-subspace restriction
of its spectrum spec(G§*|4) simply contains only strictly positive values. Then for p, < 1, we
need

—1<1—ns<1 forall s € [Smin, Smax) (3.113)
which holds iff

0<n<

(3.114)

Smax

Thus, with 0 < 1 < 2/Syax, the restriction of Th,,, to H is a contraction. We are done. I

3.2.6 Control on the nonlinear terms

Before stating results on controlling the nonlinear error and final convergence, we review the

choice of our hyper-parameter here: |[Wol||s = /L. The step sizes are 7 = The ge-
ometric decay rate is 0 = H% We define the barrier sequence strictly as \; = A\of". The error

coefficient functions are strictly defined as:
K1 £ 101 (A (|Hollz + Co) (VL + Ca),

5max+5mm

vmd

+ (VL +C,) -

I

Ky £ n’oi(A)? [(||Ho||2+02)

vmdnd
c: 7’

Ky £ Cy [no1(A)*(2]Holl2 + C2) +n(2VI + Co)]

vmd vnd
& + (VL + Cy) ot
zap = (0 — p) — Ky (3.115)

Ks £ oy (A)?

Clen = 7701(A)2(HH0H2 + ()
A

and
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Proposition 3.2.8: Result 3 on conditional error bound

We assume the following;:

1. Induction Region: For a fixed ¢, assume that for all 0 < s < ¢, the iterates strictly
satisfy ||Ws — Wyl||r < Cyand |Hs; — Ho||p < Co.

2. Envelope bound: Assume for 0 < s < ¢, the stacked residual satisfies ||rs|| < C;6°.
Then the nonlinearity §; = 1, + ¢, satisfies the exact upper bound
1€ < K1(C16")? + (Ko + K4)(Ch6") + K37 (3.116)
where K7, Ky, K3, and K, are defined as following using C in (3.115).

Proof:

Strict bounds on current state norms

By the Envelope Bound hypothesis, at the current step ¢, the norm of the stacked residual r; is
bounded by C6". Because r; = vec(R;), we possess the strict inequality:

IR F = [[r:]| < C18, (3.117)

From the Induction region hypothesis, we apply the triangle inequality to bound the spectral
norms of the current iterates:

[Hell2 < |[Holl2 + [|[H; — Holl2 < ||Holl2 + [[H; — Hol|r < ||Hol|2 + Cs, (3.118)
IWill2 < [Woll2 + [Wi — Woll2 < VL + [|[W, = Wo|r < VL + Cs. (3.119)

Furthermore, because the absolute value of the difference of any single matrix entry is strictly
bounded by the Frobenius norm of the matrix difference, we evaluate the entrywise floors:

min(W,);; > min(Wy);; — [[W, — Wol|p > 20, — Cs = Ch, (3.120)
Z7] 17]

min(Hy)i; > min(Ho)i; — [[Hy — Hollp > 205 — Gy = Cs. (3.121)
Z’] 17]

These strict entrywise lower bounds yield exact upper bounds for the Frobenius norms of the
element-wise inverses:

woED) L < vmd 4 EOY < vnd (3.122)
t 02 t 02

Strict bounds on increments P; and Q;

The nonlinear error &; is composed of a quadratic term (; and a linearization error ¢,. We first
bound the matrix increments:

P, 2 —pAATRH] + pAAATWOY, (3.123)
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Recall the mixed-norm inequality | AB||z < |A||2||B||r. Applying it with the triangle inequal-
ity yields:
—
[Pl <l AAT I [ Rell B [l + A AAT o WET . (3:124)
Substituting exactly || AA |y = 01(A)? and the bounds derived in the previous step yields:

Vmd

1Pl r < noi(A)?(|[Hollz + Ca)(C18") +no1(A)? oM (3.125)
2
Similarly, for the second increment:
Q; 2 W, R, + pAHI Y, (3.126)
Taking the Frobenius norm:
1Qullr < nlW l2[Rell + nAd (3.127)
Substituting the strict bounds from Step 1 yields:
vnd
1Qellr < (VL + Co)(C16") + =5 Ar. (3.128)

Cy

Strict bound on the quadratic error (;

The quadratic error component is identically defined as (; = PtQtT . By sub-multiplicativity:

[¥:llr < 1Pl rl|Qell - (3.129)

We explicitly multiply the two upper bounds derived in Step 2:

o Vmd

A
c,

[P r < [7701(A)2(||H0||2 + ()(C10") +noi(A)

X [n(\/f + Cy)(Ch0) + n\é”_dAt] :

(3.130)
2

Expanding this product precisely separates the terms into powers of (C16") and A;:

1. The term multiplying (C6")? exactly matches the definition of K.
2. The term multiplying (C160")\; exactly matches the definition of K>.
3. The term multiplying )\f exactly matches the definition of K.

Thus, we obtain the exact inequality:

[hilla < K1 (C18°)? + Ko (Ch8") + K7 (3.131)
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Strict bound on the linearization error ¢;

The linearization error is identically ¢; = VeC(EEZ) + El(tH) ). We bound each component indepen-
dently:
E” 2 AAT[R,(H] — H])H, - nAAT[R,H]](H, — Hy). (3.132)
Taking the Frobenius norm and applying the triangle inequality yields:
z
B 1 <nll AAT [ol|Rell [ H — Hollol|Hll
+ 0l AAT 2[R 7| Hy |2 | H, — Ho. (3.133)

Substituting the induction bound ||H; — Hy ||z < ||H; — Hyl|r < Cy:

IEP |5 < 101 (A)2(C16") Ca(|[Hy|l2 + Ca) + no1 (A)*(C16")[Ho||2Ca. (3.134)

By factoring the common terms algebraically:
IE®|5 < now (A)2Ca(2l|Holls + C2)(C16"). (3.135)

Similarly, we evaluate the second component:
EY 2 —n(W, - W)W/ R, — nW,(W, - W,) R, (3.136)

Taking the Frobenius norm and applying identical algebraic substitutions yields:

I le < nllWe = Wollal|Willzl[Rell = + 7l Wollo| Wi — Wollo | Re | (3.137)
1B |7 < nCo(VL + C)(C16") + nV/LCH(C16"), and (3.138)
1B 7 < nC22VL + Co)(C18"). (3.139)

Summing these bounds via the triangle inequality yields exactly /4:

leclls < IEP |7 + BV ||r < Ko(C16Y). (3.140)

Exact total nonlinearity error

The full non-linear error vector identically equals &; = P + ;. Applying the triangle inequality
to the total sum:

1€ell2 < llebella + llec]]2- (3.141)

Substituting the strict upper bounds from Step 3 and Step 4:

€2 < K1(C10Y)? + Ko (CL0) + K3A? + K4 (C10Y). (3.142)

Factoring the linear common multiplier (C16") from the relevant terms yields exactly:

1€ ]l2 < K1(C16°)% + (KoM + Ky)(C10Y) + K3\2. (3.143)

We are done. B
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3.2.7 Convergence

Here, we state the conditional result on the final iteration complexity analysis.

Proposition 3.2.9: Result 4 on conditional global convergence in infinite horizon

Assume the constants C'y, Cy and )\ satisfy all their respective constraint inequalities explicitly
below. Then the following three propositions hold jointly for all ¢ > 0:

Pi(t) : el < G, Pa(t) : [[We — Wollp < Co, and  P3(t) : [|[H, — Hollr < C,
(3.144)
where p, = p(Thar) € (0,1) with ) < 2/8ax and 6 = H%.
In addition, the following are the specific conditions that C;, C5 and A needs to satisfy:

1. Conditions on C': Again, C'; represents the magnitude of the initial stacked residual.
It is explicitly defined by the initialization matrices W, and H:

By substituting the explicit initialization definitions Wy = cA® + ag(Al1,1))
and Hy = ey ldll— . Therefore, an explicit choice for (' is:

Cy = || (cA® + ap(AL1,1,)) (euldl,) — Al (3.146)

Conditions to satisfy: To ensure that the quadratic initial noise is strictly bounded
by the linear stability gap, C'; must satisfy the single strict inequality constraint:

KiCy < Agep- (3.147)

2. Conditions on \g: The initial barrier weight Ao must reside in the interval \; €
(0, Amax), where Aax is the minimum of the following three bounds:

e Basin bound M. Ap must not exceed the strictly positive real root of the
quadratic equation

K35 + (Coar + K2C1) Ao + (K1CF — AgpCh) = 0, (3.148)
which has an explicit expression:

A _(Cbar + KQCl) + \/(Cbar + K201)2 - 4[(3<[(16(12 - Agapcvl)

A asin — .
b 2K;
(3.149)
e Increment bound for the W block \W:
Co(0 — ps) — A (|H Cy)C
AW 2 2(0 — p+) — nou( )¢(H7 oflz + C2)Cr. (3.150)
noi(A)? 52
e Increment bound for the H block \F.:
— p) —n(VL+ Cy)C
ai o Gl = p) — (VI + C)Cy (3.151)

inc — N
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That is, )\0 S min{/\basm, )\W )\H }

3. Conditions on C5:
e Lower bounds:
— Strict positivity: Cy > 0
— Capacity for the W-block infinite drift:

no1(A)*([[Holl2 + C2)Ch

Cy > , (3.152)
0 — p.
which implicitly assumes
Cy < (0 — p.)/no(A)2. (3.153)
— Capacity for the H-block infinite drift:
C:
Cy > n(VL+C)Cy : (3.154)
0 — p.
which implicitly assumes
Cy < (0 —ps)/n. (3.155)
e Upper bounds:
- Linear Gap Positivity C5**: To ensure that K, < 9_%, which guaran-

tees that Ag,, > 0, Cy must be bounded by the positive root of a relevant
quadratic. Specifically:

~ (2001(AVIIEL [ + 21VE)
2(no1(A)? +n)
VBT 5
2 (no1(A)? +n)’

where i 2 (2001(A)[Holl+ 20VE)
Sz £ 2 (na1(A)? + 1) (6 — p.). (3.156)

— Initialization Floor Bounds: We need cgy > 2C5 to ensure Hy > 2C'; and
for Wy > 2C5 we need:

Cr < Cp= &

QoAmin — CBq; Z 202, (3157)

where Bg is given in equation (3.24).
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Principal goal of these conditions

Here, the principal goal is NOT to verify the absence of contradictions between these condi-
tions. We only derive and state the necessity of them such that, if no contradiction is present
between the upper and lower bounds, then P;, Ps, and P; hold.

Proof:

We prove that the joint hypothesis H(t) = P1(t) A P2(t) A Ps(t) holds for all £ > 0 by induction.

Base case (1 = 0):

1. P1(0) states ||ro| < C16°. By exact definition, C; = ||ro||. Note that since #° = 1, we
have ||ry|| < C}, which holds identically.

2. Py(0) states ||[Wy — Wo||r < Cs. Since ||0]|r = 0, and by the lower bound C > 0, this
holds strictly.

3. P3(0) states | Hy — Ho||r < Cs. By identical logic, this holds strictly.

Thus, the base case H.(0) holds.

Inductive step:

Assume the joint hypothesis #(s) holds for all integers 0 < s < t. We must rigorously
prove H(t + 1), which requires proving P; (t + 1), Po(t + 1), and P5(t + 1).

Step 1: Prove Py (¢ + 1)

Because Ps(s) and Ps(s) hold for all 0 < s < t, the induction region constraints are satisfied.
Because P (s) holds, the envelope bound is satisfied. Therefore, we invoke the strict bound on
the nonlinearity &; from Result 3, evaluated with the exact barrier sequence \; = \of":

1€ < K1(C10%)? + (Kohob' + K4)(C16Y) + Ks(\6')>. (3.158)

From the exact one-step state dynamics norm bound, we have:

[rerall < pellrel] + AeCrar + [|E:]- (3.159)

Substitute ||r;|| < C16%, Ay = A\of" and the strict bound for ||&||:
||I‘t+1 || S p*Clgt + )\OGthar + K101292t + KQ)\QC’10% + K4019t + Kg)\?ﬂ?t. (3160)
Because the geometric rate satisfies 0 < 6 < 1, we hold the strict inequality 6% < 6'. By re-

placing 6% with 6 on the strictly positive quadratic terms, we maintain a strict upper bound. We
factor the common term 6" from the entire right-hand side:

||I‘t+1|| S Ht [p*Cl -+ Cbar/\o -+ K1012 + KQCI)\O + K401 + Kg/\(ﬂ . (3.161)
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To prove P;(t + 1), which requires ||r,41|| < C10""1, it is sufficient to prove that the bracketed
expression is less than or equal to C', 0:

,0*01 ol Cbar)\() + K1012 + K201>\0 + K4Cl + Kg)\g S 019 (3162)

We subtract (p.C; + K4C) from both sides:
K325 + (Cpar + K2C1) Ao + K1CF < C1(0 — pa — Ky). (3.163)
By exact definition, Agy, £ (0—p«)— K 4. We subtract Cy Agap from both sides to form a quadratic
inequality w.r.t. Ay
K32 + (Cpar + K2C1) Ao + (K1C0% — AgopCy) < 0. (3.164)
By the assumed condition on (', i.e. K;1C, < Ag,y, the constant term of this quadratic is strictly
negative. Therefore, a strictly positive root Apasin exists. By the assumed condition on the bar-

rier, A\g < Apasin- Because ) falls within the closed interval bounded by the positive root, the
quadratic inequality holds strictly.

Consequently, ||ty 1| < 6°(C10) = C10"F!. Thus, Py (t + 1) holds.

Step 2: Prove Py(t + 1)

We bound the total distance from initialization by summing the one-step increments of W via the
triangle inequality:

t
[Weit = Wollp < S I Wit — Wl (3.165)

s=0

The explicit one-step increment for the W block is:

W1 — W, = —7AATRH] + A, AATWOED, (3.166)

By taking the Frobenius norm, applying the triangle inequality, and using submultiplicativity:

Wi = Willr < gl AAT 2B [|2| Ry |7 + 72 AAT | [WEED . (3.167)

By the induction hypotheses for all s < ¢, we substitute || AA T |y = 01(A)?, [|[H,|l2 < [|Holl2 +
(s, and the strict inverse bound HWE(_I)HF < @. Furthermore, |R4||r < ||rs]| < C160°.

Therefore, we get:

svmd

W1 — Wi|lr < no1(A)*(|[Ho|l2 + C2)C16° + noy(A) c
2

Aof”. (3.168)

Summing this exact expression from s = 0 to ¢, we get:

vmd !
Wi = Wollr < [101(A)*(|[Holl2 + Cs)Cy + 101 (A)? oo > e (3.169)
2 0

Is=
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Because ¢ > 0, the finite sum is strictly bounded by the infinite geometric series limit:
t 0
1 1
0° < 0° = = . 3.170

Substitute this strictly into the bound, we get:
101 (A (B2 + Co)Ch + no(A)0%0
0 — p.

||Wt+1 — WOHF < (3171)

To prove P(t + 1), we must guarantee this quantity is less than or equal to Cy. We set up the
required inequality:

001 (A)2([Holl2 + C2)Cy + oy (A)2¥md ),

< . (3.172)

0 — ps

Multiply both sides by (0 — p.) and isolate the term containing A¢:
vmd
noy(A)* oM < G0 p) - noL(A)*([[Holl2 + C2)Ch. (3.173)
2
Dividing by the exact coefficient of Ay produces:
Ca(0 — ps) — H C C

o < 2(0 — ps) — nou (A )2 [Holl2 + C3) (3.174)

no1(A)*

This right-hand side is the exact definition of A\Y.. The non-negativity of \Y, also assumes equa-
tions (3.152) and (3.153).Because the assumption explicitly mandates \g < AW, the inequality

holds. Thus, |W+1 — Wo||p < Cs, proving Pa(t + 1).

mc

inc/

Step 3: Prove P5(t + 1)

We apply identical algebraic derivation to the H block. The explicit one-step increment is:
Hs+1 —H, = —WWJRS + nAsH?(il) (3'175)

Taking the Frobenius norm and applying the induction hypotheses exactly as before,
with ||Ws||2 < ||W0||2 + CQ = \/Z—i— CQ and ||H?(_1)||F < \é_njd:

vnd
[~ Hullr < n(V + Co)Ci6" + 1
2

Nob?. (3.176)

Summing from s = 0 to ¢ and substituting the strict upper limit for the geometric series:

(\/_+02)Cl +?7 )\

|Hen — Hollr < 7 (3.177)
J— p*
We enforce that this strict upper bound is less than or equal to Cf:
(VL + Cy)Cy + nr/\
< Cs. (3.178)

0 — p.
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Isolating the term containing A:

vnd
77 02

Ao < (0 — p,) — (VL 4 C3)C4. (3.179)

Dividing by the coefficient of \ yields:

Co(6 — p) — (VL + C)C1

<
Ao < Vnd
2

(3.180)

Uire
This right-hand side is exactly the definition of AfL.. The non-negativity of A\
tions (3.154) and (3.155).Because the assumption explicitly mandates Ay < A
holds. Thus, ||H;1 — Hyl|r < Cy, proving Ps(t + 1).

also assumes equa-
H | the inequality

nc’/

In summary, the joint hypothesis (¢ + 1) holds. We are done. ll

3.2.8 The neccessities (and pitfalls) of those conditional statements

Here, I would like to address the neccessities of a few conditional statements that hasn’t been
explicitly mentioned or used in the “proof” of proposition 3.2.7, as well as some related pitfalls
and methods to relax those conditions.

On the neccessities of equations (3.152) and (3.154)

Recall the W block increment bound \Y for \:

nc

\w & Oo(0 = p.) —no1(A)(|[Ho|l> + C2)C

7701(A)2\/CTZ7

(3.181)

We need A < AW for P, to hold, i.e. the total drift on W block can be controlled. Equation

nc

3.152) ensures that AW > (. By symmetry, equation (3.154) ensures that A2 > 0.
y sy Y, €q inc

mc

On the neccessity and pitfalls of equation (3.147)

Recall the condition:
chl < Agapa (3182)

where A,,, = (0 — p.) — K. This condition strictly arises to prevent a contradiction between the
lower bound and the upper bound of the initial barrier weight \¢. Again, the barrier weight )
at initialization is mandated to satisfy:

1. Lower Bound: )\ > 0 (The barrier weight must be strictly positive).

2. Upper Bound: \y < Ay, (To ensure the initial residual remains strictly inside the geo-
metric decay envelope during the inductive step).
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To avoid a contradiction between these two bounds, the valid interval (0, Apasin| must be non-
empty. This requires us to strictly guarantee:

)\basin > 0. (3183)

By definition in Result 4, Apasin is the positive real root of the following quadratic equation w.r.t. Ay:

K3)\g + (Cbar + Kgol))\o + (K1012 - AgapC'l) = 0 (3184)
Let f(\o) denote this quadratic function. Note that:

e The leading coefficient K5 is strictly positive.

e The linear coefficient (Chay + K5C1) is strictly positive.

Because f () is a parabola opening upwards with a strictly positive slope at A\g = 0, the only
way for it to possess a strictly positive real root (Apasin > 0) is if the constant term evaluates to a

strictly negative value:
K,C} — AgopyCy < 0. (3.185)

Because the initial stacked residual (] is strictly positive, we divide the entire inequality by C; to
obtain:

KiCi < Ay <= Ki1C1 < (0 —po) — Ky (3.186)

By substituting the explicit algebraic definitions of K, (', and K into this strict requirement, we
obtain the following inequality that involves the high-probability RMT statement at initialization,
which is:

o1 (AP([Hollz + Co) (VI + Cs) [2Cac]| A®LL] ||

2Cy +cB
+20, (22 ) Az, e+ AlL]
< (0—p,) — Cy [nal(A)2(2HHoH2 +Cy) +n(2VL + Cg)} : (3.187)

In addition to the difficulty of verifying such statement, one of the undesirable things is that we
can only show such a C; exist, but it would be difficult to pin down a specific and handy value
for Cs.

On the neccessity of equation (3.156)

Recall the linear stability gap is defined as A, £ (0 — p.) — K4, and we have required that
KOy < Agp, and this implicitly assumes A, is positive. For this we will need:

Ky < 0—p,. (3.188)

gap”/

One may check that K4(C5) is a strictly increasing function of C with K4(0) = 0. By definition,

£ 2= and s0  — p, > 0. Therefore, we define C5*™* to be the root of K4(C3*) = (0 — p..)/2,
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8—r gives us a quadratic in Cj,

6-p« at C@x, * Expanding the condition K = .

2

so that Ag,, =

which is:
0 — p.

(noy(A)? +1)C2 + (2no1(A)?||Hy||2 + 20V L)Cy —

Because the leading coefficient is strictly positive and the constant term is strictly negative, we
have exactly one positive root and one negative root. Then the positive root C'5"** has a closed
form solution in terms of the coefficients of this qradratic, which is precisely equation (3.156).

= 0. (3.189)

Untangling the geometric rate  from the linear contraction p,

In Xu et al. (2024), they authors have nice plug-ins for p, and 0, so that it happens that 6 is the
mid-point between 1 and p.. Here, due to the fact that we do not know the precise value of sy,
but only an upper bound in proposition 3.2.7, we only obtain an upper bound on p.. This also
limits our capacity to pin down a specific value of 6. In their proof, due to 6 being exactly at the
midpoint, the distance to the linear rate (6 — p.) and the distance to the stability ceiling (1 — )
are forced to be algebraically identical. While this simplifies the resulting bounds by allowing
a single denominator to describe both the one-step induction gap and the infinite series limit, it
artificially restricts the flexibility of the proof.

To derive a tighter and more generalized feasibility region for our hyperparameters, we untangle
these two rates. We define 0 as a free parameter bounded strictly within the active interval:

D <0< 1. (3.190)

By decoupling 6, we explicitly separate the two fundamental bottlenecks of the trajectory analysis:

1. The Induction Gap (¢ — p.): This quantity represents the one-step buffer available to
absorb the non-linear residual §;. Maximizing this gap (by pushing § — 1) allows the
algorithm to tolerate a larger initial error (', thereby widening the theoretical basin of
attraction.

2. The Infinite Drift Limit (1 — 0): This quantity controls the absolute distance the state
matrices W, and H; can drift from their initialization. Because the total accumulated
trajectory length is bounded by the geometric series > .- 6° = ﬁ, maximizing this
gap (by pushing f — p,) minimizes the total landscape drift Cs. This is mathematically
critical to ensure the trajectory does not leave the region where the linear approximation
G, remains valid.

To see exactly how this infinite drift limit dictates the basin of attraction, we trace the accumu-
lation of the matrix state errors. Consider the one-step increment for the H-block. Isolating the
primary drift driven by the gradient of the residual, we take the Frobenius norm and apply the
sub-multiplicative property:

[Her — Hllp < 1| Wellaf[Ral| - (3.191)

—px
2

“De facto, we have required K4 < . The choice for this ratio 1 / 2 is to balance the restrictions on C and C5. If this ratio
is 0.99, then we do have a looser bound on C'3. We then have Ag,, > 0.01(6 — p. ). Since we also need K1 C < Agp, this would
require K1C1 < 0.01(0 — p.), meaning that the initializations W and Ho must be exceptionally close to the exact solutions to
make C tiny enough. Similar story holds if this ratio is extremely small.
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By substituting the induction hypothesis for the state bound || W |2 < v/ L+Cjand the geometric
decay envelope of the residual | R;||r < C16°, the one-step distance is strictly bounded by:

|Hopr — Hy ||l < n(VL + C,)C16°. (3.192)

To find the maximum possible distance the trajectory can drift from its initialization H over all
time steps, we sum these increments using the triangle inequality:

t t
[Hi1 = Hollr < Y [Hop — Hyllr < (VL +Co)Cr Y60, (3.193)
s=0 s=0

Because the geometric rate satisfies § € (0, 1), the finite sum is strictly bounded by the infinite

geometric series limit ) .-, 0° = ﬁ. Substituting this limit provides the absolute maximum

trajectory length:

ﬁ(\/z + C3)Cy
1-0 '

For the induction hypothesis P5(t + 1) to hold, we must guarantee that this total accumulated

drift never exceeds our designated neighborhood radius C5. Therefore, we must allocate a strict

baseline capacity for Cs:

|IHi1 — Hollr <

(3.194)

L+ Cy)C
Cy > ”(\/_1+ 92) L (3.195)
This also implictly assumes that
1-46
C < —. (3.196)
n

Therefore, by leaving 6 free, we can explicitly derive the basin of attraction directly from this drift
constraint. This simplification explicitly reveals the fundamental tradeoff that was obscured by
the midpoint trick: treating 6 as a free variable proves that an aggressive learning rate 7 or a slow
geometric decay  — 1 strictly upper-bounds the maximum allowable initialization error C}.
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Chapter 4

Numerics

The preceding chapters establish a vocabulary for NMF and two families of initialization schemes
derived from spectral sketching. What remains is to ask, in a controlled empirical setting, whether
the analytical guarantees translate into measurable convergence advantages, and how those ad-
vantages depend on the geometry of the data. This chapter reports a single sweep that fixes
everything except the three nuisance variables (data regime, base solver, initialization), and lets
each curve speak for itself.

The sweep is organized around three orthogonal axes. The data axis controls the matrix A: eight
simplex regimes drawn from a Dirichlet or logit-normal distribution under the binary tags density,
geometry, and conditioning, together with two reference matrices that are random non-negative
low-rank products. The solver axis ranges over the five base methods derived in Chapters 1-3
(MU, HALS, AItPGD, PGD, ADMM). The initialization axis enumerates nine schemes: four de-
terministic baselines and five randomized schemes including the Ward-Kolda family of Chapter
2 Ward and Kolda (2023). For each of the resulting 5 x 10 = 50 configurations, every stochas-
tic initialization is averaged over five seeds; the deterministic schemes contribute a single curve.
The chapter reports, for each (solver, regime) pair, the relative reconstruction error against the
iteration count, and the absolute objective against wall-clock time.

4.1 Data matrices

4.1.1 Simplex data via Dirichlet and logit-normal

The simplex regime fixes the ambient dimension at m = 3 and draws the columns of A from a
probability distribution supported on the 2-simplex

Ny = {XGRi_‘l’l‘i‘iL'Q—{—Q?g:l}. (4.1)

Two distributions on A, are used. The Dirichlet distribution is sampled via gamma quotients:
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Definition 4.1.1: Dirichlet sampling on Ay,

Fix a concentration vector & = (aq,...,ax) with o, > 0. Draw g ) Gamma(ay;, 1)
fork=1,..., K and set
9k

Zj:l 9j
Thenh = (hy,...,hg) ~ Dir(a) on Ag_;.

The logit-normal distribution composes a Gaussian on R¥ with the softmax map.
Definition 4.1.2: Logit-normal sampling on A g

Fix a mean g € R” and a positive-semidefinite covariance ¥ € RX*X. Draw z ~ N (u, X)

and set

he = =220 (43)

Zj:l exp(z;)

Then h lies in the interior of Ax_;.

Three qualitative tags discriminate the regimes used in the sweep: density (sparse vs. dense),
geometry (scattered vs. concentrated), and conditioning (well vs. ill). Each tag corresponds to a
specific lever on the distribution parameters, summarized in Table 4.1.

Table 4.1: Qualitative property tags and the parameter levers that realize them. Adapted from
Ward and Kolda (2023)-style spectral-control intuitions; full discussion in the preceding chapters.

Target property Dirichlet lever Logit-normal lever

Sparse rows a; — 0 diag(X) — oo

Dense rows a; > 1 diag(X) — 0

Concentrated cloud D ;0 — 00 diag(3) — 0

Scattered cloud >, 0i—0 diag(X) — oo

Uniform spectral decay Symmetric o;; < 1 Symmetric u, large diagonal 33, zero covariance
Fast spectral decay Skewed « or large ) | o Positive off-diagonals in 3 or skewed p

Two of the eight nominal 2* combinations are structurally infeasible. A concentrated cloud col-
lapses to a near-rank-1 matrix, so (concentrated, well-conditioned) is incompatible: the data layer
enforces this with a hard override. The mirror image, (scattered, ill-conditioned), is also dropped:
a uniformly spread cloud spans the full simplex and is therefore well-conditioned by construc-
tion; declaring it ill-conditioned would require an artificial skew that contradicts the scattered tag.
The four admissible options remain, listed in Table 4.2 along with the parameter values used.

Table 4.2: The four admissible simplex regimes and their parameter values, as resolved in the data
layer.

Option | Tag triple Dirichlet o Logit-normal (u, X)
1 dense, scattered, well (1.0,1.0,1.0) p=03=1.01I;
2 dense, concentrated, ill (50, 50, 50) n=0,X=0.011I;
3 sparse, scattered, well (0.3,0.3,0.3) nu=0,3=80I;
4 sparse, concentrated, ill (50,0.3,0.3) n= (4,0, O)T, > =0.0515

After the simplex sample is drawn, the columns of A are multiplied by a fixed radial scale p > 0
before any optional additive noise is applied. The radial scale unlocks what is sometimes called

86



radial freedom: it decouples sparsity from scatter by allowing the entire point cloud to be shifted
away from the origin into the interior of R? , where rows can be widely scattered without any
entry hitting zero. In the present sweep p is fixed at 1.0, so columns remain on A, itself.

4.1.2 Reference matrices

Two non-simplex regimes complete the data axis. Both are built by drawing W, € R’
and H, € R7*" entrywise iid. U[0,1], then setting A = W,H, at dimensions m = n =
100, r = 5:

e wardkolda — the noise-free product A = W, H,. The data layer additionally records
the singular spectrum {o;(A)} that the Ward-Kolda initializations consume to set their
scaling constants ¢ in Table 4.5.

e synthetic noisy — additive Gaussian noise of standard deviation o, clipped at
zero: A = max{0, W, H, + oN} with Niid. NV (0,1).

For the present sweep, wardkolda sets 0 = 0 and synthetic_noisy sets 0 = 0.05; the two
reference regimes share the same W, H, but differ in whether (and how strongly) the product is
perturbed.

4.1.3 Data clouds and the existence of exact NMFs

Before turning to convergence trajectories, we exhibit the actual matrix A that the solvers see
in each regime, and record whether the corresponding rank-d NMF problem admits an exact
factorization. The two questions are not independent: an empirical relative-error curve that drops
to 1072 is informative only if zero is reachable in principle, and a curve that plateaus above zero
may either reflect a sluggish solver or a hard floor imposed by the data.

How the visualizations are constructed

The four simplex regimes are intrinsically three-dimensional: every column of A is a vector in R3,
so the scatter plots in Figures 4.1-4.4 are direct renderings of the raw data, with the reference 2-
simplex A, overlaid as a translucent triangle.

The reference matrices wardkolda and synthetic noisy live in R'%; they are not visualized
here as point clouds because any 3D projection of a 100-dimensional cloud risks giving a mislead-
ing impression of its actual geometry. The textual specification in §4.1.2 together with the rank
and noise summary in Table 4.6 is sufficient to pin down the matrices used in the sweep.

Every 3D axes is rendered with (azimuth, elevation) = (165°, 15°), slightly to the right of MAT-
LAB’s canonical view and at a low elevation, so deviations from a planar arrangement read as
cloud thickness rather than as foreshortening.
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When does an exact NMF exist?

A rank-d NMF problem minw >0 3 [|A — WH]||% has an exact optimum if and only if A = WH
for some W € R7** and H € R%*", in which case the minimum relative error is 0 (up to
floating-point round-off). The six regimes of the sweep split cleanly along this divide:

e Simplex options 1-4 (Dirichlet and logit-normal alike, Figures 4.1-4.4). The data layer
fixes m = 3, n = 500, and the factorization rank is auto-clamped from 10 down to d = 3
to satisfy d < min(m, n). The trivial factorization W = I3, H = A is non-negative and
gives WH = A exactly, so the minimum relative error is 0. Exact NMFs exist for every
simplex regime in this sweep.

e wardkolda. The data matrix is the noise-free product A = W, H, with W, € R}roow
and H, € R drawn entrywise i.i.d. U[0,1]. The pair (W,, H,) already gives a
non-negative rank-5 factorization of A, and padding W, with five zero columns and H,
with five zero rows extends it to a non-negative rank-10 factorization without changing
the product. Exact NMF exists at d = 10, with minimum relative error 0.

e synthetic noisy. After noise and clipping, A = max{0, W,H, + cN} is generically
full rank (rank ~ min(m,n) = 100), so it cannot be written as a product of a 100 x 10
and a 10 x 100 matrix. No exact rank-10 NMF exists, and the minimum relative error is
strictly positive. In the present runs the curves plateau at a relative error ~ 0.033, which is
below the oracle reference ||A — W, H,||r/||A||r ~ 0.038: the over-parameterised rank-
d = 10 model can absorb part of the noise into its five surplus components, and beating
the signal-recovery residual is the expected consequence rather than a paradox.

The summary is that five of the six regimes admit an exact rank-d NMF and the residual curves
can in principle descend to zero; only synthetic_noisy has a hard positive floor. The figure
captions in the results sections re-state this distinction so the reader does not need to consult this
table when reading the convergence plots.

4.2 Base solvers

The five base solvers under comparison are recapitulated in Table 4.3; full derivations and con-
vergence theory live in the preceding chapters.

Table 4.3: The five base solvers under comparison. The active-set column indicates whether iter-
ates expose a binary indicator [W < 7; H < 7| that supports the Hamming-distance manifold-
stability metric (not reported in the figures below; available in the raw run output for the four
projection-style solvers).

Solver Update style Step-size / penalty Active set

MU MU on both blocks (alternating) — no

HALS Coordinate-wise ~ column / row updates | — yes
with max{0, -} truncation

AItPGD | Gauss-Seidel projected gradient constant ) = 107 yes

PGD Jacobi (joint) projected gradient constant ) = 10> yes

ADMM | Augmented-Lagrangian splitting with non- | penalty p (default) yes
negativity dual
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OPTION 1 (dense, scattered, well) — columns of A on the 2-simplex

DIRICHLET | optlon1 (dense scattered, well) LOGITNORMAL I opt|on1 (dense scattered well)
1, 0,0) X=diag(1,
N =500 o=[12.911, 6645 6361] o, /a =4.93e-01 N =500 a-[12 917 6.453, 6224] 03/0 =4.82e-01

Figure 4.1: Option 1 — dense, scattered, well-conditioned. Left: Dirichlet witha = (1, 1, 1) (uniform
on Ay). Right: logit-normal with gt = 0, ¥ = I5. Columns of A € R**°% are scattered directly
in R‘i ; the dashed triangle marks Ay. Exact NMF exists at d = 3 (trivial factorization W = I3, H =
A); minimum rel. error = 0.

The four projection-style solvers all implement x — max{0,x} as their proximal operator and
therefore expose a well-defined active set at every iterate; MU operates strictly inside the posi-
tive orthant and never zeros an entry through projection, which is why no active-set evolution is
tracked for it.

4.3 Initialization schemes

Nine initializations populate the comparison axis. The four deterministic schemes are summa-
rized in Table 4.4; the five randomized schemes follow in Table 4.5. The randomized schemes are
averaged over Nyniom = O independent seeds; the figures plot the seed-mean curve as the bold
trace and the seed-spread as a translucent band around it. Within each random seed, the four
Ward-Kolda variants share their ® draws so that any difference in the resulting curves reflects
the formula, not the realization.

Table 4.4: Deterministic initializations.

Scheme Construction

svd Truncated SVD of A, splitas Wy = max{0, Us=/*}, Hy = max{0, }/*V ] }. Hard clip;
no per-component sign selection.

nndsvd Non-negative Double SVD Boutsidis and Gallopoulos (2008): each rank-1 component split into
its positive and negative parts and the dominant pair retained, then thresholded at 0.

nndsvda | NNDSVD with zeros replaced by mean(A)/100; identical otherwise.

spa Successive Projection Algorithm Gillis (2020): greedily selects d columns of A whose resid-
ual norms are maximized in turn, with Hg recovered column-by-column by non-negative least
squares.
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OPTION 2 (dense, concentrated, ill) — columns of A on the 2-simplex

DIRICHLET | option 2 (dense, concentrated, ill) LOGITNORMAL | option 2 (dense, concentrated, ill)
a = (50, 50, 50 1©=(0, 0,0) ¥=diag(0.01, 0.01, 0.01)
N =500 o=[12.910, 1.121, 1.075] 03/01 = 8.33e-02 N =500 o =[12.910, 0.800, 0.754] 53/01 =5.84e-02

Figure 4.2: Option 2 — dense, concentrated, ill-conditioned. o = (50, 50,50); ¥ = 0.01I3. The
cloud collapses to a near-rank-1 cluster around the centroid (%, %, %) of Ay; the singular value
ratio 03/0 drops by an order of magnitude relative to Option 1. Exact NMF exists at d = 3;
minimum rel. error = 0.

OPTION 3 (sparse, scattered, well) — columns of A on the 2-simplex

DIRICHLET | option 3 (sparse, scattered, well) LOGITNORMAL | option 3 (sparse, scattered, well)
a=(0.3,0.3,03 1=(0,0,0) x=diag(8, 8, 8)
N =500 o=[12.911, 9.464, 9.325] 53101 =7.22e-01 N =500 o =[12.947, 10.305, 9.975] 03/01 =7.70e-01

Figure 4.3: Option 3 — sparse, scattered, well-conditioned. o = (0.3,0.3,0.3); ¥ = 8I3. Mass
concentrates at the three vertices of Ay, approximating a scaled permutation of I5 when restricted
to any three sample columns. Exact NMF exists at d = 3; minimum rel. error = 0.
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OPTION 4 (sparse, concentrated, ill — columns of A on the 2-simplex

DIRICHLET | optlon4 (sparse, concentrated, ill) LOGITNORMAL | option 4 (sparse, concentrated, ill)
0, 0.3, 0.3 u=(4, 0, 0) X=diag(0.05, 0.05, 0.05
N=500 o= [22100 0.246, 0223] zr/a =1.01e-02 N =500 a-[21 540, 0.164, 0.104] 53/0 =4.83e-03

Figure 4.4: Option 4 — sparse, concentrated, ill-conditioned. o« = (50, 0.3,0.3) for Dirichlet; p =
(4,0,0)", 3 = 0.05 I3 for logit-normal. A single dominant corner attracts essentially all prob-
ability mass; the cloud is the worst-conditioned of the four options. Exact NMF exists at d = 3;
minimum rel. error = 0.

Table 4.5: Randomized initializations. The Ward—Kolda variants use half-normal sub-Gaussian
sketches ®; € R4 ®, € R ®,.y € R™ 4 P,y € R drawn once per seed. The
constants C' = 4, v = 107'%, D = Cv/9 follow the paper’s defaults; o is the leading singular
value of A. The factor convention is the project’s (W, Hy); the paper’s (Xo, Y() map back
via Wy = Xo, Hy = Y.

Scheme Construction

random W, Hy entrywise i.i.d. U0, 1].
wk_proposed Xo = \F\flccr A®,Yo=+nDo Po.
wk_colspan Xg = 10 = AdP, Yy = 101 = P,
wk_random Xy = 101 - <I>TX,Y0 = 101/; P,y
wk_random_asym | Xo = ln Y, = \/ﬁﬁ d,y.

4.4 Hyperparameters
Table 4.6 collects every numerical constant that is held fixed across the sweep. All sweeps were

driven from a single master harness that re-instantiated the data matrix and the nine initializations
for every (solver, regime) combination.

4.5 Results

451 MU

MU is the gentlest of the five: its ratio rule keeps every entry strictly positive, so the curves are
determined entirely by the magnitudes of the initial factors rather than their support pattern.
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Table 4.6: Experimental hyperparameters held fixed across the sweep.

Parameter Value Role

Factorization rank d 10 (clamped to 3 on simplex data) inner dimension of WH

Step size 17 (AItPGD, PGD) 1077 constant projected-gradient step
WK constant C' 4 scaling on wk_proposed Xo

WK constant v 10~ feeds D = Cv/9

Seeds per randomized init 5 seed-averaged curves and bands
Iteration cap 5000 hard iteration budget

Wall-clock cap 60 s hard wall-clock budget
Relative-objective tolerance 10°° inner stopping rule on |[F* — F'=1[/F*~!
Data-generation seed 42 global determinism for A

Simplex column count 500 columns of A in the simplex regime

Reference-matrix size

100 x 100, 7 =5

A in the reference regime

Noise std. deviation

0.05 for synthetic_noisy; 0 otherwise

applied only to the noisy regime

Differences between initializations therefore manifest as different starting plateaus rather than
different long-term trajectories.
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Figure 4.5: MU on Option 1 (dense, scattered, well-conditioned). Rows compare the two simplex
distributions; columns compare the iteration- and time-axis metrics. Exact NMF exists at d = 3;

minimum rel. error = 0.

Across the five MU figures the order of the initializations stabilizes within a few dozen itera-
tions and then remains essentially unchanged. NNDSVD and NNDSVD-a start lower and stay
lower in every regime; the Ward-Kolda variants begin a constant factor higher but track the same
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Figure 4.6: MU on Option 2 (dense, concentrated, ill-conditioned). Exact NMF exists at d = 3;
minimum rel. error = 0.

asymptote. The collapse of Option 2 and Option 4 onto a near-stationary band reflects the rank-1
lock: when the data is one effective dimension, only the leading rank of WH contributes to the
objective and the remaining d — 1 columns drift inside a flat region of the loss surface.

4.5.2 HALS

HALS updates one column of W (and the matching row of H) at a time, projecting onto the
non-negative orthant after each. The active set therefore evolves visibly even when the gradient
norm is small.

HALS reaches lower asymptotic error than MU on every regime but takes longer per iteration
in wall-clock terms. SPA is the strongest initialization on the simplex regimes that satisfy sep-
arability (Options 1 and 3 with the Dirichlet distribution); on the concentrated regimes it loses
to NNDSVD because its column selection latches onto the rank-1 cluster. The variance bands of
the randomized initializations narrow within a few hundred iterations, indicating that HALS's
column-wise updates erase the initial randomness more aggressively than MU'’s ratio rule.

93



Relative Error vs lteration (solver: MU)
I I'C

10! Di I D y=sp | N=500 | RadScale=1.00
—@— svd [init=7.8680-01]
10 —@—nndsvd [init=5.511e-01]

nndsvda [init=5.579e-01]
—@— spa [init=0.245e-06]
- 4@ - random (mean, n=5) [init=1.246e+00]
ol wk foposed (mean, n=5) [init=1.000e+00]
- -@ - Wk_olspan (mean, n=5) [init=8.902e-01)

w - -@ - Wk andom (mean, n=5) [init=9.9956-01)
z‘ ~ @ - Wkandom_sym (mean, n=5) [init=9.995e-01]
s
_
I
=
<
107 E
10%
10 | ! I I I ! I I ]
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
lteration
(a) Dirichlet, rel. err. vs. iter
Relative Error vs lteration (solver: MU)
, Di | Densif P | 1 C I N=500 | 1.00
10
—@— svd [init=7.239¢-01]
10 —@— nndsvd [init=5.719e-01]
b nndsvda [init=5.786e-01]
—@— spa [init=8.802e-06]
- -@ - random (mean, n=5) [init=1.233¢+00]
. wk foposed (mean, n=5) [init=1.000e+00]
- -@ - Wk_olspan (mean, n=5) (init=8.993e-01)
w - -@ - Wk andom (mean, n=5) [init=9.9956-01]
z‘ ~ @ - Wk andom_sym (mean, n=5) [init=9.995e-01]
s
_
I
B
<
10%
107 I ! I I I I I ]
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
lteration

(c) Logit-normal, rel. err. vs. iter

Objective vs Time (solver: MU)
1 1 C

1ot Dist= | Density=sp 1 N=500 | 1.00
—@— svd [init=1.062e+02]
Y —@— nndsvd [init=5.212e+01]
10" nndsvda [init=5.341e+01]
h —@— spa [init=1.467e-08]
@ random (n=5 runs) [init mean=2.822e+02]
P wk roposed (n=5 runs) [int mean=1.716e+02]
o @ wkolspan (n=5 runs) [init mean=1.360e+02]
10 @ - wkandom (n=5 runs) [init mean=1714e+02]
@ wiandom_sym (n=5 runs) [init mean=1.714e+02]
10—5 L
109 ; !
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Wall-clock time (seconds)
(b) Dirichlet, obj. vs. time
Objective vs Time (solver: MU)
10t Di: I D y=sp: I I Ce | N=500 | RadScale=1.00
—@— svd [init=9.781e+01]
—@— nndsvd [init=6.105e+01]
s . nndsvda [init=6.249¢+01]
h —@— spa [init=1.446e-08]
@ random (n=5 runs) [init mean=2.986e+02]
wk roposed (n=5 runs) [int mean=1.867e+02]
o = @ Wk_olspan (n=5 runs) [init mean=1.510e+02]
10°F @ - wkandom (n=5 runs) [init mean=1.865¢+02]
@ wkandom_sym (n=5 runs) [init mean=1.865€+02]
z
Z 10?
g
10-4 L
10—5 L
10 @ Il I}
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Wall-clock time (seconds)

(d) Logit-normal, obj. vs. time

Figure 4.7: MU on Option 3 (sparse, scattered, well-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.

453 AItPGD

AItPGD performs alternating projected-gradient steps with the fixed step size 7 = 10~>. Because
the step size is constant rather than 1/L;, the early iterates can take larger jumps than HALS on
well-conditioned data and smaller jumps when the problem stiffens.

The AItPGD curves accentuate the sensitivity of projection-style methods to the initial active set.
SPA, NNDSVD, and NNDSVD-a place the initial W, in the column span of A and therefore start
with a near-zero residual on the rank-3 simplex regimes; the trajectory then refines H, rather than
searching for W. Random and Ward-Kolda random initializations begin orders of magnitude
higher and pay an iteration tax for catching up.

454 PGD

PGD differs from AItPGD only in the update ordering: both gradient blocks are evaluated at the
old iterate (Jacobi) rather than reusing the freshly updated W**! for the H step (Gauss-Seidel).
The two solvers therefore agree at { = 0 and diverge by a small amount thereafter.
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Figure 4.8: MU on Option 4 (sparse, concentrated, ill-conditioned). Exact NMF exists at d = 3;
minimum rel. error = 0.

The PGD curves track AItPGD closely on every regime and reach essentially the same asymptote
within the iteration budget. The narrow gap between the two confirms that the Gauss—Seidel vs.
Jacobi distinction is dominated by the choice of initialization on these problem sizes; the larger
savings from this ordering choice would emerge only when the per-step Lipschitz constants differ
sharply between blocks, which is not the case here.

455 ADMM

ADMM splits the constraint W > 0 and H > 0 off into auxiliary variables and updates with
an augmented-Lagrangian penalty. Per-iteration cost is higher than for the other four methods
because each outer iteration solves two linear systems; the iteration count therefore reaches a
much lower terminal value within the same time budget.

The relative-error-versus-iteration plots reach a comparable asymptote to AItPGD and PGD in
roughly an order of magnitude fewer iterations, but the wall-clock plots tell a less flattering story:
each ADMM iteration spends most of its time in the inner linear solve, and on the reference ma-
trices the curves run out of the 60-second budget before fully converging. Initialization matters
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Figure 4.9: MU on the two reference matrices. The first row (wardkolda) uses o = 0; the second
row (synthetic_noisy) uses 0 = (.05 and visibly departs from the noiseless baseline. Exact
NMF exists at d = 10 for wardkolda (min. rel. error = 0); synthetic_no%sy has no exact rank-10
NMF (min. rel. error strictly positive, = 0.033 in the runs).

less for ADMM than for the projection-style solvers because the auxiliary variable absorbs the
active-set indicator and resets it implicitly through the dual update.
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Figure 4.10: HALS on Option 1 (dense, scattered, well-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.

4.6 Discussion

4.6.1 Which initialization wins, and when

Across the 55 configurations, SPA dominates whenever the data is genuinely separable: the sim-
plex regimes with the Dirichlet distribution and the scattered geometry tag (Options 1 and 3)
are exactly those for which the column-selection assumption is satisfied with margin, and SPA’s
residual-maximizing scheme picks near-vertices of the conical hull. On the concentrated regimes
(Options 2 and 4) the same scheme latches onto whatever cluster center is dominant and pro-
duces a degenerate W,. NNDSVD-a is the most consistent runner-up; its zero-replacement
against mean(A)/100 is what separates it from nndsvd and from raw clipped SVD. The Ward—
Kolda family is competitive on well-conditioned regimes—especially wk_proposed, which incor-
porates the leading singular value 0, in its scaling—but degrades on the rank-1 regimes where o,

saturates the dynamic range.
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Figure 4.11: HALS on Option 2 (dense, concentrated, ill-conditioned). Exact NMF exists at d = 3;
minimum rel. error = 0.

4.6.2 Solver sensitivity to initialization

The projection-style solvers (HALS, AItPGD, PGD, ADMM) inherit their initial active set and
propagate it through many iterations: a poorly placed W can take thousands of iterations to
recover from. MU, in contrast, never lets an entry reach zero exactly, and therefore smooths out a
bad initial support pattern within a few hundred iterations. The flip side is that MU also smooths
out a good initial support pattern: SPA’s near-zero starting residual on Option 1 is preserved by
AItPGD but largely erased by MU before the curves cross. This asymmetry is the empirical face
of the manifold-stability metric (Hamming distance between consecutive active-set indicators)
reported by the four projection solvers in the raw run output; MU exposes no analogue.

4.6.3 Regime-specific anomalies

Options 2 and 4 deserve a separate remark. Both fix the data to a near-rank-1 cluster, and the loss
landscape becomes flat in the d — 1 directions tangent to that cluster. The five solvers all reach
a low absolute objective quickly—because the rank-1 reconstruction is itself low-objective—but
none reduces it further within the iteration budget, regardless of initialization. This is not a defect
of any individual solver; it reflects the geometry that the data layer was instructed to produce. The
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Figure 4.12: HALS on Option 3 (sparse, scattered, well-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.

reference matrices, which are well-conditioned by construction (rank 5 in a 100 x 100 ambient),
display none of this pathology: on the noiseless wardkolda regime all five solvers converge to
relative error 10~ or below given any of the spectral initializations, while on synthetic noisy
with o = 0.05 the curves plateau at the noise floor instead of continuing to descend. The simplex
findings are therefore not artifacts of the ambient dimension m = 3; they are artifacts of the
spectral collapse that the concentrated tag deliberately induces.
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Oblectlve vs Time (solver: HALS)
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Figure 4.13: HALS on Option 4 (sparse, concentrated, ill-conditioned). Exact NMF exists at d = 3;
minimum rel. error = 0.

100



" " . Objective vs Time (solver: HALS)
Relative Error vs Iteration (solver: HALS) b - e
Type=wardkolda | size=100x100 | true ank=5 | noise=0.00 Type=wardkolda | size=100x100 | true ank=5 | noise=0.00

10° g 10
—@—svd [init=1.1526+02]
101' 10°
nndsvda [init=1.228+02]
—.—spa [init=5.294e+01]
102 rendom (1=5 ) [t mean=1 2296+04]
w0l . wk roposed (=5 runs) [nit e +03]
\ @ - wKolspan (n=5 runs) [init mear 5.696e+03]
107% @ - wk andom (n=5 runs) [init mean=8.428¢+03]
W 5
W @ wkandom_sym (n=5 runs) [init mean=8.428¢+03]
Z 1ot L
6 =
E 10 T
2 B
w
. —@—svd (init=1.169¢-01]
< —@— nndsvd [init=1.169e-01]
1070k nndsvda [init=1.207e-01]
—@— spa [init=7.9226-02] 1020+
@ - random (mean, n=5) [it=1.2060100]
10712f |- @ - wi roposed (mean, n=5) [init=1.000e+00]
- -@ - wk_olspan (mean, ) i 216e-01]
- -@ - Wk andom (mean, n=5) [init=9.995¢-01] 10+
10| |- 4@ - wiandom sym (mean, n=5) [init=9.995¢-01]
10718 L L I L L L L L L | 1020
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 o 01 0.2 03 0.4 05 06 0.7 0.8
Iteration Wall-clock time (seconds)
(a) wardkolda, rel. err. vs. iter (b) wardkolda, obj. vs. time
i " Objective vs Time (solver: HALS)
Relative Error vs lteration (solver: HALS) -
Type=synthetic, oisy | size=100x100 I true ank=5 | nois > Type=synthetic oisy | size=100x100 | true ank=5 | noise=0.05
10° s
10 e T —@—svd (init=1311e+02]
4 o [‘Z“’. 2 ‘2"45]0‘ —@—nndsvd [init=1.311e+02]
+:: o da[lﬁ‘n;ﬂ 292'970]1] nndsvda [init=1.412e+02]
- —.—spa [int=3.655€+01]
4 spa -6 se10.021 random (n=5 runs) [init mean=1.231e+04]
=8 - random Lr:ja(n n=5) linh= [w 207e400] - . wk roposed (n=5 runs) [int mean=8.440e+03]
- @ - wkolspan (mean, zzoe -01] @ wkolspan (n=5runs) [init mea
N e WiCandom (moan, n=5) [i=0.9950-01] 103k @k andom (n=5 runs) [init means=
2 -4 wk:andomasym (mean, n=5) [init=9.995-01] @ - wkandom_sym (n=5 runs) [init mean=8.432e+03]
B .
Z L
w 5
z i
=
EI
ni
10 i
[
. ) 10" — . . L |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 o 0.05 01 0.15 0.2 0.25 03 0.35 0.4
lteration Wall-clock time (seconds)
(c) syntheticnoisy (o = 0.05), rel. err. vs. iter (d) synthetic_noisy (o = 0.05), obj. vs. time

Figure 4.14: HALS on the two reference matrices. Exact NMF exists at d = 10 for wardkolda (min.
rel. error = 0); synthetic_noisy has no exact rank-10 NMF (min. rel. error strictly positive).
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Objective vs Time (solver: AltPGD)
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Figure 4.15: AItPGD on Option 1 (dense, scattered, well-conditioned). Exact NMF exists at d = 3;
minimum rel. error = 0.
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Relallve Error vs Iteration (solver AItPGD)
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Figure 4.16: AItPGD on Option 2 (dense, concentrated, ill-conditioned). Exact NMF exists at d =

3; minimum rel. error = (.
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Figure 4.17: AItPGD on Option 3 (sparse, scattered, well-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.
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Figure 4.18: AItPGD on Option 4 (sparse, concentrated, ill-conditioned). Exact NMF exists at d =

3; minimum rel. error = (.

105



Relative Error vs Iteration (solver: AItPGD)
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Figure 4.19: AItPGD on the two reference matrices. Exact NMF exists at d

(min. rel. error = 0); synthetic_no

10 for wardkolda
15y has no exact rank-10 NMF (min. rel. error strictly positive).
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Relative Error vs Iteration (solver: PGD)
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Figure 4.20: PGD on Option 1 (dense, scattered, well-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.
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Figure 4.21: PGD on Option 2 (dense, concentrated, ill-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.
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Figure 4.22: PGD on Option 3 (sparse, scattered, well-conditioned). Exact NMF exists at d = 3;
minimum rel. error = 0.
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Relative Error vs Iteration (solver: PGD)
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Figure 4.23: PGD on Option 4 (sparse, concentrated, ill-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.

110



Objective vs Time (solver: PGD)

Relative Error vs lteration (solver: PG Type=wardkolda | size=100x100 | true ank=5 | noise=0.00

D)
Type=wardkolda | size=100x100 | true ; ank=5 | noise=0.00

10" 10°
—@— svd [init=1.169e-01 5 —@—svd [init=1.152¢+02]
—.—nnds[vd {in 1.159e]-m] 10 —@— nndsvd [init=1.152e+02]

nndsvda [init=1.207¢-01] + ;\325‘6:3 g"2“9:41e i(zﬁlewzl

—@— spa [init=7.922e-02)
- - r:ndgm (mean, n_5= [IHI( 1 2059+UD] 1UA random (n=5 runs) [init mean=1.229¢+04]

0 — -@ - Wk roposed (mean, n=5) [init=1.000e+00] . Wk foposed (n=5 runs) [int mean=8.436e+03]
- -@ - wKolspan (mean, [init=8.216e-01] @ wk.olspan (n=5 runs) [init mean=5.696+03]
~ @ - Wkandom (mean, n=5) [init=9.995e-01] 5 @ wkandom (n=5 runs) [init mean=8.428e+03]

! - -@ - wkandom_sym (mean, n=5) (init=0.995¢-01] 10 @ wkandom _sym (n=5 runs) [init mean=8.428¢+03]

\IA - WHV_F / AV_F

)

e

I I I I I I I I | % L L L L L L
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 0.05 0.1 0.15 02 0.25 03 0.35 0.4

|
0.45

10° .
0
Iteration Wall-clock time (seconds)
(a) wardkolda, rel. err. vs. iter (b) wardkolda, obj. vs. time
i i . Objective vs Time (solver: PGD)
Relative Error vs Iteration (solver: PGD) - it evs ) .
Type=synthetic, oisy | size=100x100 | true ank=5 | noise=0.05 o Type=synthetic,oisy | size=100x100 | true ank=5 | noise=0.05
10 3
- . —@— svd [init=1.311e+02]
—Q—zj‘?jsl‘lgmﬁl 24624052_0‘] . —@—nndsvd [init=1.311e+02]
nndsvda [init=1.293e-01] 10°F nndsvda [init=1.412e+02]
- pa Inieo S81e02) f::dgr'ﬁ'(f gsri:{)n[]mmean 1.2316+04]
init mean=1.231e-+
=@ - random (mean, n=5) Init~ o 20704000 , Wk f0posed (n=5 runs) [init mean=8.4406+03]
~ - wiColspan (mean, n= 5, [‘ " @ wkolspan (n=5 runs) [init mean=5.703¢+03]
W 10“5 - -@ - Wk andom (mean, n=5) [iit 10 @ wk andom (n=5 runs) [init mean=8.432e+03]
o ~ 2@ - Wk andom_sym (mean, n=5) [init=0.995e-01] @ W andom_sym (n=5 runs) nit mean=5.432¢+03]
z andom,
: R
| Z 10
£ g
2
<
10 L L L L L L L L L I 1 L L L L ]
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 005 0.1 0.15 02 025 03 035
Iteration Wall-clock time (seconds)
(c) syntheticnoisy (o = 0.05), rel. err. vs. iter (d) synthetic_noisy (o = 0.05), obj. vs. time

Figure 4.24: PGD on the two reference matrices. Exact NMF exists at d = 10 for wardkolda (min.

rel. error = 0); synthetic_no%sy has no exact rank-10 NMF (min. rel. error strictly positive).
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Objective vs Time (solver: ADMM)
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Figure 4.25: ADMM on Option 1 (dense, scattered, well-conditioned). Exact NMF exists at d = 3;
minimum rel. error = 0.
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Relative Error vs Iteration (solver: ADMM)
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Figure 4.26: ADMM on Option 2 (dense, concentrated, ill-conditioned). Exact NMF exists at d = 3;

minimum rel. error = Q.

113



Objective vs Time (solver: ADMM)
I I Cond: Il | N=500 | 00

Dist=dirichlet | Density=sp:

5

Relative Error vs Iteration (solver: ADMM)
Dist=dirichlet | Density=sp: | I C | N=500 | RadScale=1.00 10

2

10°

—@—svd [int=1.062e+02]

—@—svd [init=7.868e-01] —@— nndsvd [init=5.212e+01]
—@—nndsvd [init=5.511e-01] nndsvda [init=5.341e+01]
nndsvda (init=5.579¢-01] @— spa linit=1.4676-08]
—@—spa [nit=0.245e-06] ®  random (n=5 runs) [init mean=2.822e+02]
- -@ - random (mean, n=5) [init=1.246e+00] ® Wk roposed (n=5 runs) [init mean=1.716e+02]
~ -@ - wk_roposed (mean, n=5) init=1.000e+00] 3 " o "
o ! @ wkiolspan (n=5 runs) [init mean=1.360e+02]
— @ - wK_olspan (mean, n=5) [init=8.902e-01] 3
< g @ wkandom (n=5 runs) init mean=1.714e+02]
u - -@ - Wkandom (mean, n=5) [init=0.995¢-01] wk'andom_sym (n=5 runs) [init mean=1.714e+02]
= — @ - Wk andom _sym (mean, n=5) [int=9.995e-01] @ Wk 1,5y (n=! =
<
= T
g z
i w
H R
<
10
10-25 |-
10710 L L L L L L L L L | 100 = . . . . . L . L L !
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 o 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Iteration Wall-clock time (seconds)
(a) Dirichlet, rel. err. vs. iter (b) Dirichlet, obj. vs. time
" " Objective vs Time (solver: ADMM)
Relative Error vs Iteration (solver: ADMM) - -
, Di itnormal | Densi | e | N=500 1 00 mal | D parse | I'c 1 N=500 | RadScale=1.00
10
10 —@—svd (init=7.239¢-01]
—@—nndsvd [init=5.719-01]
nndsvda [init=5.786e-01]
102 —@—spa [init=8.802e-06]
- -® - random (mean, n=5) i
u 107
ES
Z 10
k\
g 10°
i —@—svd [init=9.781e+01]
< —@—nndsvd [init=6.105e+01]
T nndsvda [init=6.249e+01]
—@—spa [init=1.446¢-08]
o runs) [init mean=2.986e-+02]
10-12 o WkDVODOSed( :5 runs) [init mean=1.867e+02]
@ Wk.Olspan (n=5 runs) [init mean=1.510e+02]
@ wkandom (n=5 runs) [init mean=1.865¢+02]
pn @ wk.andom_sym (n=5 runs) [init mean=1.865¢+02]
1018 L | | L L 10% L L T T L L L
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 o 0.2 0.4 0.6 0.8 1 12 14 16 18
Wall-clock time (seconds)

Iteration

(c) Logit-normal, rel. err. vs. iter (d) Logit-normal, obj. vs. time

Figure 4.27: ADMM on Option 3 (sparse, scattered, well-conditioned). Exact NMF exists at d = 3;

minimum rel. error = 0.
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Figure 4.28: ADMM on Option 4 (sparse, concentrated, ill-conditioned). Exact NMF exists at d =
3; minimum rel. error = 0.

115



Relative Error vs Iteration (solver: ADMM)
Type=wardkolda | size=100x100 | !rue’ank=5 | noise=0.00

LL\
ES
c z
= i [
. —@— svd [init=1.169e-01] bt S
< 1ol |—®@—nndsvd (init=1.169-01] Teeael
1070F nndsvda finit=1.207e-01] mm-
—@— spa [init=7.922¢-02
- -@ - random (mean, n=5) [init=1.206+00]
1012F wk roposed (mean, n=5) [init=1.000e+00]
- -@ - Wk_olspan (mean [init=8.216e-01]
- @ - wkandom (mean, n=5) [i 995e-01]
1014 E |- -@ - wkandom sym (mean, n=5) [init=0.995¢-01]
1018 I I I I I L I I I |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Iteration
(a) wardkolda, rel. err. vs. iter
Relative Error vs Iteration (solver: ADMM)
Type=syntheti sy | size=100x100 | lruerankﬂ | noise=0.05
®
10°9
¢ —@— svd [init=1.2460-01]
—@—nndsvd [init=1.246e-01]
nndsvda [init=1.293e-01]
—@—spa (init=6.581e-02]
- -@ - random (mean, n=5) [init=1.207e+00]
- -@ - Wk roposed (mean, n=5) [init=1.000e+00]
- -@ - wkolspan (mean, n=5) [init=8.220e-01]
w ~ @ - Wk andom (mean, n=5) [init=9.995e-01]
z‘ ~ @ - Wkandom_sym (mean, n=5) [int=9.995e-01]
< z
LL‘ E
z g
B
<
107
<
. . . . . . . . . )
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Iteration

Figure 4.29: ADMM on the two reference matrices. Exact NMF exists at d = 10 for wardkolda
(min. rel. error = 0); synthetic_notsy has no exact rank-10 NMF (min. rel. error strictly positive).
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