A Gradient computation for executing the main algorithm

A straightforward computation shows (recall that & = [A || B] for SMF-H and 8 = [A, B] for
SMF-W)

S Val(ys,as) @ L[, 5] for SME-H

1
S Val(ys, a,) ® x4 for SMF-W., (18)

Viec(a)F —2A vec(A) = {

n

VBF = 2§(B - Xdala)a vvec('y)F = (Z vag(ysa as) ® X;) + 2/\V6C(’Y)7 (19)
s=1

where ® denotes the Kronecker product. Here, we have V./(y,a) = (hy, ..., h,), where

P h'(a;) h'(a;)
MY M) ay)

(20)

B Generalized multinomial logistic regression

In this section, we provide some background on a generalized multinomial logistic regression and
record some useful computations. (See [10] for backgrounds on multinomial logistic regression.)

Without loss of generality, we can assume that the x + 1 classes are the integers in {0,1, ..., x}. Say
we have training examples (¢(x1),y1), - - -, (¢(Xn), Yn ), where
® Xi,...,X,: Input data (e.g., collection of all medical records of each patient)
o ¢y = d(x1),...,¢, = p(x,) € RP : Features (e.g., some useful information for each
patient)

e yi,...,yn € {0,1,...,Kk}: kK + 1 class labels (e.g., digits from O to 9).

The basic idea of multinomial logistic regression is to model the output y as a discrete random

variable Y with probability mass function p = [po, p1, . . ., px] that depends on the observed feature
¢(x), score function h : R — R (strictly increasing, twice differentiable, and h(0) = 1), and a
matrix parameter W = [wq, ..., w,] € RP** through the following relation:

1 ‘ h({p(x), w;))

= = forj=1,... k. 21
PTG W) P T TR hge,way T 2D
That is, given the feature vector ¢(x), the probability p; of x having label ¢ is proportional to h
evaluated at the ‘linear activation’ (¢(x), w;) with the base category of class 0. Note that using
h(z) = exp(z), the above multiclass classification model reduces to the classical multinomial logistic
regression. In this case, the corresponding predictive probability distribution p is called the softmax
distribution with activation a = [aq, .. ., a,] with a; = (¢(x), w;) for i = 1, ..., . Notice that this
model has parameter vectors w, ..., w, € RP, one for each of the x nonzero class labels.

Next, we derive the maximum log-likelihood formulation for finding optimal parameter W' for
the given training set (¢;, y;)i=1,... n. For each 1 < i < n, define the predictive probability mass
function p; = [pio, Pi1, - - - » Pir) Using (21) with ¢(x) replaced by ¢,. We introduce the following
matrix notations

pr=1) - 1y =k) P - Pis
Y = : P:=: :
1(yn = 1) 1(yn = K’) ’ Pni Pnk (22)
€ {0, 1} € [0, 1)7%"
T ) ) )
2= [o0x) - ¢<xn] W [wl wﬁ]
! Ll ! ) (23)

c RPxn c RPx#
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Note that the sth row of Y is a zero vector if and only if ys = 0. Similarly, since pso = 1 — (ps1 +

-+ 4 psk ), the corresponding row of P determines its predictive probability distribution. Then the
joint likelihood function of observing labels (y1,...,y,) given input data (x1,...,X,) under the
above probabilistic model is

Lyt yn; W) =PY1 =y1,...,Yn =yn; W HH 1=, (24)
s=175=0

Denote wo = 0. Then since 2(0) = 1 by definition, we can conveniently write

h({¢s, w;)) :
Psi = == - fors=1,...,nand j =0,1,... K. (25)
! Yoo h({@g We))
Now we can derive the negative log-likelihood /(®, W) := —>"""_, Z;:O 1(ys = j)logpsjina

matrix form as follows:

= log <1+Zh(<¢(xs ) Zl J)logh ((¢(xs), w;))  (26)
- (Z log (1 +y h((qb(xs),Wc)))) —tr (Y%(@TW)) , 27)

where tr(-) denotes the trace operator. Then the maximum likelihood estimates W is defined as the
minimizer of the above loss function in W while fixing the feature matrix ®.

Both the maps W — £(®, W) and ® — ¢(P, W) are convex and we can compute their gradients
as well as the Hessian explicitly as follows. Foreach y € {0,1,...x}, ¢ € RP, and W € RP**,
define vector and matrix functions

h(y, ¢, W) := (ha, ..., he)" € RF* hy o= T gﬁi‘fz"(‘g)wm —1(y = j)}]i((éj’::jj;))
- (28)
H(y, 6, W)= (H;) eR™, (29)

2y

. " I " X /! . 2
f, — WGEwIG=) | WUSwW (owi) gy ) <h (pw) _ (W U&w,)) )

T M@we)) (1150, h((fw.))) Rew;))  (h{(Gw))?

(30)

For each W = [wy, ..., w,] € RP** et WY := [w] ..., wl]T € RP* denote its vectorization.
Then a straightforward computation shows

vvec W)Z (} W Zhysad)yw)@qbsa (31)

H:= VVec(W)vvett(VV)T€(¢)7 W) = Z H(yév ¢s7 W) ® ¢s¢§a (32)

where ® above denotes the Kronecker product. Recall that the eigenvalues of A ® B, where A and
B are two square matrices, are given by ;1 ;, where A; and pi; run over all eigenvalues of A and B,
respectively. Also, for two square matrices A, B of the same size, write A < B if vT Av < v"Bw
for all unit vectors v. Then denoting A" := maxj<s<,, )\max(l'-‘l(y57 o, W)),

HA" ) Ie ¢l =21 207 (33)
s=1

Similarly, \"I ® ®®7 < H, where A\~ denotes the minimum over all Ay, (H(ys, ¢,, W)). Hence
we can deduce

A in (@27) < A () < Ao (H) < 2 Ao (997 . (34)
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There are some particular cases worth noting. First, suppose binary classification case, x = 1. Then
the Hessian H above reduces to

H=> Hi(y., ¢,, W), 0! . (35)

s=1

Second, let h(z) = exp(x) and consider the multinomial logistic regression case. Then h = b’ = h”
so the above yields the following concise matrix expression

Vw l(®, W) =P —Y) € RPX*, Vg (2, W)=W(P —-Y)T € RP*", (36)

psl(l - psl) _(p81p82 ) cee —Ps1Psk
n —Ps2Ps1 Ds2 1- DPs2 R —Ps2Psk
H=)" . . ) . X 37)
1 : : . :
—PskPs1 —DPskPs2 cee ps}i(l - psn)
Note that H in this case does not depend on y, for s = 1,...,n. The bounds on the eigenvalues

depends on the range of linear activation (¢,, w;) may take. For instance, if we restrict the norms
of the input feature vector ¢; and parameter w;, then we can find a suitable positive uniform lower
bound on the eigenvalues of H.

Lemma B.1. Suppose h(-) = exp(-). Then

. & min exp(<¢)s7wi>)
Naia (H(6,, W) = min STy~

. exp((¢s, wi))
)\max (H(d)svw)) S 121?5}(& (1 N 2521 eXp(<¢S,Wc>))2 (

(38)

1+ ZZexp(<¢S,wc>)> . (39)

c=2

Proof. For the lower bound on the minimum eigenvalue, we note that

Amin (H(qﬁb,W)) > min Hij = min pypso = min e:p(<¢s’Wi>) 7
=i tsisn s (14300 exp((@s, We)))
(40)
where the first inequality was shown in [4] using the fact that fI(qSS, ‘W) is a diagonally dominant

M -matrix (see [50]). The following equalities can be verified easily.

For the upper bound on the maximum eigenvalue, we use the Gershgorin circle theorem (see, e.g.,
[19]) to bound

)\max (H(¢s7 W)) S max psv(l - pw) + Zpsipsc S ma<xnpsi (2 — Ps0 — 217@1) . (41)

1<i<k ‘ 1<4i<
c#i

Then simplifying the last expression gives the assertion. O

C Exponential convergence of low-rank PGD

In Section 2.1 of the main manuscript, we outlined our key idea for solving the SMF problem (4),
which involves ‘double lifting* the nonconvex problem to a low-rank matrix estimation problem. In
this section, we make this approach precise by considering an abstract form of optimization problems
that generalizes the SMF problem (4).

Fix a function f : R%1*% x R4sXds 5 R which takes the input of a d; x dy matrix and an augmented
variable in R%3* % Consider the following constrained and augmented low-rank estimation (CALE)
problem

Z=[x,r}egurz5¥idwd3xd4 f(Z),  subjectto Z € © and rank(X) <, (42)

where @ is a convex subset of R% %92 x R *d1_Here, we seek to find a global minimizer Z* =
[X*,T*] of the objective function f over the convex set @, consisting of a low-rank component
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X* € R%*42 and an auxiliary variable IT'* € R% >4, In a statistical inference setting, the loss
function f = f,, may be based on n noisy observations according to a probabilistic model, and
the true parameter Z* to be estimated may approximately minimize f over the constraint set ©,
with some statistical error €(n) depending on the sample size n. In this case, a global minimizer
Z* ¢ argming f serves as an estimate of the true parameter Z*. The matrix completion and low-
rank matrix estimation problem [34, 46] can be considered as special cases of (42) without constraint
©® and the auxiliary variable I'. This problem setting has been one of the most important research
topics in the machine learning and statistics literature for the past few decades. More importantly
for our purpose, we have seen in (11) and (12) in the main manuscript that both the feature- and
filter-based SMF problems can be cast as the form of (42) after some lifting and change of variables.

One can reformulate (42) as the following nonconvex problem, where one parameterizes the low-rank
matrix variable X with product UVT of two matrices, which we call the constrained and augmented
factored estimation (CAFE) problem:

min JILSAA B} subject to [UVT T € ©. (43)
UeR%1 X7 VERI2 X" T'€R3 X dq

Note that a solution to (43) gives a solution to (42). Conversely, when considering (42) without
any constraint on the first matrix component, the singular value decomposition of the first matrix
component easily demonstrates that a solution to (42) is also a solution to (43). Recently, there has
been a surge of progress in global guarantees of solving the factored problem (43) using various
nonconvex optimization methods [20, 21, 63, 64, 53, 42, 56, 40, 41]. While most of the work
considers (43) without the auxiliary variable and constraints, some studies consider specific types of
convex constraints such as matrix norm bound. We consider ® to be a general convex constraint set.

It is common that the nonconvex factored problem (43) is introduced as a more efficient formulation of
the convex problem (42). Interestingly, in the present work, we reformulate the four-factor nonconvex
problem of SMF in (4) as a three-factor nonconvex CAFE problem in (43) and then realize it as a
single-factor convex CALE problem in (42). We illustrated this connection briefly in Section 2.1 of
the main manuscript.

In order to solve the CALE problem (42), consider the following low-rank projected gradient descent
(LPGD) algorithm: (see Remark C.7 for more discussion on the use of projections IIg and II,.)

Z, 11, (Nl (Zy—1 — TV f(Z—1))), (44)

where 7 is a stepsize parameter, I1g denotes projection onto the convex constraint set @ C R%1 %42 x
R% *d4_and II,. denotes the projection of the first matrix component onto matrices of rank at most
r in R% %42, More precisely, let Z = [X,T']. Then II,(Z) := [II(X), T]. It is well-known that
the rank-r projection above can be explicitly computed by the singular value decomposition (SVD).
Namely, I1,.(X) = UXVT, where X is the » x r diagonal matrix of the top r singular values of
X and U € R %" 'V € R%X" are semi-orthonormal matrices (i.e., UTU = VIV =I,). Note
that algorithm (44) resembles the standard projected gradient descent (PGD) commonly used in the
optimization literature. The algorithm follows a three-step procedure where a gradient descent step
is performed, followed by projection onto the convex constraint set ® and subsequently the rank-r
projection. It is also worth noting the similarity of (44) to the ‘lift-and-project’ algorithm in [12] for
structured low-rank approximation problem, which proceeds by alternatively applying the projections
Il and II, to a given matrix until convergence.

In Theorem C.2, we will show that the iterate Z; of the algorithm (44) converges exponentially to a
low-rank approximation of the global minimizer of the objective f over ®, given that the objective f
satisfies the following restricted strong convexity (RSC) and restricted smoothness (RSM) properties
in Definition C.1. These properties were first used in [3, 45, 36] for the class of matrix estimation
problems and have found a number of applications in optimization and machine learning literature

[56, 41, 51].

Definition C.1. (Restricted Strong Convexity and Smoothness) A function f : R%1 X2 x Rdsxds 3 R
is r-restricted strongly convex and smooth with parameters y, L > 0 if for all Z,Z' € R%1*% x
R%s*d4 whose matrix coordinates are of rank < 7,

H 12 (RSC) / / (RSM) L, 12
5 lvec(Z) —vec(Z)ll; < f(Z) - f(2) = (VI(Z), Z' = Z) < 5llvec(Z) —vec(Z')]>-

(45)
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Next, we discuss optimality measures for the CALE problem (42). Recall that we want to minimize
the objective f subject to two constraints: (1) convex constraint ® and (2) low-rank constraint. We
first consider the following simpler problem without the low-rank constraint:
i Z). 4
mi f(Z) (46)

A first-order optimal point Z* for the above problem is called a stationary point of f over ®, which
is defined as

(VF(Z*),Z—Z*) >0 forallZ € ©. (47)

An alternative definition of stationary points uses gradient mapping [39, 7], which is particularly
well-suited for projected gradient descent type algorithms. Define a map G : © x (0,00) — R by

G(Z,7) = %(Z —le(Z -1V f(Z))). (48)

We call G the gradient mapping associated with problem (46). In order to motivate the definition, fix
Z € O and decompose it as

Z=UNe(Z—-7Vf(Z)+(Z-le(Z—-1V[(Z))) (49)
=le(Z—-7Vf(Z))+1G(Z,7). (50)

Namely, the first term above is a one-step update of a projected gradient descent at Z over ® with
stepsize 7, and the second term above is the error term. If Z is a stationary point of f over ©,
then —V f(Z) lies in the normal cone of ® at Z, so Z is invariant under the projected gradient
descent and the error term above is zero. If Z is only approximately stationary, then the error above
is nonzero. In fact, G(Z,7) = 0 if and only if Z is a stationary point of f over ©® (see Theorem
10.7 in [7]). Therefore, we may use the size of G(Z, 7) (measured using an appropriate norm) as
a measure of first-order optimality of Z for the problem (42). In the special cases when © is the
whole space or when Z is in the interior of @, if 7 is sufficiently small (so that Z — 7V f(Z) € ©),
then |G(Z,7)||r = ||V f(Z)| r, which is the standard measure of first-order optimality of Z for
minimizing the objective f. In general, it holds that ||G(Z, 7)||r < ||V f(Z)||F (see Lemma F.1).

Now we turn our attention to (42). An optimal solution for (46) need not be an optimal solution for
(42), since it may or may not satify the low-rank constraint. Our theoretical convergence guarantee of
the LPGD algorithm (44) for CALE (42) covers these two cases.

Theorem C.2. (Exponential convergence of LPGD) Let f : R%1xd x Rdsxds _ R pe twice
differentiable and r-restricted strongly convex and smooth with parameters p and L, respectively, with
L/u < 3. Let (Zy)¢>0 be the iterates generated by algorithm (44). Suppose @ C R%1*d2 » Rdsxda
is a convex subset and fix a stepsize T € (i, ). Then the ‘contraction constant’ p := 2 max(|1 —
Tul, |1 = 7L|) < 1 and the followings hold:

(i) (Correctly specified case) Suppose Z* = |X* ,T'*] is a stationary point of | over © such that

rank(X*) < r. Then Z* is the unique global minimizer of (42), lim;_, o Z¢ = Z*, and for
t>1,

1Z: — Z*||p < 9" ||Zo — Z*|| - (5D

(ii) (Possibly misspecified case) Let Z* = [X*,T'*] be an arbitrary point in the interior of © with
rank(X*) < r. Thenfort > 1,

120 = 21k < ' 120 = 24 + 1 (VEIVRSZlle + Ve /(2 ) - 652

In general, if Z* is an arbitrary point of © with rank(X*) < r, then denoting the gradient
mapping [AX*, AT*] := L(Z* — Nle(Z* — 7V f(Z*))) at Z*, then for t > 1,

2T
120 = 2Z*l1e < o120 = 24 1p + T (VEIAX 2 + AT p) . (53

Theorem C.2 (i) asserts that the LPGD algorithm (44) converges at a linear rate to the unique global
minimizer Z*, provided that there exists a stationary point Z* of f over the convex constraint set ©
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with the first matrix factor X having rank at most r. This assumption holds in the standard statistical
estimation setting, where one seeks to estimate a ‘ground-truth’ parameter Z* with a low-rank matrix
factor from noisy observations. In this case, the objective f represents the empirical error. Hence
in this case, it is reasonable to assume that the gradient V f(Z*) (in general, the gradient mapping
G(Z, 7)) is small or at least Z* is near-stationary. In fact, Wang et al. [56, Condition 5.7] makes such
an assumption.

In contrast, Theorem C.2 does not require such an assumption of near-optimality of the parameter
Z* to be estimated. In practical situations, the rank of the ground-truth parameter is often unknown,
and one attempts to explain observed data by using a low-rank model, in which case the assumed
rank 7 could be much lower than the true rank. For such generic situations, let Z* be an admissible
parameter such that the second term in (53) is minimized. Then Theorem C.2 (ii) shows that the
LPGD algorithm (44) converges linearly to such Z* up to a ‘model misspecification error’, the
minimum value of the second term in (53). In the proof of statistical estimation guarantees of SMF
stated in Theorems 3.5 and 4.1, we show that such a model misspecification error is small with high
probability.

The general framework of proof in Theorem C.2 shares similarities with the standard argument
used to demonstrate the exponential convergence of projected gradient descent with a fixed step
size for constrained strongly convex problems (as shown in Theorem 10.29 in [7]). However, a key
technical challenge arises due to the absence of non-expansiveness (i.e., 1-Lipschitzness) in our case.
This challenge stems from the fact that the constraint set of low-rank matrices is not convex when
minimizing a strongly convex objective with a rank-constrained matrix parameter. Consequently, we
cannot rely on the non-expansiveness of the convex projection operator, especially considering that
the rank-r projection II,. obtained via truncated SVD is not guaranteed to be non-expansive.

To address this issue, we employ a strategy that involves comparing the iterates Z, obtained from
(44) with auxiliary iterates Z.. These auxiliary iterates are derived using a carefully designed linear
projection (see Lemma C.3) that incorporates non-expansiveness. Then we can establish that the
original rank-r projection is essentially 2-Lipschitz. So if the distance between the auxiliary iterate
Zt and the global minimizer contracts with a ratio < 1/2, then the distance between the actual iterate
Z, and the global minimizer contracts with a ratio < 1. This contraction property ensures exponential
convergence of the distance between Z; and the global minimizer in Theorem C.2.

Proof of Theorem C.2. We first derive (i) assuming (ii). Suppose Z* = [X*,I'*] is a stationary
point of f over © such that rank(X*) < r. Let Z = [X, T'] be arbitrary in ® with rank(X) < r. By
stationarity of Z*, we have (V f(Z*), Z — Z*) > 0, so by RSC (45),

%IIV@C(Z) —vec(Z)|* < f(Z) - f(Z7). (54)

Hence f(Z) > f(Z*). Thus Z* is the unique global minimizer of (42). Also, since Z* is a stationary
point of f over ©, the gradient mapping ~(Z* — Il (Z* — 7V f(Z*))) is zero. Thus the rest of (i)
follows from (ii).

Next, we prove (ii). Let Z* = [X*,~*] € © be arbitrary with rank(X*) < r. Fix an iteration counter
t > 1. Our proof consists of several steps.

Step 1: Constructing a suitable linear projection

Let X* = U*X*(V*)T denote the SVD of X*. For each iteration ¢, denote Z; = [Xy,~,] and let
X; = U; 2,V denote the SVD of X;. Since X; and X* have rank at most 7, all of both U*, Uy,
V*, and V,; have at most r columns. Define a matrix Ujs,. so that its columns form an orthonormal
basis for the subspace spanned by the columns of [U*, U;_1, U;]. Then Usg,. has at most 37 columns.
Similarly, let V'3, be a matrix so that its columns form an orthonormal basis for the subspace spanned
by the columns of [V*, V;_1, V;]. Then V3, has at most 3r columns. Now, define the subspace

A= {A e R4 |span(AT) C span(Vs3,), span(A) C span(Us,) } . (55)

Note that A is a convex subset of R% %% Also note that, by definition, X*, X, X,_; € A. Let IT4
denote the linear projection operator of R% *%2 onto A.

Step 2: Constructing auxiliary iterates Z,
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Let A denote the linear subspace of R% %92 in (55). Let
H/ = H.AXRdBXd4 (56)

denote the projection operator of R% X2 x Rds*d4 onto A x R% <44 Define the following auxiliary
iterates

Z, = X, 0] =1 (e (Zi—1 — TV f(Z;_1))). (57)

By Lemma C.3 and the choice of .4, we have
X, =1, (X;) € argmin |X; —X||p and Z;, Z; 1, Z* € A x R%*d, (58)

X, rank(X)<r
It follows that

12 — Z*||F < |Zi — Zi|| 7 + | Ze — Z*| (59)
= | X¢ = Xellr + |12 — Z* (60)
<|1X* = Xillp + 12 — Z*||F < 2/|Z — Z¥] . (61)

Hence if we can show ||Z; — Z* || is small, then ||Z; — Z* ||z is also small.

Step 3. Showing ||Z; — Z*||  is small

Denote the gradient mapping AZ* := 1(Z* — Ilg(Z* — 7V f(Z*))) (Recall that this equals zero if
Z* is a stationary point of f over ®, but we do not make such an assumption in this proof). We claim
that

12 = Z*||r < 0| Ze1 = Z*|| + |1 (AZ")]| (62)
where ) := max(|1 — 7L|, |1 — Tul|).

Below we show (62). Using Z* € A x R% X1 and linearity of the linear projection II’, write

ZF =1'(Z") (63)
=T'(Me(Z" — 7V f(2"))) + ' (2" — e (Z" — TV f(Z"))) (64)
=1I'(leg(Z* — TV f(Z*))) + ' (TAZ"). (65)
Using the non-expansiveness of I and Il and linearity I,
1Z: — 27| (66)
= I (e (Zi—1 =7V f(Zi-1))) — ' (e (Z2* — 7V f(Z¥))) —=II' (TAZ*)| . (67)
< Zis — TV (Zo) — Z* + TVI(Z) | + T (FAZ) . (68)

Hence in order to derive (62), it is enough to show that
|Zir — TV (Zir) — Z* + TV (Z)||p < 0] Zees — 2| . (69)

The above follows from the fact that Z;_; and Z* have rank < r and the restricted strong convexity
and smoothness properties (Definition C.1). Indeed, since \V& f is continuous,

Ziy —7Vf(Zi1) —Z" +7Vf(Z) (70)
=(Zy—1 —Z") —7(Vf(Zi—1) — Vf(Z¥)) (71)

1
= / (I—7V2f(Z* + 5(Z4—1 — Z%))) (Zy—1 — Z*) ds. (72)

0

From the above with the inequality ||AB||z < ||Al|2]|B| r,

1Ze—1 =7V f(Zi1) = Z* + TV F(Z7)||p (73)
< sup 1= 7V2f(Z)|2 |1 Ze-1 — Z*| . (74)

Z:[Zl,ZQ]Z rank(Zl)Sr

Since the eigenvalues of V2 f(Z;_1) are contained in [y, L], the eigenvalues of I — V2 f(Z;_1) are
between 1 — 7L and 1 — 7. Hence the right hand side above is at most

n||Zi—1 — Z*||F, (75)
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verifying (69). This shows (62).
Step 4: Bounding the error term
From (61) and (62), we deduce

12— Z* 5 < 20||Zer — 2|l + 20 (AZ")] . 76)

Note that IT'(AX*, Ay*) = [IT 4 (AX*), Ay*] and rank(.A) < 3r. Thus by triangle inequality,
[T (AX*, Ay9)||F < [TT(AX) |7 + 1A p a7
< VBR[| AXH |z + (| Ay - (78)

Also note that 0 < 1 < 1/2 if and only if 7 € (i, 2-), and this interval is non-empty if and only

if L/ < 3. Hence for such choice of 7, 0 < 2n < 1, so by a recursive application of the above
inequality, we obtain

2T
120~ 2" < n)! 20— 2 + =g (VBHIAXS o 4 87 0r) . (79)
This completes the proof of (ii). O

The following lemma is inspired by the proof of Thm. 5.9 in [56].
Lemma C.3. (Linear projection factoring through rank-r projection) Fix Y € R4 *% R > r ¢
N, and denote X = T1,(Y) and X = TI4(Y), where A C R%*4 js q linear subspace. Let

X = UXVT denote the SVD of X. Suppose there exists orthonormal matrices U € R4*F and
V € R2*E sych that

A={A e R"*% |col(AT) C col(V), col(A) C col(U)}, (80)

col(U) C col(U), col(V) C col(V). (81)

Then X = I1,.(X).

Proof. WriteY — X = UXVT forits SVD. Let d := rank(Y) and let oy > -+ > 04 > 0 denote

the nonzero singular values of Y. Since X = I1,(Y) = UXV7 and Y = UXV? + UXV7, we
must have that 3 consists of the top r singular values of Y and the rest of d — r singular values are

contained in 3. Furthermore, col(U) L col(U).
Now, since X € A and I1 4 is linear, we get

X =T4(X + (Y = X)) = UV + 1 (UVT), (82)
Let Z := IL4(UXVT) and write its SVD as Z = USV7”. Then note that (UTTTU )T =
TUU U=UsinceUU :R% — R% is the orthogonal projection onto col(U) D col(U). Hence
UTﬁﬁT = UT. Also note that, by the definition of A, for each B € RA1xd2

I14(B)=TUU BV V. (83)
Hence, noting that col(U) L col(U), we get
uTz = u” (ﬁﬁTUEVTVTV) (84)
- (UTﬁUT) UsSvVIV'V (85)
= (V") =VIV V= 0. (86)
It follows that UTU = O, since UTU = (UTZ)V ()~ = O. Therefore, rewriting (82) gives the
SVD of X as
N . [Z O]V
X-[U O [O i] M . 37)

Furthermore, [|[TT4(UXVT)||y < |22 = 0711, s0 T consists of the top r singular values of X. It
follows that X = UXVT is the best rank-r approximation of X, as desired. O
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Remark C.4. Note that in (77), we could have used the following crude bound
[T (AXS, Ay [ < I[AXS A || < [[AXS |7 + [[AY*| (88)
< Vrank(AXF)[AXF |2 + [Av e, (89)

which is also the bound we would have obtained if we chose the trivial linear subspace A = R%1 >4z
in the proof of Theorem C.2 above. While we know rank(X*) < r, we do not have an a priori bound

on rank(AX*), which could be much larger than v/3r. A smarter choice of the subspace A as we
used in the proof of Theorem C.2 ensures that we only need the factor v/3r in place of the unknown

factor y/rank(AX*) as in (77).

Remark C.5. Suppose f is not only rank-restricted smooth, but also L’-smooth on © for some
L’ > 0. Then we have

F(Ze) = F(Z*) < (IVF(Z)] + Lp') p'l|Zo — 2" || (90)
for t > 1. Indeed, note that

1
F(Za) - f(2°)] = / (VF(Z* 4 5(Zo — Z7)) . Z — 27) ds 1)
0
1
< / IV (Z* + 5(Zoy — )| |20 — 2] ds ©2)
0
1
< / (IVF@)| + SL|Zo — Z4]) |2 — 2| ds ©3)
< (IVF(Z)| + L2, — Z*||) [|Z,, — Z7]. (94)

Then (90) follows from Theorem C.2 (ii).

Remark C.6. A similar approach as in our proof of Theorem C.2 was used in [56] for analyzing a
similar problem without auxiliary features and under a stronger assumption that the gradient V f(Z*)
is small. Our analysis is for a more general setting but is a bit simpler and gives a weaker requirement
L/ < 3 for the well-conditioning of the objective f instead of L/u < 4/3 in [56].

Remark C.7. We give some salient remarks on the use of projections Ilg and II, in our LPGD
algorithm (44). First, in principle, one could alternate between the two projections 11, and Ilg at
every iteration after a gradient descent step until convergence, similarly to the alternating projection
in [12]. However, this would make each iteration of the algorithm prohibitively expensive as this
requries to perform rank-r SVD until convergence at every iteration. The problem in [12] is much
simpler than ours as the objective function is simply the Frobenius norm between the target and the
estimated low-rank constrained matrix.

Second, what happens if we switch the order of two projections I, and Ilg in (44)? Our proposed
LPGD algorithm performs the convex projection Ilg first and then applies the low-rank projection
II,.. The key inequality we derive in the proof of Thm. C.2 is (62):

1Ze = Z¥||p < 20| Ze—1 — Z7||p + |1 (TAZY) | p, (95)
where I1; is a linear projection onto a 3r-dimensional linear subspace that depends on Z*, Z;, and

Z,_,. The last error term above can be bounded above uniformly in ¢ using [|TI:(A)||r < V37| All2.
So we can apply the above inequality recursively to obtain the desired result.

Now if we consider an alternative algorithm that uses the low-rank projections II,. first and then the
convex projection Ilg, then we can derive a corresponding key inequality:

12 = Z*||» < 20|21 — Z*|[F + | TA'Z"| (96)

where TA'Z* := Z* — 11,(Z* — 7V f(Z*)) denotes the gradient mapping at Z* w.r.t. the ‘virtual’
linear constraint that we constructed during the proof to approximate the low-rank constraint.

To give more detail, it amounts to derive similar inequalities in (65)-(69) assuming the reverse order
of projections. Namely, in place of (65), we use

7+ — o (Z*) 97)
=1Ilg (H’(Z* — TVf(Z*)) + 7 — H’(Z* — TVf(Z*))) . (98)
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Note that unlike in (65) we cannot distribute the convex projection Ilg since it is not in general a
linear projection as II; is. Then in place of (66), using the non-expansiveness of II; and Ilg, we get

1Z; — Z*| (99)

He (I (Z¢—1 — TV f(Zi_1)))

H °! o (IV(2* = 7V f(Z") + 2* ~ (2 v f(z))|, 1O

H (I (Zi—y — TV f(Zi_1))) on
= ((Z* = 7V f(2")) + Z* = T(Z" = 7V {(Z")))|

<N Zioy =7V (Zir) — 25 + TV (2| p + [|[TA'Z | p. (102)

The first term in the last expression can be bounded by the same argument as in (69)-(75). Then by
recursively applying the inequality (96), we can obtain

1Ze = Z*||r < (20)" |20 — Z*||F + Z 20)" " | TAMZ | p. (103)
k=1
Hence the rate of convergence we would get is the same as the original algorithm, but the additive
error takes a different form. Since the ‘low-rank gradient mapping’ A¥Z* depends on the iterates
Z.,7Z;_1, we find it easier to control the gradient mapping with respect to the convex projection that
comes out from the analysis of the original algorithm.

D Proof of Theorems 3.5 and 4.1

In this section, we prove the main results for SMF, Theorems 3.5 and 4.1. In the main text, we
explained that our algorithm for SMF (Alg. 1) is exactly an LPGD for the reformulated problems (11)
(for SMF-H) and (12) (for SMF-W). Therefore, our proofs of Theorems 3.5 and 4.1 are essentially
verifying the well-conditioning hypothesis L/u < 3 of the general result for the LPGD algorithm
(Theorem C.2).

D.1 Proof of Theorem 3.5 and its generalization

Theorem 3.5 in the main text is a special case of the following more general result, which we prove
in this section.

Theorem D.1. (Exponential convergence for SMF) Let Z; := [0,y i} denote the iterates of Algorithm
1. Assume 3.1-3.3 hold. Let ji and L be as in (15), fix stepsize T € (o, =), and let p := 2(1 —7p) €

(0,1). Suppose L/ < 3.

217 2L

(i) (Correctly specified case; Theorem 3.5 in the main text) Suppose there exists a stationary point
Z* = [0",~4*] of F over the convex constraint set © s.t. rank(0™) < r. Then Z* is the
unique global minimizer of F among all Z = [0, ~] with rank(0) < r. Moreover

|Ze — Z*||p < pt |Zo — Z*||p  fort > 1. (104)

(ii) (Possibly misspecified case) Let Z* = [0*,~*] b e arbitrary in © s.t. rank(0”) < r. Denote the
gradient mapping at Z* as [A0*, AT*] := 1 (Z* — lle(Z* — TV F(Z*)). Then fort > 1,

* 27— *
12~ 2 < ' 20~ 21+ 12 (VARO[ + 1Ay r) . (105)

We remark that even in the presence of a nonzero additive error (which bounds the unnormalized
estimation error ||Zs, — Z*|| ), our Theorem 4.1 demonstrates that, under natural generative models
for SML, this error becomes vanishingly small with high probability with noise variance 02 = O(1/n)
for SMF-W and % = o(1//n) for SMF-H. Roughly speaking, these results indicate that the
generative SMF models are nearly correctly specified with high probability. As a result, the algorithm
achieves exponential convergence to the correct parameters for the generative SMF model up to a
statistical error that vanishes as the sample size tends to infinity.

We begin with some preliminary computations. Let a, denote the activation corresponding to the sth
sample (see (2)). More precisely, a; = ATx, + 'yTx’s for the filter-based model with A € RP**,
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and a5 = A[:, s] + yTx, with A € R**" for the feature-based model. In both cases, B € RP*"
and v € R?*%. Then the objective function f in (4) can be written as

F(AB. ) = [~ 3030100 = ) lomgy(an) | + €K~ BIE + A (JAIE + [13)
o (106)
:iQ%G+§M@MO—ip@=@mmmm> (107)
X~ B A (AT 1 ). (108)

where a,[i] € R denotes the ith component of a; € R”. In the proofs we provided below, we
compute the Hessian of f above explicitly for the filter- and the feature-based SMF models and use
Theorem C.2 to derive the result.

For each label y € {0, ..., k} and activation a € R, recall the negative log-likelihood
U(y,a) =log ¥ h(ac) — Y 1gy—cylogh(ac) (109)
c=1 c=1

of observing label y from the probability distribution g(a) defined in (1). An easy computation shows

Val(y,a) = h(y,a) = (hy,..., h.) €R",  V.Varl(y,a) = H(y,a) = (h;;) € R™", (110)

where

hj = hj(y,a) == (Hgé%—l(yzj)h/(%)) (111)

mﬁ<h%%ﬂ@=ﬁ W (i) (ay) )1@iﬁ<whm (anf>.

L+ 20 had) (14, h(ae)”

h(aj)  (h(a;))?
(112)

Proof of Theorem D.1 for SMF-W. Let f = I denote the loss function for the filter-based SMF
model in (12). Fix Zq,Z, € © C R%1%d2 » Rdsxds_ Since the constraint set © is convex (see
Algorithm 1), tZ; + (1 — t)Zy € © for all ¢ € [0, 1]. Then by the mean value theorem, there exists
t* € [0, 1] such that for Z* = t*Zy + (1 — t*)Zs,

f(Z2) = f(Z1) = (Vf(Z1), Z> — Zn) (113)
= % (vec(Za) — vec(Z1))" Vyee(z) Vvee(z)r f(Z7) (vec(Za) — vec(Zy)) . (114)

Hence, according to Theorem C.2, it suffices to verify that for some p, L > 0 such that L/ < 3 and
:U‘I = vvec(Z)vvcc(Z)Tf(z*) < LI (115)
for all Z* = [X, ] with rank(X*) < r.

To this end, let a, = ATx, + ’)’TX/S for the filter-based model we consider here. We discussed that
the objective function f in (12) can be written as (106). Denote

. T
a, = ATx, ++7x, = [<{A[f’f.q, [Xf] > Cj= 1,...,4 € R”, (116)
—~—

vl xS
~———
= =9
where we have introduced the notations u; € R®+9x1 for j = 1,... s and ¢, € RPTD*1 for
s=1,...,n. Denote U := [uy,...,u,] = [A || 7] € RPtD*% which is a matrix parameter that

vertically concatenates A and ~. Also denote ® = (¢, ..., ¢,) € RPTDX" which is the feature
matrix of n observations. Writing

n

f(UB) = Uys: UT,) + & Xawa — Bl 7 + A U7 (117)

s=1
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and using (109), we can compute the gradient and the Hessian of f above as follows:

Voot £(U, B) = (Z iy, U $,) @ cbs) + 2Avee(U), (118)
s=1
VBf(U>B) = 2£(B - Xdata)7 (119)
Vvec(U) vvec(U)Tf<U7 B) = (i I:I(ysa UT¢S) ® d)sd)Z) + 2/\I(p+q)i<c7 (120)
s=1
Vvec(B)vvec(B)Tf(-U—v B) = 2£Ipna VveC(B)vvec(U)Tf(Ijv B) = 07 (12])

where ® above denotes the Kronecker product and the functions h and H are defined in (110).

Recall that the eigenvalues of A ® B, where A and B are two square matrices, are given by
Aiftj, where A; and p; run over all eigenvalues of A and B, respectively. Hence denoting Hy :=

S H(y,, UT¢,,) ® ¢p,¢! and using 3.1-3.2, we can deduce

Auin(F0) = Ao (07 @@7) | min  Awin (Fl(s, 6., 0)) = nd"a” 2 np* >0, (122)

1<s<n,

Amax(Hu) < 7 Amax (n_1<I’<I>T) Max_ Amax (I"{(ys,¢>s,U)) <nétat <nL*.  (123)

1<s<n,U
It follows that the eigenvalues of the Hessian Hg, of the loss function f satisfy

Amin (Hg) > min(2A 4+ np™, 2€), (124)
Amax (Hgir) < max (2A + nL*, 2¢). (125)

This holds for all A, B, such that rank([A, B]) < r and under the convex constraint (also recall
that U is the vertical stack of A and ). Hence we conclude that the objective function F in
(12) verifies RSC and RSM properties (Def. C.1) with parameters ;1 = min(nu* + 2, 2£) and
L = max(nL* + 2, 2£). This verifies (115) for the chosen parameters p and L. Then the rest
follows from Theorem C.2. O

Next, we prove Theorem D.1 for SMF-H, the exponential convergence of Algorithm 1 for the
feature-based SMF.

Proof of Theorem D.1 for SMF-H. We will use the same setup as in the proof of Theorem D.1 for
SMF-W. The main part of the argument is the computation of the Hessian of loss function f := F’
for SMF-H in (11), which is straightforward but substantially more involved than the corresponding
computation for the filter-based case in the proof of Theorem D.1. Let a, = A[:, s] + vT'x/, for the
feature-based model with A € R**™. Denote

a, = LA[, s] + 7%, = [<{I“L“ij, {A[:{;S}D; j= 1,...,nr eR". (126
—_——

[, 4] x
——
=1V =,
Note that in the above representation we have concatenated A[:, s] with the auxiliary covariate x/,,
whereas previously for SMF-W (see (116)), we concatenated Al[:, j| with regression coefficient
~[:, j] for the auxiliary covarate for the jth class’. A straightforward computation shows the following

2This is because for the feature-based model, the column Al s] e R" fors = 1,...,n represent a feature
of the sth sample, whereas for the filter-based model, A[:, j] for j = 1,..., x represents the jth filter that is
applied to the feature x, of the sth sample.
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gradient formulas:

h(ylv al)

vec(A)f a")/v <Z h ys; as ®1, [ ]) + 22 VGC(A) = +2X VeC(A)a
h(yn, a)
(127
vcc(’y)f A ’Ya (Zh ysvas ;) + 2)\V€C(7)7 (128)
va(A7'7a ) = 2§(B - Xdala) (129)
Viee(a) Vvee(ayr f(A, 7, B) = diag (I:I(yl7 ai),... 7I:I(yn, an)> + 2M1L.p, (130)
vvec(’y)vvcc('y)Tf(Av v, B) = <Z I:I(ys, as) & X/s (X/S)T> + 2)\Iqm (131)
s=1

vvec(B)vvoc(B)Tf(ika v B) = 2£Ipna (132)
Vet Ve 7/ (8,7, B) = [H(y,a1) @ %, ... Hlya,a0) ©x, | € R0, (133)
vVec(B)vvec(V)T.f(‘Aa v B) =0 for V.= A7’7 (134)

From this, we will compute the eigenvalues of the Hessian Hy, of the loss function f. In order to
illustrate our computation in a simple setting, we first assume x = 1 = ¢, which corresponds to
binary classification k = 1 with one-dimensional auxiliary features ¢ = 1. In this case, we have

Heeo i = vvec(A,'y,B)vvec(A,'y,B)Tf(Av'77 B) (135)
—h(yl, ar) + 2\ ) 0 . 0 :f:L(yl, a;)r) o
0 h(y2,a2) + 2\ ... 0 h(y2, az)wh (o)
- 0 .. 0 fz(yn, a,) + 2\ ﬁ(yn, a,)zT), o) ’
hrass  hmaz)zs o hywadsn (S0 hsa)@)?) +24 0
i o o 0 0 2T, |
(136)
where we denoted & = hy; € R and xl, = x,, € Rfors = 1,...,n. In order to compute the

eigenvalues of the above matrix, we will use the following formula for the determinant of 3 x 3 block
matrix: (O representing matrices of zero entries with appropriate sizes)

A B O
det | |[BT C O] | =det(C—B"A'B)det(A)det(D). (137)
O O D

This yields the following simple formula for the characteristic polynomial of Hi,:

det(Hgey — tI) (138)
_ (ih(%’as i (h(ys, a,))?(z)? +2/\—t> ﬁ (ﬁ(ys,as)+2A—t) (26 — t)P"
s=1 =1 (s, as) + 2>‘ -t s=1

(139)

(Z; 22 yt aé)y: ;)(_ D ono t> 1;[1 (ii(ys, a,) + 2\ — t) (26 — t)P™. (140)
Since the first term in the parenthesis in the above equation has solution 2, it follows that

Amin (Hiea) > min(2X, a7~ 4 2, 2€) = min(2), 2¢), (141)

Amax (Hpear) < max (2X, o 42X, 26) = max (o + 2, 2¢). (142)
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Now we generalize the above computation for the general case «, g > 1. First, note the general form
of the Hessian as below:

Hieu := vvec(A,’Y,B)vvec(A,'y,B)Tf(A777 B)

[H(y1,a1) + 2)\L,
0
0
ﬂ(yl, a1) ®x]
L (0]

0
H(yo,a2) + 221,

H(y2,a2) ® x5
O

0

H(yn, an) + 2AL,
H(yn,a,) ® x),

)

(Fi(y, 1) © x1)”
(Fi(y2, 22) © xb)"

(H(yn, an) ©x;,)"

Z:;l ﬂ(ys, a;s) ® X (XIS)T
+2A1 4
O

Note that for any square symmetric matrix B and a column vector x of matching size,
Boxx! — (Bex)T(B+wl)™!

det (Hyey — ¢1)

n -1 .,
=det {(2A -1 ( (s, as) + (2X — t)IK) H(y,,a,) ©x,(x0)7 + (2) — L,
s=1

It follows that

(B®x)=

(B—B(B+wl)"'B) ® (xx")
=((B+wl) -

B) (B4 wI)"'B ® (xxT)

=w(B+wl) 'Boxx’.
Hence by a similar computation as before, we obtain

(Hdet( (ys,as) + (A — )1 ))(2&—@

Amin(eral) > min(2>\, 25)7
AInza‘x(eral) < max (O[+ + QA, 2&) .
Then the rest follows from Theorem C.2.

D.2 Proof of Theorem 4.1

(143)

0
0

0
0

26T pn |

(144)

(145)
(146)
(147)

(148)

(149)

(150)

(151)
(152)
O

In this section, we prove the statistical estimation guarantee for SMF in Theorem 4.1. Recall the
generative model for SMF in (17). Our proof is based on Theorem 3.5 that we have established
previously and standard matrix concentration bounds, which we provide below:
Lemma D.2 (2-norm of matrices with bounded and independent columns). Let X be a dy X ds
random matrix of independent, mean zero, real-valued columns such that || X||coc < L almost surely
for some constant L > 0. Then

B(IX]ly > 1) < (d1 + da) exp (

—t2/2

max{dy,da} L2 + (Lt/?’)) .

(153)

Proof. This lemma is a simple consequence of the matrix Burnstein’s inequality (see, e.g., [52,
X4, |, where x;s are the columns of X. Note that, by the

Thm. 6.1.1]). Indeed, write X = [xq, ...,

hypothesis,

Similarly,

IEXTX]> = [ldiag(E[x1[13], - - -,

IEXXT]]2 =

da

j=1

ZE[xjx

Eflxa, 3Dz < d1L?.

T
J

]

2

It follows that matrix variance statistics v(X) of X satisfies
v(X) := max {|[E[XXT]|l2, |[EX"X]|2} < max{di,d>}L*.
Then the tail bound on the 2-norm of X as asserted follows immediately from the matrix Burnstein’s

inequality.
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(155)
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Lemma D.3. (2-norm of matrices with independent sub-gaussian entries) Let A be an m X n random
matrix with independent subgaussian entries A;; of mean zero. Denote K to be the maximum
subgaussian norm of A;;, that is, K > 0 is the smallest number such that E[exp(A;;)%/K?] < 2.
Then for each t > 0,

P (|Allz = 3K(vVm+v/n+1)) < 2exp(—t?). (157)
Proof. See Theorem 4.4.5 in [54]. O

Now we prove Theorem 4.1 for SMF-W.

Recall that the (Lo-regularized) negative log-likelihood of observing triples (y;,x;,x}) for i =
1,...,nis given as
1 2
»Cn = F(A7B77)+W||X4UX_C”F+67 (158)
where cis a constant and F'is as in (11) or (12) depending on the activation type with tuning parameter
¢ = 5%5. Write the true parameter Z* = [6*, v*]. Recall that rank(6*) < r by the model assumption
in (17).

Proof of Theorem 4.1 for SMF-W. Let us define the expected loss function F(A,B,~) :=
Ee, e/ 1<i<n [FF(A, B, 7)]. Define the following gradient mappings of Z* with respect to the empiri-

cal F and the expected F loss functions:

G(Z*, 1) := 1 (Z* — g (Z* — TVF(Z*))), G(Z*,7):=

T

3=

(Z* — e (Z* — TVF(Z))) .
(159)

It is elementary to show that the true parameter Z* is a stationary point of F' — A(||A[|% + [|v]|%)
over ® C RP*(#+n) » RI** Hence we have G(Z*,7) = 2A\[A*, O,~*], so we may write

G(Z*,7) = G(Z*,7) — G(Z*,7) + 2\[A*, 0,~v"] (160)
= % e (Z* = 7VF(Z")) — e (Z* — TVF(Z"))] + 2A\[A*,0,~7] (161)

We will consider two cases, depending on whether the true parameter Z* satisfies the first-order
optimality condition for f over the convex constraint ®. The first-order optimality w.r.t. the low-rank
constraint is handled directly by Theorem D.1.

Case 1. Z* — 7V F(Z*) € © (In particular, this is the case where © equals the whole space).
In this case, we can disregard the projection Ilg in the above display so we get
G(Z*,7) — 2\[A*,0,4"] = VF(Z*) — VF(Z*) = [A8", AF"]. (162)

We will show that, for some constants ¢, C' > 0, with probability at least 1 — n=L,

S = V3r| A8 |2 + ||AF || F < ev/mlogn + 3Co(y/p+ v+ c/logn).  (163)
By Theorem D.1 with [A8*, AT™] := G(Z*, 1),

120 = Z7\lr = o' 120 — 27| (164)
T * *
< 10 (VBrlaets + 1ayir) (165)
T il * ~x *
< 17 (V31807 + 201A%) + (185"l + 20" le)) - (166)

It follows that with probability at least 1 — n =1,

.
1Z: — Z*||p < p' | Zo — Z*| p + i, (c\/ﬁlogn +3Co(\/p+Vn+ c\/logn)) (167)

2T
+ o (VBIAT s + ) (168)
—p
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1

Now since L/p < 3 and 7 € (5, =), there exists ¢ > 0 such that 7 = = oo 5):“' Then ;= =

2u° 2L p
7T = i Thus, with probability at least 1 — n =1,
I A
2,2 p - 20— 2*p < O YIOERTAY (169)
L
as desired.

Now we show (163). The argument is that, the norm of [AH*, A~*] can be decomposed into the
sum of norms of random matrices with independent mean zero columns or mean zero Gaussian
random matrices, which should have norm at most /n log n with high probability by standard matrix
concentration inequalities.

We use the notation U = [AT ~T|T, U* = [(AN)T, (v*)T]T, @ = [¢y,...,¢,] = XL, Xg;x]

(see also the proof of Theorem 3.5). Denote a, = UT'¢, and a¥ = (U*)T ¢, fors =1,...,n and
introduce the following random quantities

Qi := [h(yl,al),...,fl(yn,an)] e R, (170)
Qo :=[€1,...,6n] ERPX" Q3:=[¢],..., €] € RPX", (171)
Recall that
- 2

Viee(u) I <;h Ys, As) @ ) +2\vec(U), VpF(U,B)= @(B — Xdaa),
(172)

_ ) .
VveC(U (ZE |: ySaas & ¢) ]) + 2)\V€C(U), VBF(U,B) = E(B — B ),
(173)

where h is defined in (111). Note that

: W (alj]) W (alj]) :
E |h(ys,as d)s} ( —gj(a} - i 7=1,...,K (174)
i) Ty b)Y @ /.
( Wl b)) h’(am)> o
L+3 0 hald)  1+350, hagld) hali]) / aea, T
(175)
so the above vanishes when a; = a%. Hence
E[h(y.a}) © ¢, =E [E [h@s, al) © ¢, H -0, (176)
Hence we can compute the following gradients
Vee(a)(F — F)(A,B,v) = (Zh Ys, as ®xg> (177)
Vvec(’y)(-F F) A B,’Y (Zh ys,as s) (178)
_ 2
Ve(F - F)(A,B,vy) = 55 2(B* Xata) = ﬁ[el, ceeyEnl. (179)
It follows that (recall the definition of 7,,x in Assumption 3.3)
IVA(F = F)(A*, B, 7") |2 = [ D (B*[:, s] + €5)h(ys, a3)" (180)
s=1 2
h(ys,a}) h(ys,a})" (181)
2
< IIB*Iloo Q113 + Yanax Q2] - (182)
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Similarly, we have

[AY"||F = [V (F = F)(A*, B*,v)lF < VA Vveery) (F — F)(A*,B*, 7). (183)
< \/§HC*||OO||Q1||2+\/67maXHQ3H2- (184)

Using the fact that ||[A, B]||2 < ||Al|2 + || B||2 for two matrices A, B with the same number of rows,
we have

|88 = Va0~ PyA" B "), + [V(F — P)(A B, a8s)

2
< B oo 181l + 7max [[Q2ll; + 55 Q25 - (186)

Thus, combining the above bounds, we obtain
3
- .
S =V3r[|A |2 + IAF |F <> cillill2, (187)
i=1

where the constants ¢y, ¢, cg > 0 are given by

* * 2
C1 = (V 3T||B ||oo + \/&”C Hoo) 3 Co =V 37’(7max + ﬁ)a C3 = \/&’Yma)v (188)
Next, we will use concentration inequalities to argue that the right hand side in (187) is small with
high probability and obtain the following tail bound on S:

P (s > ey/nlogn + 3Co (/b + Vi + c\/logn)> < % (189)

where C' > 0 is an absolute constant and ¢ > 0 can be written explicitly in terms of the constants we
use in this proof. This is enough to conclude (163).

Recall that for a random variable Z, its sub-Gaussian norm, denoted as || Z||,, is the smalleset
number K > 0 such that E[exp(Z2/K?)] < 2. The constant C' > above is the sub-gaussian norm
of the standard normal variable, which can be taken as C' < 36e/log 2. Using union bound with
Lemmas D.2 and D.3, for each ¢,t’ > 0, we get

P (S > eit +3(co + ¢3)Co(y/p+ Vn+t)) (190)
> 3C
<P([|Quflz > ¢) + (ZP(HQZ»HQ > ;(wﬂx/vﬂt’)) (191)
1=2
42
< 2K exp (C%IiQTb) + 2exp(—(t')?). (192)

Indeed, for bounding P(||Q1]|2 > t), we used Lemma D.2; for bounding tail probabilities of ||Qz||2
and [|Q|2, we used Lemma D.3 with K = <2 and K = CT"/, respectively. Observe that in order

to make the last expression in (190) small, we will chose ¢ = c4+/nlogn and t' = c4+/log n, where
c4 > 0 is a constant to be determined. This yields

P (S > cregy/nlogn + 3(ca + ¢3)Co(y/p + vVn + can/log n)) <n7%, (193)

where c; > 0 is an explicit constant that grows in ¢4. We assume ¢4 > 0 is such that ¢s > 1. This
shows (189).

Case2. Z* — TVF(Z*) ¢ ©.

In this case, we cannot directly simplify the expression (160). In this case, we take the Frobenius
norm and use non-expansiveness of the projection operator (onto convex set ®):

_ 1 _
|G(Z*,7)-G(Z*,7)||Fr = p |[Me (2" —7VF(Z")) — e (2" —7VF(Z"))]||, (194
< | VF(Z*) = VF(Z")|p (195)
< [|A8" (| + [|AF | £ (196)

30



According to Remark C.4, we also have Theorem C.2 (and hence Theorem 3.5) with +/ 3r||A§* Il2

replaced with ||A6*||F. Then an identical argument with ||Q;||r < /min(p, n)||Q;||2 fori = 2,3
shows

S = || 88" |[p + [|AF ] r < c1]|Qu]l2 + c2v/min(p, n)||a |2 + csy/min(p, ) |Qsll2,  (197)

where the constants ¢y, co, cg > 0 are the same as in (188). So we have

* * T * *

12~ 210 < 120~ 2l + 7 (5 + 2A(A7 + [ ). (198)

Then an identical argument shows
P (S’ > et + 3(ca + ¢3)Co(y/p + v + t')y/min(p, n)) (199)

& 3Co
P(||Q1||2>t)+ZP(QzH2> T(\/];—F \/E—Ft/))’ (200)
i=2

and the assertion follows similarly as before. O

It remains to show Theorem 4.1 for SMF-H.

Proof of Theorem 4.1 for SMF-H. The argument is entirely similar to the proof of Theorem 4.1 for
SMF-W. Indeed, denoting a, = A[:, s] + vTx/, for s = 1,...,n and keeping the other notations
the same as in the proof of Theorem 4.1, we can compute the following gradients

Va(F = F)(A,B,v) = [h(y1,a1),...,h(yn, an)] (201)
vvec('y)(F F) A B77 (Zh ysaas s) (202)
2 2

Ve(F — F)(A,B,7) = o —(B* — Xqua) = o —le1,... €l (203)

Hence repeating the same argument as before, using concentration inequalities for the following
random quantities Q1, Q2, Q3 we defined in (170), one can bound the size of G(Z*,7) with high
probability. The rest of the details are omitted. O

E Auxiliary computations

Remark E.1. Denoting £ = ¢'n and A = A'n, the condition L/p in Theorem 3.5 for SMF-W
reduces to

L* L* * /_L* * 2/_ * /_L*
<3:>(—<§’<3“ 0<)\’<6£ )U(£’>3“ '573”<>\’<6'£ )

e 6 2 = 2 2’ 6 2
(204)
L* L* _ ,U/* , S(L* _ M*) L* _ 3/-1/* , 6&-/ _ L*
= >
e 3:>( 1 <& < 1 , 1 <N < 5 (205)
u(5’>3(L2—"),25 ;3’“‘ <A’<65;L). (206)

F Auxiliary lemmas
Lemma F.1. Fix a differentiable function f : RP X R and a convex set @ C RP. Fix 7 > 0 and
1
G0,7):=—(0 —Tle(@ — TV f(0))). (207)
T

Then for each 8 € ©,

GO, 7)<Vl
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Proof. The assertion is clear if |G(8,7)|| = 0, so we may assume ||G(8, 7)|| > 0. Denote 8 :=
Ile (6 — TV f(0)). Note that

6= arger/nin 6 —7VF0) -6 (208)
so by the first-order optimality condition,
O—0+7Vf(0),0 —-0)>0 Vo cO. (209)
Plugging in @ = @ and using Cauchy-Schwarz inequality,
TG0, 7)|* = 16 — 8]> < 7(Vf(6), 6 — 6) < |V f(8)] 7/|G(6.7)]. (210)
Hence the assertion follows by dividing both sides by 72||G (8, 7)| > 0. O

G Experimental details

All numerical experiments were performed on a 2022 Macbook Air with M1 chip and 16 GB of
RAM.

G.1 Experiments on semi-synthetic MNIST dataset

We give more details on the semi-synthetic MNIST we used in the experiment in Figure 2. Denote
p =282 = 784, n = 500, r = 2, and x = 1. First, we randomly select 10 images each from digits
’2> and ’5’. Vectorizing each image as a column in p = 784 dimension, we obtain a true factor
matrix for features We x € RP*". Similarly, we randomly sample 10 images of each from digits
’4’ and *7’ and obtain the true factor matrix of labels W v € RP*". Next, we sample a code
matrix Hyye € R™*™ whose entries are i.i.d. with the uniform distribution U ([0, 1]). Then the ‘pre-
feature’ matrix Xy € RP*™ of vectorized synthetic images is generated by Wye x Hire. The feature
matrix Xgu, € RPX™ is then generated by adding an independent Gaussian noise £; ~ N (0,021,)
to the jth column of X, for j = 1,...,n, with 0 = 0.5. We generate the binary label matrix
Y = [y1,...,yn] €{0,1}1%" (recall k = 1) as follows: Each entry y; is an independent Bernoulli
-1
variable with probability p; = (1 + exp (—,BEUE’YWT v Xdatal5, z])) , where By v = [1, —1].

true

No auxiliary features were used for the semi-synthetic dataset (i.e., g = 0).

G.2 Experiments on the Job postings dataset

Next, we give details on the job postings dataset [6]. There are 17,880 postings and 15 variables in the
dataset including binary variables, categorical variables, and textual information of job description.
Among the 17,880 postings, 17,014 are true job postings (95.1%) and 866 are fraudulent postings
(4.84%). This reveals a significant class imbalance, where the number of true postings greatly
outweighs fraudulent ones, making this class imbalance a noteworthy characteristic of the dataset. In
our analysis, we have coded the fake job postings as positive examples and the true job postings as
negative examples.

In our experiments, we represented each job posting as a p = 2480 dimensional word frequency
vector computed from its job description and augmented with ¢ = 72 auxiliary features of binary and
categorical variables, including indicators that specify whether a job posting has a company logo or if
the posted job is in the United States. For computing the word frequency vectors, we represent the job
description variable as a term/document frequency matrix with Term Frequency-Inverse Document
Frequency (TF-IDF) normalization [43]. Common words that appear in all documents are assigned
lower importance, while words specific to particular documents are deemed more significant. In our
analysis, we utilized the 2,480 most frequent words for further examination.

G.3 Details on CNN and FFNN
For the task of classifying microarray data into cancer classes, we compared the performance of our

method with both CNN and FFNN in Figure 3. Specifically, the CNN architecture was designed
with a convolutional layer with 32 filters and a kernel size of 3, followed by an average pooling layer
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with a pool size of 2. Subsequently, a second convolutional layer with 64 filters and a kernel size of
3 was integrated, further followed by another average pooling layer with the same pool size. The
architecture was finalized with a flatten layer, a fully connected layer of 128 neurons activated by
ReLU, a dropout layer with a rate of 0.5, and a final fully connected layer with a sigmoid activation.
On the other hand, the FENN consisted of a fully connected layer featuring 64 neurons with ReLU,
followed by a dropout layer with a regularization rate of 0.5. A subsequent fully connected layer
with 32 neurons activated by the ReLU was incorporated, followed by a fully connected layer with a
sigmoid function. This comparative analysis was repeated five times, consistent with the procedure
outlined in the main paper.

An intriguing observation emerges from our benchmarking analysis. While the FFNN’s performance
on the breast cancer dataset is comparable to ours (The LPGD algorithms for SMF), the overall
performance of CNN is notably inferior to ours. This disparity can primarily be attributed to the small
sample size of the training set (145 samples for breast cancer and 25 samples for pancreatic cancer) in
comparison to the substantial dimensionality of gene features (exceeding 30,000 features). We note
that obtaining a substantial volume of biomedical data for cancer research is very expensive, making
it challenging to feasibly train complex models such as deep neural networks. The significance of our
approach becomes evident in its ability to retain robust performance even when facing the challenges
posed by a restricted sample size and a complex high-dimensional feature landscape. Moreover, our
method augments this resilience with the advantage of interpretability.
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