Appendices

Notations and Organizations. To begin, we first briefly introduce some notations used through-
out the appendix. For a scalar function f(Z) with a variable Z € REX*¥ its gradientis a K x N

matrix whose (i, j)-th entry is [V f(Z)];; = % forall i € [K],j € [N], where z;; represents
the (4, j)-th entry of Z. The Hessian of f(Z) can be viewed as an KN x KN matrix by vec-
torizing the matrix Z. An alternative way to present the Hessian is by a bilinear form defined via

[V2f(Z)](A,B) =Y. 0*1(Z) ai;bre for any A, B € REXN which avoids the procedure of

1,5,k,8 Ozijzpe
vectorizing the variable Z. We will use the bilinear form for the Hessian in Appendix E.

The appendix is organized as follows. In Appendix A, we discuss the relationship between this work
to the previous work that beyond neural collapse. Appendix B includes the detailed description of
metrics for measuring N Cduring network training and additional experimental results. In Appendix
C, we introduce the basic definitions and inequalities used throughout the appendices. In Appendix
D, we provide a detailed proof for Theorem 3.1, showing that the Simplex ETFs are the only global
minimizers to our regularized cross-entropy loss. Finally, in Appendix E, we present the whole
proof for Theorem 3.2 that the function is a strict saddle function and no spurious local minimizers
exist, which is one of the major contributions of the work.

A Relationship to the Prior Arts Beyond Neural Collapse

Our work highly relates to recent advances on studying the optimization landscape in neural network
training; see [98, 99] for a contemporary survey. Most of the existing work [32—-42] analyzes the
problem based on a bottom-up approach — from the input to the output of neural networks — ranging
from two-layer linear network [33, 38, 40, 89], deep linear network [34, 37, 38, 41], to nonlinear
network [35,36,38,39]. More specifically, the line of work [33,34,38,40,41] studied the optimization
landscape for linear two-layer networks and proved that the associated training loss is a strict saddle
function. For deeper linear networks, it can be shown that flat saddle points exist at the origin,
but there are no spurious local minima [34,37]. For nonlinear neural networks, it has been proved
that there do exist spurious local minima [35, 36], but such local minima may be eliminated, or the
number can be significantly reduced, in the over-parameterization regime [35,39]. Additionally, the
work [32] proved that certain local minima (having an all-zero “slice”) are also global solutions,
but the analysis is crucially dependent on the sufficient condition of an all-zero slice in the weights,
which is insufficient to characterize the landscape properties. At a high level, the differences between
these results and ours can be summarized as follows.

* A Feature Learning Perspective. While most of these results based on the bottom-up approach
explain optimization and generalization of certain types of deep neural networks, they provided
limited insights into the practice of deep learning. In contrast, we take a top-down approach to
look at the network starting from the very last layer. The slight difference in the models can lead to
a dramatic difference in the interpretability for deep learning. By starting from the last layer, our
results not only provide valid reasons on why the training loss can be efficiently optimized, but also
provide a precise characterization of the last-layer features as well as the classifiers learned from
the network. As we will show, such a feature learning perspective not only helps with network
design (see Section 4.3), but may bear broadly on generalization and robustness of deep learning
as well as the recent development of contrastive learning (see Section 5).

* Connections to Empirical Phenomena. Moreover, most existing theoretical results on landscape
analysis [100, 101] are somewhat disconnected from practice due to unrealistic assumptions, pro-
viding limited guiding principles for modern network training or design. In contrast, our assump-
tion on the last-layer features as optimization variables is naturally based on model overparame-
terization. Moreover, our results provide explanations for A’C, an empirical phenomenon that has
been widely observed on convincing numerical evidence across many different practical network
architectures and a variety of standard image datasets.

Our work also broadly relates to the recent theoretical study for deep learning based on Neural
Tangent Kernels (NTKs) [102], where a neural network behaves like a linear model on random
features hence has a benign optimization landscape. However, the “kernel regime” that NTKs work
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in requires neural networks that are infinitely wide — or at least so wide that is beyond the regime that
practical neural networks work in [103—106]. In contrast, we adopt the unconstrained feature model
which does not directly impose requirements on the width of the neural network and, as shown in our
experiments, well captures the behavior of practical neural networks. Hence, our result can provide
a more practical understanding for deep learning.

Moreover, from a boarder perspective our work is rooted in recent advances on global nonconvex
optimization theory for signal processing and machine learning problems [51, 80, 82,107,108]. In a
sequence of works [71-83, 109—111], the authors showed that many problems exhibit “equivalently
good” global minimizers due to symmetries and intrinsic low-dimensional structures, and the loss
functions are usually strict saddles [49-51]. These problems include, but are not limited to, phase
retrieval [75,76], low-rank matrix recovery [71,74,77,79,80], dictionary learning [70,72,73,81,82],
and sparse blind deconvolution [83, 109—-111]. As we shall see, the global minimizers (i.e., simplex
ETFs) of our problem here also exhibit a similar rotational symmetry, compared to low-rank matrix
recovery. In fact, our proof techniques are inspired by recent results on low-rank matrix recovery
[77,80]. Thus, our work establishes a new connection between recent advances on nonconvex
optimization theory and deep learning.

B Experiments

In this section, we provide with more details for reproducing the experiments presented in the paper.
In particular, we emphasize that the datasets involved in the paper, namely MNIST and CIFARIO,
are publicly available for academic usage: MNIST dataset is made available under the terms of the
Creative Commons Attribution-Share Alike 3.0 license, and CIFAR10 dataset is made available un-
der the MIT license. All experiments are conducted on a single RTX3090 GPU with 24GB memory.

B.1 Metrics for Measuring N'C During Network Training.

We measure N'C for the learned last-layer classifiers and features based on the properties presented
in Section 1. Some of the metrics are similar to those presented in [1]. First, we define the global
mean and class mean of the last-layer features {hy, ;} as

1

nk

1 n
R i, = - hi(1<k<K).

K n
n-
i—=1 =1

k=11

» Within-class Variability Collapse for the Learned Features H. We introduce the within-class
and between-class covariance matrices as

K
= KZZ (hi,i — ) (R — hk)T, : th_hG hk—hg)T
Ko

k=1 1i=1

Thus, we can measure the within-class variability collapse by measuring the magnitude of the
between-class covariance 35 € R%*? compared to the within-class covariance Xy, € R4*¢ of
the learned features via

NC, = %traee (EWETB> , (6)

where ETB denotes the pseudo inverse of X .

* Convergence of the Learned Classifier W to a Simplex ETF. For the learned classifier W €
RE*4 we quantify its closeness to a Simplex ETF up to scaling by

wwT 1 1
= - Iy — =1x1p
HHWWTHF K1 ( S K)

where we rescale the ETF in (5) so that \/7 (Ix — %1k1}) has unit energy (in Frobenius

norm). It should be noted that our metric N'Cs combmes two metrics used in [1] to quantity to
what extent the classifier approaches equiangularity and maximal-angle equiangularity.

; )

F
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Figure 6: Illustration of N'C across different training algorithms with ResNet18 on MNIST. From the left
to the right, the plots show the four metrics, N'C1, NC2, NCs, and N'C4, for measuring N'C, defined in (6),
(7), (8), and (9), respectively.

» Convergence to Self-duality. Next, we measure the collapse of the learned features H to its dual
W. Let us define the centered class-mean matrix as

H = mlth Ethg}GRdXK.

Thus, we measure the duality between the classifiers W and the centered class-means H by

WH 1 1
NCs = — - (I - =1 1T) 8
3 |HWHHF e v
F
* Collapse of the Bias. In many cases, the global mean h¢ of the features might not be zero,!” and
the bias term b would compensate for the global mean h¢ in the sense that
Whi,+b = W (hy; —hg)+ Whg +b.
——
=0
Thus, we capture this collapsing phenomenon by measuring
NCy = |b+Whel,. )

B.2 Additional Experiments
B.2.1 The Prevalence of N'C Across Different Optimization Algorithms

In Figure 6 and Figure 7, we run all the experiments with ResNetl18 on MNIST and CIFAR10
without modification. The results lead to the following observations:

e NC is Algorithm Independent. Similar to Figure 3, we consistently observe from Figure 6 that all
four metrics collapse to zero, trained by different types of algorithms — SGD, Adam, and LBFGS.
This implies that N'C happens regardless of the choice of training methods. The last-layer features
learned by the network are always maximally linearly separable, and correspondingly the last-
layer classifier is a perfect linear classifier for the features.

* Relationship between N'C and Generalization. Figure 7 depicts the learning curves in terms of
both the training and test accuracy for all three optimization algorithms (i.e., SGD, Adam, and
LBFGS). These experimental results'® show that different training algorithms learn neural net-
works with notably different generalization performances, even though all of them exhibit N'C.
Since NC is only a characterization of the training data, it does not directly translate to unseen
data. As the network is highly overparameterized, there are infinitely many networks that produce
the same H with A/C for a particular training dataset, but with different generalization perfor-
mance. This suggests that study generalization needs to consider the algorithmic bias and the
learned weights for the feature H. A thorough investigation between A'C and generalization is
the subject of future work.

7For example, as discussed after Theorem 3.1 all the feature vectors in H would be nonnegative, because
the nonnegative nonlinear operator ReLU has been applied at the end of the penultimate layer.

8Note that here we use the default version of LBEGS in PyTorch. Other variants of quasi-Newton methods
[112,113] may give different or better generalization performance.
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Figure 7: Illustrations of training and test accuracy for three different training algorithms (i.e., SGD, Adam,
and LBFGS) with ResNet18 on MNIST and CIFAR10.
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Figure 8: Training results of CIFAR10 with completely random label. Multilayer perceptron (MLP) of a
fixed depth of 4 is used with various feature width. Note that the right column is the misclassification percentage
of all samples in training.

B.2.2 The Validity of (3) Based on Unconstrained Feature Models for N'C

The premise of our global landscape analysis of (3) for studying N'C in deep neural networks is
based upon the unconstrained feature model introduced in Section 2.1, which simplifies the network
by synthesizing the first L — 1 layers as a universal approximator that generates a simple decision
variable for each training sample. Here, we demonstrate through experiments that such a simpli-
fication is reasonable for overparameterized networks, at least sufficient for characterizing N'C in
practical network training.

The Validity of Unconstrained Feature Models. For the ease of studying the effects of model
sizes (i.e., overparameterization) on A/C, we also train 4-layer multilayer perceptrons (MLP) of
different network width using SGD with learning rate 0.01 and weight decay 10~*. We report the
corresponding N'C behaviors in Figure 8, which shows how training misclassification rate and N'C
evolve over epochs of training for networks with different widths. Figure 8 shows similar results
to Figure 4 with ResNet18, in the sense that the training accuracy is highly correlated with A'C in
the sense that a larger network (i.e., larger width) tends to exhibit severe AN'C and achieves smaller
training error.

Comparison of Weight Decay on the Network Parameter © vs. on the Features H in (3).
In comparison to typical training protocols of deep networks which enforce weight decay on all
the network weights @, our problem formulation (3) based on the unconstrained feature model
replaced © by penalizing the feature H produced by the L — 1 “peeled-oft” layers. To check the
practicality of such formulation, we empirically run experiments using ResNet18 on MNIST and
CIFARI10. Figure 9 shows the N'C evolution for both the classical formulation and our “peeled”
formulation, we notice that the N'C behavior happens in both scenarios comparably. We also point
that without extensive hyper-parameter tuning, the models trained under the “peeled” set-up could
already achieve test accuracy of 99.57% and 77.92% on MNIST and CIFARI0 respectively. We
note that such performances are on-par with the test accuracy of the classical formulation (2), with
test accuracy of 99.60% and 78.42% on MNIST and CIFARI0 as reported in Figure 7.

B.3 Insights from NC for Improving Network Designs

Similar to Figure 5, we train a ResNet18 and fix the weights in the last layer as a Simplex ETF
throughout training for MNIST and CIFAR10 datasets, but without any data augmentation. Fig-
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Figure 9: Comparison of A/C behavior for weight decay on © vs. on (H, W). For the latter set up, we
choose Aw = Ap = 0.01 and Az = 0.00001.
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Figure 10: Comparison of the performances on learned vs. fixed last-layer classifiers. We compare within-
class variation collapse N'C1, self-duality A/Cs, training accuracy, and test accuracy, on fixed and learned
classifier on MNIST-ResNet18 (Top) and CIFAR10-ResNet18 (Middle). All networks are trained by SGD
optimizer.

ure 10 presents a comparison of learned and fixed classifiers in terms of within-class variation col-
lapse (NCy), self-duality (M C3), training accuracy, and test accuracy. The results in Figure 10 are
consistent with those in Figure 5, implying that the fixed classifier and setting d = K exhibits the
same within-class variation collapse for the feature H, and achieves the same classification accuracy
as the fully-trained classifier with d > K.

C Basics

Definition C.1 (K-Simplex ETF) A standard Simplex ETF is a collection of points in R¥ specified
by the columns of

M =\ g3 \Ir —glxlc )
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where Iy € REXE s the identity matrix, and 1z € R¥ is the all ones vector. In the other words,
we also have

K 1

Asin [1,26], in this paper we consider general Simplex ETF as a collection of points in R? specified
by the columns of \/ 55 P (Ix — 71k 1)), where (i) when d > K, P € R is an orthonor-

mal matrix, i.e., PTP = Ik, and (ii) when d = K — 1, P is chosen such that [PT \/%11(} is

an orthonormal matrix.

Lemma C.2 (Young’s Inequality) Let p, q be positive real numbers satisfying % + % = 1. Then for
any a,b € R, we have
p b q
lab] < Jal” + L7
p q
where the equality holds ifand only if |a|’ = |b|?. The case p = q = 2 is just the AM-GM inequality

fora?, b%: |ab| < 1 (a® + b?), where the equality holds if and only if |a| = [b].
The following Lemma extends the standard variational form of the nuclear norm.

Lemma C.3 For any fixed Z € RE*N and o > 0, we have

1z). = valgH 5 (W15 +aHI). (10)
min{K,N}
12, = > on(2)=trace(X), with Z = USV',
k=1
where {ok}zl;nl{K’N} denotes the singular values of Z, and Z = UXV " is the singular value

decomposition (SVD) of Z.

Proof [Proof of Lemma C.3] Let Z = UXV | be the SVD of Z. First of all, by the facts that
UTU = I, VTV = I, tracce ATA = ||A|% for any A € R™*"2, and cyclic permutation
invariance of trace (), we have

1 1
|Z]|, = trace(X) = mtrace (VaU'Usz) + ?traee (\/aEVTV)
_ 1 ”a1/4U21/2“2 +aHa_1/421/2VTH2 .
2/« F F

This implies that there exists some W = o'/*UX'/? and H = o~ '/*XY/2V'T such that | Z||, =
% (HWH?7 +a ||H||%) This equality further implies that
1Z], >  min (W15 +a 1HI3) (an

~ zZ=WH Q\f
On the other hand, for any W H = Z, we have

1Z)|, = trace(¥) = trace (U'ZV) = trace (UTWHV)
- NC—
< 75U IHVE < f (W1 +alHIE).,

where the first inequality utilize the Young’s inequality in Lemma C.2 that [trace(AB)| <
HAH Ft+ 5 ¢ ||BJ3 w forany ¢ > 0 and A, B of appropriate dimensions, and the last inequality

2
Wi+

follows because IU|| =1and ||V] = 1. Therefore we have
120 < jmin, 5= (IWIE+alH]). (12)
Combining the results in (11) and (12), we complete the proof. |
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Lemma C.4 (Theorem 7.2.6 of [114]) Ler A € R"™*"™ be a symmetric positive semidefinite matrix.
Then for any fixed k € {2,3,- -}, there exists a unique real symmetric positive semidefinte matrix

B such that B* = A.

D Proof of Theorem 3.1

In this part of appendices, we prove Theorem 3.1 in Section 3 that we restate as follows.

Theorem D.1 (Global Optimality Condition) Assume that the feature dimension d is larger than
the number of classes K, i.e., d > K — 1. Then any global minimizer (W* H~ b*) of

. A
uin f(WHLB) = g(WH +617) + W w2 2 et a3)
with
1 K n
gWH +b17) = = > > Lop(Whii +b,yp), (14)
k:l =1
obeys the following
||’LU*||2 — Hw*1||2 — ||w*2||2 o Hw*KHz’ and b*zb*17
* )‘W *k . —x 1 K . .
ki = mw , Vke[K],i€[n], and h, = Ezh}i =0, Vi€]ln]

where either b* = 0 or \p = 0, and the matrix ﬁW*T forms a K-simplex ETF defined in
2
Definition C.1 in the sense that

1 K 1
7‘17*1—‘17* - - I _ 71 1T .
[ aw*]|? K—1 < " K)

D.1 Main Proof

Similar to the proofs in [24, 26], we prove the theorem by directly showing that f(W,H,b) >
f(W*, H*, b*) for any (W, H, b) not in the form as shown in Theorem D.1.

Proof [Proof of Theorem D.1] First note that the objective function f is coercive'® due to the weight
decay regularizers and the fact that the CE loss is always non-negative. This implies that the global
minimizer of f(W, H,b) in (13) is always finite. By Lemma D.2, we know that any critical point
(W, H,b) of fin (13) satisfies

AH
Aw

For the rest of the proof, to simplify the notations, let ||W||§7 = p, and thus | H ||% = :\\—H p.

w

W'w=""HHT.

We will first provide a lower bound for the cross-entropy term g(W H + b1T) for any W with
energy p, and then show that the lower bound is attained if and only if the parameters are in the form
described in Theorem D.1. Now, by Lemma D.3, we know that for any ¢, c3 > 0,

P Aw
gWH+b1") > _(1+c1)(K 1),/A + e

with ¢z = 7~ log (1 +c1)(K — 1)) (1+Cl ) Therefore, we have

A A
f(W,H,b) = g(WH + bﬂ) + —W W%+ S5 1H G+ 5 bl

p )\
e (T o 1)’/)\ +C2+Awp+f||b\|2

P AW AH)
> g(pv)‘WaAH)v

A function f : R™ — R is coercive if f(z) — 400 as ||z|, — +oo.
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where the last inequality becomes an equality whenever either A\, = 0 or b = 0. Furthermore, by
Lemma D.4, we know that the inequality f(W,H,b) > £ (p, A\w,Am) becomes an equality if
and only if (W, H, b) satisfy the following

“|

@ lly = o', = w2, = - =

(b) b = b1, where either b = 0 or A\ = 0;

9

) h; = %Zfﬂhj,i =0, Vie[n,and /L wk = hy,;, Vke[K], i€[n];

AH

M WWT = 225 (Ix — 1xlg):
-1
€ ¢ = {(K—l)exp (—ﬁ ;H—Wn)} .

To finish the proof, we only need to show that p = || W||§7 must be finite for any fixed Ay, Agr > 0.

-1
From (e), we know that c; = {(K —1)exp (—ﬁ /\’\H—Wn)} is an increasing function in terms

of p, and ¢p = ﬁ log (1+c1)(K — 1)) + 1= log (1:”%) is a decreasing function in terms of

c1. Therefore, we observe the following:

* When p — 0, we have ¢; — ﬁ and c; — log K, so that

;I_T}(l)f(ﬂ; Aw,AH) = ;I_T)I(l)cz(ﬂ) = log K.

* On the other hand, when p — +00, ¢; — 400 and ¢ — 0, so that £(p; A\w, A\gr) — +00
as p — +o00.
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Figure 11: Plot of £(p; Aw, Agr) in terms of p for n = 100 and different K, Aw, Asr.

Since &(p; Aw, Agr) is a continuous function of p € [0,400) and &(p; Aw, Agr) — +oo and
p — 00, these further imply that £(p; Aw, Agr) achieves its minimum at a finite p (see Figure 11
for an example. This finishes the proof. [ ]

D.2 Supporting Lemmas

We first characterize the following balance property between W and H for any critical point
(W, H,b) of our loss function:

LemmaD.2 Letp = ||W||§7 Any critical point (W, H | b) of (13) obeys

Al

A
WIW = SBHH ad p = Wi = T HI (15)

Aw
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Proof [Proof of Lemma D.2] By definition, any critical point (W, H,b) of (13) satisfies the fol-
lowing:
Vw[(W,H,b) = Vz_wu gWH +b1")H" + \wW = 0, (16)
Vaf(W,H,b) = W 'Vzewng gWH +b1") +\gH = 0. (17)

Left multiply the first equation by W T on both sides and then right multiply second equation by
H'" on both sides, it gives

WiVzewn gWH+b1H' = Ay W' W,
WiVeewn gWH+b1")HT = - \gH H.

Therefore, combining the equations above, we obtain
MWW = \gHH'.

Moreover, we have

p = |[W|3 = trace (WTw) = ;—Htrace (HH') = i—Htrace (H'H) = %HHH;,

w w
as desired. ]
(w)"
LemmaD.3 Letr W = € REX\ H = [y hgy,) € R*N, N = nK, and
(w")"
p= HW||§7 Given g(W H + b1") defined in (14), for any critical point (W, H,b) of (13) and

c1 > 0, we have

T _ P Aw
gWH +b17) > Ate)E-—DVagn =@ (18)

with cg = ﬁ log (1+¢1)(K—1))+ s log (1-54)

1

Proof [Proof of Lemma D.3] By Lemma D.5 with 2, ; = Why,; + b, since the scalar ¢; > 0 can
be arbitrary, we choose the same ¢; and ¢; for all ¢ € [n] and k € [K], we have the following lower

bound for g(W H + b1T) as
(1+c)(K —1) [g(WH +b17) — ¢

K n
=(1+a)(K-1) H D> Lep(Whii+b,ys) — CQ]
k=1 i=1
1 S [E _
>G>0 lz (P w” +bj) = K (hy jw" + by) (19)
k=1i=1 Lj=1
1 n K K K K K
-N l Zzh;—,zwj_KZh;—,iwk + ZZ(bj—bk)]
i=1 k=1 j=1 k=1 k=1j=1
=0
1 n K K K
=N (Zzhﬂwk -KY hjw"
i=1 \k=1j=1 k=1
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where for the last equality we let h; = % Zszl h; ;. Furthermore, from the AM-GM inequality in
Lemma C.2, we know that for any u, v € RE and any cs > 0,

u'v < || ull3 + Hvllg,

where the inequality becomes an equality when csu = v. Thus, we further have

(I4c) (K —1) [g(WH + blT) — ]

K
> =53 [ty - Mzzuh b5

i=1 k=1

— 12
m Z KZ ||h,“||2> —Kl!hiIIQ]
=1
c 1 R’
— - 2w - 5 <||H||%—Ki_ZthiH2>’

where the first inequality becomes an equality if and only if

cswh = (hy; —h;), Yke[K], icln]. (20)

I
|
oS
g
_=
oW
|

Let p = ||[W|%. Now, by using Lemma D.2, we have W W = JILHHT, so that |H|3 =
trace (HH ") = 3% trace (W W) = 3% . Therefore, we have

A 1
H+b1lT)>— P 21
g<W +o ) - 2(1 +Cl)(K — 1) (03 . )\H 03n> +e ( )

as desired. The last inequality achieves its equality if and only if

h; =0, Yic][n]. (22)

Plugging this into (20), we have

K 2 2
k o_ 2 2?21 Zk:l Hh;“||2 _ HHHF _ Aw
csw” = hp; =>c3 = e oz = T T o
nY ey Ikl n||Wlp niu

This together with the lower bound in (21) gives

A
Ty > _ P w
SWH AL 2 = &)V dgen T

as suggested in (18). [ ]

Next, we show that the lower bound in (18) is attained if and only if (W', H , b) satisfies the follow-
ing conditions.

Lemma D.4 Under the same assumptions of Lemma D.3, the lower bound in (18) is attained for
any critical point (W, H,b) of (13) if and only if the following hold

leHz = Hw2H2 == HwK|2 and b=01,
1 & \
= 2 hii =0, Vi, and A;Tank = hy;, Vkel[K], i€ [n],

-1
T P (- Ltiar - 2w
Ww' = %1 (IK K1K1K>,and61 = [(K 1)exp< % 1 )\Hn>] .

The proof of Lemma D.4 utilizes the conditions in Lemma D.5, and the conditions (20) and (22)
during the proof of Lemma D.3.
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Proof [Proof of Lemma D.4] From the proof of D.3, if we want to attain the lower bound, we know
that we need at least (20) and (22) to hold, which is equivalent to the following:

K
1 )
- ?E hj; = 0, Yieln], and MTank = hys, VkelK],icn], 23)

which further implies that

K
> wh =o. (24)
k=1

Next, under the condition (23), if we want (18) to become an equality, we only need (19) to become
an equality, which is true if and only if the condition (34) in Lemma D.5 holds for 21, ; = Why, ; +b

forall i € [n] and k € [K]. First, let [z, ;]; = h,Iiwj + b;j, where we have
X AHT
> lzkil; = by, Zwﬂ+Zb = /5 H h ZhﬂJer
j=1
A — -
- %Kh;ihﬁij = Kb (25)
j=1

withb = = S°%  b;, and

A

Klzwide = Khl b+ Kbe = /2% (K [[w]];) + Kbx. (26)
s )\H

Based on (25), (26), and (34) from Lemma D.5, we have
(Zﬁl[zk,i]j) — Klzp,lx

-1

¢ = [(K—1)exp

K-1
-1
_ [(Kl)exp <KK_1 (b ?IZLHw'CH;bk))] , @7)
Since the scalar ¢; > 0 is chosen to be the same for all k € [K], we have
W2+ = v VE£R, )
Second, since [2y;]; = [z,w»]g for all Vj, ¢ # k, k € [K], from (23) we have

hew! +b; = hl w'+b, Vi l#k ke [K]

) 4 )
— 2 wh)Twd b = ) (wh)Tw + by, Vi LAk kE[K]. (29)
)\Hn )\Hn

Based on this and (24), we have

A D) ,
W H’wkHz—Fbk = 27 ('w])ka—i—bk
)\Hn )\Hn 7k
A
= —(K = 1)/ (w) Twk + [ b+ Y (b —by)
)\Hn%,_/ i
1k LE[K] 37t

= —(K—l),/%(wlﬂwu [2b), 4+ (K — 1)b, — Kb] (30)

for all £ # k. Combining (28) and (30), for all k, ¢ € [K] with k # ¢ we have
20 + (K —1)by — Kb = 2by+ (K — 1)b, — Kb <= by = by, Vk#L.
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Therefore, we can write b = b1k for some b > 0. Moreover, since by, = b, for all k& # £, (28) and
(29), and (30) further imply that

1 _ 21 _ _ K ez _ 1 2 _ P
[y, = flw?ll, = - = [w"[,, and o], = = IWIF = =, (31
. 1 2 P .
T,k _ NT, k k|2 _
where (32) is equivalent to
T P 1 T
= — | Ix — =1k1 .
ww K—1 ( Kok K>
Finally, plugging the results in (31) and (32) into (27), we have
5 -1
P w
“ [( )exp( K-1 /\Hn>1 ’
as desired. [ |

Lemma D.5 Let y;, € RE be an one-hot vector with the kth entry equalling 1 for some k € [K].
For any vector z € RX and ¢, > 0, the cross-entropy loss Lcg(z,yr) with yj, can be lower
bounded by

c 1 (Zszl Zl) 7sz
>
ce(z yk) > 1+ K_1

+ c2, (33)

where co = ﬁ log (1+c1)(K —1)) + 17~ log (H'%) The inequality becomes an equality

when

K -1
(Zi:l Zl) — Kz
K—-1

zi = zj, Vi,j#k, and ¢ = |(K—1)exp (34)

Proof [Proof of Lemma D.5] Notice that for any vector z € R, the cross-entropy loss with 9, can
be lower bounded by

YL, exp(z)
Ler(z,yr) = log | == —— log | 1+ exp (zi — 2x)

exp(zk) e
% — Rk
> 1 1 —
> log [ 14 (K —1)exp ZK—I
i#k
K
K 2i—K
= log (1 + (K —1)exp (Z—lzz’“>> (35)
K-1
where the inequality follows from the Jensen’s inequality that
1 -
Zexp(zi —zr) = (K — 1)ZK71exp(zi —zr) > (K —1)exp 4 ZKiZlk ,
i#k i#k i#k

which achieves the equality only when z; = z; for all ¢,j # k. Second, by the concavity of the
log(+) function (i.e., log (tx + (1 — t)z’) > tlogx + (1 — t) logz’ forany z, 2’ € Rand ¢ € [0, 1],
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which becomes an equality iff x = 2/, or t = 0, or t = 1), from (35), for any ¢; > 0 we have

Lcu(z, yr)
K
- 10g< a1 l4e I 1 (14 ¢1)(K —1)exp (M))

1—|—61 C1 1—|—Cl K—-1

1 Zli zi — Kz, c1 1+
> 1 1 K -1 e 1
“11a °g<( el )eXp< K1 >>+1+01 e\

K
1 (Zi:l Zz) — Kz, 1 c1 1+
= 1 1 K -1 I
A g (e (K 1))+ og( - )

ca

as desired. The last inequality becomes an equality if any only if

K
1+a Dim1 %i KZk) or ¢

C1

=0, or ¢ = +oo.

= (1+C1)(K—1)exp< 1

However, when ¢; = 0 or ¢; = 400, the equality is trivial. Therefore, we have

<Zfi1 zl> — Kz,
K—-1 ’

-1

¢ = [(K—1)exp

as desired. |

E Proof of Theorem 3.2

In this part of appendices, we prove Theorem 3.2 in Section 3. In particular, we analyze the global
optimization landscape of

n

K
. 1 Aw 2 | AH 2 | Ab 2
nin, J(W,H,b) = f{n;;ﬁw (Whii+b,yr) + - HWHF—'—THHHF—'—?”b”Q;

with respectto W € RExd T — [R11--hgn] € RN and b € R¥. We show that the function
is a strict saddle function [49-51] in the Euclidean space, that there is no spurious local minimizer
and all global minima are corresponding to the form showed in Theorem D.1.

Theorem E.1 (No Spurious Local Minima and Strict Saddle Property) Assume that the feature
dimension d is larger than the number of classes K, i.e., d > K. Then the function f(W , H b) in
(13) is a strict saddle function with no spurious local minimum:

* Any local minimizer of (13) is a global minimum of the form shown in Theorem D. 1.

e Any critical point of (13) that is not a local minimum has at least one negative curvature
direction, i.e., the Hessian V2 f (W, H, b) at this point has at least one negative eigenvalue

\i (V2f(W,H,b)) < 0.

E.1 Main Proof

Proof [Proof of Theorem E.1] The main idea of proving Theorem 3.2 is to first connect the problem
(13) to its corresponding convex counterpart, so that we can obtain the global optimality conditions
for the original problem (13) based on the convex counterpart. Finally, we characterize the properties
of all the critical points based on the optimality condition. We describe this in more detail as follows.
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Connection of (13) to a Convex Program. Let Z = HW € REXN with N = nK anda = /\—H
By Lemma C.3, we know that

Aw
nin QHWWF+‘*HHMTZ VAwAm  min
= Viwm | Z],-

Thus, we can relate the bilinear factorized problem (13) to a convex problem in terms of Z and b as
follows

M (W13 +alHI})

. ~ A
min _f(Z.b) = g(Z+b17) + VAwAw 2] + T [l (36)

ZeRKEXN peRK

Similar to the idea in [32,77,87,115], we will characeterize the critical points of (13) by establishing
a connection to the optimality condition of the convex problem (36). Towards this goal, we first show
the global minimum of the convex program (36) provides a lower bound for the original problem (3).

More specifically, in Lemma E.2 we can show that for any global minimizer (Z,, b,) of f satisfies

f(Z*b*) < f(W,H,b), YW e RE* HcR™N peRK. (37)

Characterizing the Optimality Condition of (13) Based on the Convex Program (36). Next,
we characterize the optimality condition of our nonconvex problem (13), based on the relationship
to its convex counterpart (36). Specifically, Lemma E.3 showed that any critical point (Z, b) of (36)
is characterized by the following necessary and sufficient condition

Vg(Z+b1") € -/ Awrud|Z|,,

N
D [Vg(Z +b17)]i + Apb =

i=1

where [Vg(Z +b1")]; represents the i-th column in Vg(Z +b1"). By Lemma E.4, we can transfer
the optimality condition from convex to the nonconvex problem (13). More specifically, any critical
point (W, H,b) of (13) satisfies

[VgWH +b17)|| < \/AwAn,

then (Z,b) with Z = W H satisfies all the conditions in (38). Combining with (37), Lemma E.4
showed that (W, H, b) is a global solution of the nonconvex problem (13).

(38)

Proving No Spurious Local Minima and Strict Saddle Property. Now we turn to prove the
strict saddle property and that there are no spurious local minima by characterizing the properties
for all the critical points of (13). Denote the set of critical points of f(W, H,b) by

= {WeRF HeR"N beR" | V/(W,H,b) = 0}.
To proceed, we separate the set C into two disjoint subsets
¢ = CN { W e RFX H e RN b e RX | |[Vg(WH +b17)| < Awhm }
C = Cn{WeR H e RN b e R | [[VgWH +017)| > VAwln |,

satisfying C = C; U Cy3. By Lemma E.4, we already know that any (W, H,b) € C; is a global
optimal solution of f(W, H,b) in (13). If we can show that any critical point in Cy possesses
negative curvatures (i.e., the Hessian at (W, H, b) has at least one negative eigenvalue), then we
prove that there is no spurious local minima as well as strict saddle property.

Thus, the remaining part is to show any point in C, possesses negative curvatures. We will find a
direction A along which the Hessian has a strictly negative curvature for this point. Towards that
goal, for any A = (Aw, Ag, Ayp), we first compute the Hessian bilinear form of f(W, H,b)
along the direction A by

V2f(W,H,b)[A, A]
=V2gWH+b1") WAy + AwH + Apl" WAy + AwH + Apl' | (39)
+2(Vg(WH +b1"), AwAp) + dw |Aw |5 + A [|Am]7 + s |85
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We now utilize the property that ||Vg(WH +b1")|| > v/ Aw g for any (W, H,b) € C; to
construct a negative curvature direction. Let w and v be the left and right singular vectors corre-
sponding to the largest singular value o (V2g(W H +b1 ")) of VZg(W H +b1 "), which is larger

than v/ Aw Ag by our assumption.

Since d > K and W € RE*4_there exists a nonzero a € R? in the null space of W,ie., Wa = 0.
Furthermore, by Lemma D.2, we know that

AH

Z2HH'T — H'a=0.
Aw

W'wW =

We now construct the negative curvature direction as

\ 1/4 A\ —1/4
A = (Aw,AH,Ap) = <<>\;> ua', — (/\Vb;> avT,O>

so that the term <Vg(WH +017), AwA H> is small enough to create a negative curvature. Since
Wa=0,a" H =0, and Ay = 0, we have

. An —1/4 An 1/4 .
WA +AwH+ Al = — | — Wav' + wa H = 0,
Aw )\W

so that V2g(WH +b1") (WA + AwH + Apl" WAL + AwH + Apl"] = 0. Thus,
combining the results above with (39), we obtain the following

Vi(W,H,b)[A, A
=2(VgWH +b1"), AwAn) + Mw |[Awl5 + Ae [Axll
= —2|al3(Vg(WH +b17),uv") + 2,/ Aw g |al;
= —2|jal}} (|[Vo(WH +b17)|| - VawAn) < 0,

where the last inequality is based on the fact that (W, H,b) € C; so that ||Vg(WH +b17) || >

VAw Al . Therefore, any (W, H, b) € Cs possesses at least one negative curvature direction. This
completes our proof of Theorem E. 1. [ ]

E.2 Supporting Lemmas

Lemma E.2 If (Z*,b*) is a global minimizer of

. = A
min _f(Z.b) = g(Z+617) +VAwAm | Z], + T [bll3-

ZERK XN peRK

introduced in (36), then f(Z*, b*) < f(W,H,b) forall W € REXd H ¢ RN b c RE,

Proof [Proof of Lemma E.2] Suppose (Z*,b*) is a global minimum of f(Z,b). Then by Theo-
rem C.3, we have

f(z.0%) = win o(Z 4 017) & VAwr 121 + 22 ol
o T i (AW - A AR - 2R )2
— i g(Z + 017+ i (28I 4 22 )+ 3 ol

. Aw 2 AH 2 Ab 2
< H+b1' —_— — ||H — ||b]]5 .
S B g WH E01T) 4 AW W 2 20

Thus, we have

f(Z*,b%) < i W.H,b
f( ’ ) - WERKXd,Ir}Ié%dXN,bERK f( ’ ’ )

as desired. |
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Lemma E.3 (Optimality Condition for the Convex Program (36)) Consider the following con-
vex program in (36) that we rewrite as follows

min  H(Z.b) = g(Z+b17) + Vawra |1Z], + 2 5 1B

ZERKXN, bERK

Then the necessary and sufficient condition for (Z, b) being the global solution of (36) is

Vg(Z+b1")V = —/AwAgU, Vg(z+b1T U = —\/AwAuV,

IVg(Z +617)|| < VAwe, and Z[Vg(Z—FblT)]i—F)\bb =
=1

where U and V are the left and right singular value matrices of Z, i.e., Z =UXV T,

(40)

Proof [Proof of Lemma E.3] Standard convex optimization theory asserts that any critical point
(Z,b) of (36) is global, where the optimality is characterized by the following necessary and suffi-

cient condition
Vg(Z +b1") € -/ Awrud|Z|,,

N 41
D [Vg(Z +b17)];i + Apb = @0

i=1
where [Vg(Z + b1 T)]; represents the i-th column in Vg(Z + b1 "), and 9 || Z||, denotes the subd-
ifferential of the convex nuclear norm || Z||, evaluated at Z. By its definition, we have
012, = {D RN | |G, > 2|, + (G- Z.D), G e XN},

where for nuclear norm, the previous work [116, 117] showed that based on the projection onto the
column space and row space via the SVD of Z = UXV T, this is equivalent to

|Z|, = {UVI +W, W eRFN | UTW =0, WV =0, |W| <1},

where U and V are the left and right singular value matrices of Z. Using the result above, we can
now rewrite the optimality condition in (41) as suggested in Lemma E.3. [ ]

Lemma E.4 (Optimality Condition for the Nonconvex Program (13)) If a critical point
(W, H,b) of (13) satisfies

[Vg(WH +b17)|| < VAwAn, (42)

then it is a global minimum of (13).

Proof [Proof of Lemma E.4] Suppose (W* H* b*) is a critical point of (13) satisfying (42),
we will show that (Z*,b*) with Z* = W*H?” is a global minimizer of (36) by showing that
(W*H™, b*) satisfies the optimality condition for the convex program in (40) (Lemma E.3). First
of all, it is easy to check that

N
Vo f(W*, H*, b*) ng (W*H* +b*17)]; + \pb* = 0

— Z[vg(z* +0* 1)) + b = 0
i=1
Second, let Z* = W*H* = UXV " be the compact SVD of Z* = W*H*. By Lemma D.2, we
have

A A A
H H*H*T H*TH*H*T H* = 7WH*T W*T W*H* = 7WV22 VT.
Now by utilizing Lemma C.4, from the above equation we obtain the following

W*T W* _

Aw
H

H*"H* = /22X vev’.
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This together with the first equation in (16) gives
VgW*H* +b* 1" H*"T = A\wW* — VgW*H* +b* 1" H*"H* = \y W*H*
A
— Vg(W*H* + blT),/A—sz}VT = AUV’
H

— Vg(Z* +b1")V = -/ AwIgU.

Similarly, we can also get
Vo(Z*+b"1")'U = —\/AwIuV.

Thus, together with (42), (Z*,b*) with Z* = W* H* satisfies the optimality condition (40), and

hence is a global minimizer of f(Z*, b*) in (36).

Finally, we complete the proof by invoking Lemma E.2. By Lemma E.2 with Z* = W*H*, we
know that f(W* H* b*) = f(Z*,b*) < f(W,H,b) forall W € REX4 H ¢ RN b ¢ RE,
Therefore, we must have (W*, H* b*) to be the global solution of f(W, H,b) in (13). [ |
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