Published as a conference paper at ICLR 2024

FEATURE COLLAPSE

Thomas Laurent', James H. von Brecht, Xavier Bresson?
! Loyola Marymount University, t laurent@1mu.edu
2 National University of Singapore, xaviercs@nus.edu.sg

ABSTRACT

We formalize and study a phenomenon called feature collapse that makes precise
the intuitive idea that entities playing a similar role in a learning task receive sim-
ilar representations. As feature collapse requires a notion of task, we leverage a
synthetic task in which a learner must classify ‘sentences’ constituted of L tokens.
We start by showing experimentally that feature collapse goes hand in hand with
generalization. We then prove that, in the large sample limit, distinct tokens that
play identical roles in the task receive identical local feature in the first layer of the
network. This analysis shows that a neural network trained on this task provably
learns interpretable and meaningful representations in its first layer.

1 INTRODUCTION

Many machine learning practices implicitly rely on the belief that good generalization and transfer
learning requires good features. Despite this, the notion of ‘good features’ remains vague and carries
many potential meanings. One definition is that features/representations should only encode the
information necessary to do the task at hand, and discard any unnecessary information as noise. For
example, two distinct patches of grass should map to essentially identical representations even if
these patches differ in pixel space. Intuitively, a network that gives the same representation to many
distinct patches of grass has learned the ‘grass’ concept. We call this phenomenon feature collapse,
meaning that a learner gives the same feature to entities that play similar roles for the task at hand.
This phenomenon captures the common intuition, often confirmed by practice, that the ability to
learn good representations in early layers is essential for the empirical success of neural networks.

Broadly speaking, we conduct a theoretical investigation into how such representations are learned
in the early layers of a neural network. To make progress we adopt a common approach in theoretical
deep-learning community. One starts with a synthetic data model exhibiting a clear latent structure,
and then prove that a specific neural network architecture successfully uncovers this latent structure
during training. For example, recent work in representation learning (Damian et al., 2022} Mousavi-
Hosseini et al.,[2022) leverages a data model (the multiple-index model) with latent structure defined
by a low dimensional subspace. In this specific setting, the first layer of a fully connected neural
network provably learns this low-dimensional subspace.

Our work follows along the same lines. Specifically, we start with a data model that asks a learner
to classify ‘sentences’ comprised of L tokens. Some of these tokens play identical roles in the sense
that replacing one with another does not change the label of the sentence, and this equivalence of
tokens defines the latent structure in the data. We then consider a neural network containing a shared
embedding module, optionally followed by a LayerNorm module, and then a final linear classifica-
tion head. We show that this network, when equipped with the LayerNorm module, provably learn
the equivalence of these tokens in its first layer. To do so, we consider the large sample limit and
derive analytical formulas for the weights of the network trained on the data model. Under some
symmetry assumptions on the task, these analytical formulas reveal:

(i) If the network includes LayerNorm then feature collapse takes place. The neural network
learns to give the same embedding to tokens that play identical roles.

(i1) If the network does not include LayerNorm then feature collapse fails. The network does
not give the same embedding to tokens that play identical roles. Moreover, this failure stems
from the fact that common tokens receive large embeddings and rare tokens receive small
embeddings.
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Finally, we conduct experiments that show feature collapse and generalization go hand in hand.
These experiments demonstrate that for the network to generalize well it is essential for tokens
playing identical roles to receive the same embeddings.

In summary, our main contributions are as follow:

* We study how a network learns representations in its first layer. To do so, we make the notion
of ‘good features’ mathematically rigorous via a synthetic data model with latent structure.

* We derive analytical formulas for the weights of a two-layer network trained on this data model.
These analytical formulas show that, when equipped with a LayerNorm module, the network
provably learns interpretable and meaningful representations in its first layer.

The remainder of the paper proceeds as follows: In subsection [I.I] we discuss related works; In
section [2] we describe the data model and present a set of visual experiments to illustrate the main
ideas used in the paper; In section[3|we present the three theorems that constitute the main results of
the paper; Finally, section 4] outlines a set of additional experiments performed in the appendix.

1.1 RELATED WORKS

Our work most closely resembles recent work on theoretical representation learning and, to some
extent, the recent literature on neural collapse. The works by Damian et al.| (2022) and Mousavi-
Hosseini et al.| (2022)) consider a synthetic data model, the multiple-index model, to investigate
representation learning. In this model, the learner must solve a regression task with normally dis-
tributed inputs x € R? and targets y = g((uy,x),..., (u,,x)) for some function g : R" — R,
some vectors uy,...,u, € R? and with r < d. The target y therefore solely depends on the
projection of x on the low-dimensional subspace spanned by uy, ..., u,. These works prove that
a fully connected, two-layer neural network learns, in its first layer, the low dimensional subspace.
The behavior of fully connected networks trained on the multiple-index model, or on related data
models, has also been studied in various other works, including |Ba et al.|(2022), Bietti et al.| (2022),
Abbe et al.|(2022)) and [Parkinson et al.[(2023)). Both this line of investigation and our work prove, in
the appropriate sense, that a network uncovers latent structure. Nevertheless, our data model differs
quite substantially from the multi-index model. Moreover, we do not study a fully connected net-
work. Our network has shared embedding module, and this allows us to tie good features to a notion
of semantic equivalence.

The phenomenon we study in this work, feature collapse, has superficial similarity to neural collapse
but in detail is quite different. In a pioneering work, Papyan et al.| (2020) conducted a series of
experiments that revealed that a well-trained network gives identical representations, in its last layer,
to training points that belong to the same class. In a K-class classification task we therefore see
the emergence, in the last layer, of K vectors coding for the K classes. Additionally, these K
vectors ‘point’ in ‘maximally opposed’ directions. This phenomenon, coined neural collapse, has
been studied extensively since its discovery (e.g. [IMixon et al.| (2020); |Lu & Steinerberger] (2020);
Wojtowytsch et al.| (2020); |[Fang et al.| (2021); Zhu et al.| (2021); Ji et al.| (2021); Tirer & Bruna
(2022); Zhou et al. (2022)). To emphasize the difference with feature collapse, note that neural
collapse refers to a phenomenon where all training points from the same class receive the same
representation at the end of the network. Unlike feature collapse, this does not provide any indication
that the network has learned good representations in its early layers, or that the neural network has
uncovered some latent structure beyond the one encoded in the training labels.

2 A TALE OF FEATURE COLLAPSE

We begin by more fully telling the empirical tale that motivates our theoretical investigation. To
make progress we adopt a common approach in theoretical deep-learning and leverage a synthetic
data model exhibiting a clear latent structure. The model generates sequences of length L from
some underlying set of latent variables that encode the K classes of a classification task. To make it
concrete we describe this generative process using NLP terminology like ‘sentences’ and ‘words’,
but of course do not intend it as a realistic language model. Figure [I]illustrates the basic idea. The
left side of the figure depicts a vocabulary of n,, = 12 word tokens and n. = 3 concept tokens

V = {potato, cheese, carrots, chicken, . ..} and C = {vegetable, dairy, meat}
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Figure 1: Data model with parameters setto L = 5, n,, = 12, n. = 3, K = 3.

with the 12 words partitioned into the 3 equally sized concepts. A sentence x € V' is a sequence of
L words (L = 5 on the figure), and a latent variable z € C’ is a sequence of L concepts. The latent
variables generate sentences. For example

generates
—

z = [dairy, veggie, meat, veggie, dairy | x = [cheese, carrot, pork, potato, butter |

with the sentence on the right obtained by sampling each word at random from the corresponding
concept. The first word represents a random sample from the dairy concept (butter; cheese, cream,
yogurt) according to the dairy distribution (square box at left), the second word represents a random
sample from the vegetable concept (potato, carrot, leek, lettuce) according to the vegetable distribu-
tion, and so forth. At right, figure[I| depicts a classification task with K = 3 categories prescribed
by the three latent variables z1, z>, z3 € CL. Sentences generated by the latent variable z, share the
same label k, yielding a classification problem that requires a learner to classify sentences among K
categories.

We use two similar networks to empirically study if and when the feature e [Fwo]
collapse phenomenon occurs. The first network x +— Ay, y(x), depicted

on the top panel of figure [2} starts by embedding each word in a sentence /ﬁ—\:‘\
by applying a d x n,, matrix W to the one-hot representation of each word. = < L~ =
It then concatenates these d-dimensional embeddings of each word into a
single vector. Finally, it applies a linear transformation U to produce a K-

dimensional score vector y = hyy, y(x) with one entry for each of the K

[ cheese, butter, lettuce, chicken, leck |

classes. The d x n,, embedding matrix W and the K x Ld matrix U of ouput [ivo]
linear weights are the only learnable parameters, and the network has no
nonlinearities. The second network x — hjy, ,(x), depicted at bottom, ——
differs only by the application of a LayerNorm module to the word em- / _/ R \_\_:

beddings prior to the concatenation. For simplicity we use a LayerNorm
module which does not contain any learnable parameters; the module sim-
ply removes the mean and divides by the standard deviation of its input
vector. As for the first network, the only learnable weights are W and U.

@ C ED @ @

cheese, butter, lettuce, chicken, leek |

The task depicted on figure E], and the networks depicted on figure E], pro-  Figure 2: Networks
vide a clear way of studying how interpretable and meaningful representa-

tions are learned in the first layer of a network. For example, the four words butter, cheese, cream
and yogurt clearly play identical role for the task at hand (replacing one with another does not change
the label of the sentence). As a consequence we would expect the embedding layer of the network
to map them to the same representation. Similarly, the words belonging to the vegetable concepts
should receive same representation, and the words belonging to the meat concept should receive
same representation. If this takes place, we say that feature collapse has occurred.

If feature collapse occurs, this will also be reflected in the second layer of the network. To see this,
partition the linear transformation

—u;1— —ui2— - —upr—
—uz2;1— —Uug2— - —U2 L —

U= . ) . (1)
—Ug1— —Ug2— -+ —UKL—
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into its components u; , € R?. Suppose for example that z;, , = veggie, meaning that the latent
variable zj, contains the veggie concept in the £th position. If W properly encodes concepts then we
expect the vector uy, ¢ to give a strong response when presented with the embedding of a word that
belongs to the veggie concept. So we would expect uy ¢ to align with the embeddings of the words
that belong to the veggie concept, and so feature collapse would occur in this manner as well.

In the remainder of this section we conduct experiments that visually illustrate the feature collapse
phenomenon and the formation of interpretable representations in networks h and h*. These exper-
iments also show how layer normalization plays a key role in the feature collapse phenomenon. In
our experiments we use the standard cross entropy loss £(y, k), withy € R and 1 < k < K, and
then minimize the corresponding regularized empirical risks

K 7spl

11 A A
Remp(W,U) = 2= 3 L hww (k) s k) + SIUIE+ SIWIE @)
Mspl 21
K Tspl A
Rimp(W,0) = %= S5 (i (xas) - k) + 2 U 3)
sl =1 =1

of each network via stochastic gradient descent. The x; ; denote the i-th sentence of the k-
th category in the training set, and so each of the K categories has ng, representatives. For
the parameters of the architecture, loss, and training procedure, we use an embedding dimension
of d = 100, a weight decay of A = 0.001, a mini-batch size of 100 and a constant learning
rate 0.1, respectively, for all experiments. The LayerNorm module implicitly regularizes the ma-
trix W so we do not penalize it in equation (3). The codes for our experiments are available at
https://github.com/xbresson/feature_collapse.

Remark: Without weight decay (i.e. A = 0), the above objectives typically do not have global
minima. We therefore focus our theoretical investigation on the case A > 0 which is analytically
more tractable. In appendix [A.T| we provide an empirical investigation of the case without weight
decay to show that both cases (i.e. A > 0 and A\ = 0) exhibit the same behavior in practice.

2.1 THE UNIFORM CASE

We start with an instance of the task from figure E] with parameters n, = 3, n,, = 1200, L = 15,
K = 1000, and with uniform word distributions. So each of the 3 concepts (say veggie, dairy, and
meat) contain 400 words and the corresponding distributions (the veggie distribution, the dairy dis-
tribution, and the meat distribution) are uniform. We form K = 1000 latent variables z1, . . . , Z1000
by selecting them uniformly at random from the set C*, which simply means that any concept se-
quence z = [z1, ..., 2] has an equal probability of occurrence. We then construct a training set by
generating ne,] = 5 data points from each latent variable. We then train both networks h, h* and
evaluate their generalization performance; both achieve 100% accuracy on test points.

Since both networks generalize perfectly, we expect them to have learned good z\
representations. To confirm this, we start by visualizing in figure[3|the learnable '
parameters W, U of the network hyy, ¢y after training. The embedding matrix

W contains n,, = 1200 columns. Each column is a vector in R!%? and cor-

responds to a word embedding. The top panel of figure [3] depicts these 1200 £

word embeddings after dimensionality reduction via PCA. The top singular

values 01 = 34.9, 09 = 34.7 and o3 = 0.001 associated with the PCA indicate *

that the word embeddings essentially live in a 2 dimensional subspace of R0, -

and so the PCA paints an accurate picture of the distribution of word embed-
dings. We then color code each word embedding accorded to its concept, so A
that all embeddings of words within a concept receive the same color (say all -
veggie words in green, all dairy words in blue, and so forth). As the figure illus- Figure 3: W & U
trates, words from the same concept receive nearly identical embeddings, and

these embeddings form an equilateral triangle or two-dimensional simplex. We therefore observe
collapse of features into a set of n. = 3 equi-angular vectors at the level of word embeddings. The
bottom panel of figure [3 illustrates collapse for the parameters U of the linear layer. We partition
the matrix U into vectors uy € R via (1) and visualize them once again with PCA. As for the
word embeddings, the s1ngular values of the PCA (01 = 34.9, 09 = 34.6 and o3 = 0.0003) reveal
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that the vectors uy ¢ essentially live in a two dimensional subspace of R!%0. We color code each
uy, ¢ according to the concepts contained in the corresponding latent variable (say uy ¢ is green if
2,0 = veggie, and so forth). The figure indicates that vectors uy ¢ that correspond to a same con-
cept collapse around a single vector. A similar analysis applied to the weights of the network Ay,
tells the same story, provided we examine the actual word features (i.e. the embeddings after the

LayerNorm) rather than the weights W themselves.

In theorem [I] and [3] (see section [3)) we prove the correctness of this empirical picture. We show
that the weights of h and h* collapse into the configurations illustrated on figure [3| in the large
sample limit. Moreover, this limit captures the empirical solution very well. For example, the word
embeddings in figure 3] have a norm equal to 1.41 + 0.13, while we predict a norm of 1.42214
theoretically.

2.2 THE LONG-TAILED CASE

At a superficial glance it appears as if the LayerNorm module plays no essential role, as both net-
works h and h*, in the previous experiment, exhibit feature collapse and generalize perfectly. To
probe this issue further, we continue our investigation by conducting a similar experiment (keeping
ne = 3, Ny, = 1200, L = 15, and K = 1000) but with non-uniform, long-tailed word distributions
within each of the n. = 3 concepts. For concreteness, say the veggie concept contains the 400 words

potato, lettuce, ...... , arugula, parsnip,...... , achojcha

where achojcha is a rare vegetable that grows in the Andes mountains. We form the veggie distribu-
tion by sampling potato with probability C'/1, sampling lettuce with probability C'/2, and so forth
down to achojcha that has probability C'/400 of being sampled (C'is chosen so that all the probabil-
ities sum to 1). This “1/i” power law distribution has a long-tail, meaning that relatively infrequent
words such as arugula or parsnip collectively capture a significant portion of the mass. Natural
data in the form of text or images typically exhibit long-tailed distributions (Salakhutdinov et al.,
20115 Zhu et al., 2014} [Liu et al.l 2019; |[Feldmanl 2020; |Feldman & Zhang} 2020). For instance,
the frequencies of words in natural text approximately conform to the “1/7” power law distribution,
also known as Zipf’s law (Zipf} [1935)), which motivates the specific choice made in this experiment.
Many datasets of interest display some form of long-tail behavior, whether at the level of object oc-
currences in computer vision or the frequency of words or topics in NLP, and effectively addressing
these long-tail behaviors is frequently a challenge for the learner.

To investigate the impact of a long-tailed word distributions, we first randomly select the latent
variables z1,...,Z1g0p uniformly at random as before. We then use them to build two distinct
training sets. We build a large training set by generating ng, = 500 training points per latent
variable and a small training set by generating n,) = 5 training points per latent variable. We use
the “1/7” power law distribution when sampling words from concepts in both cases. We then train
h and h* on both training sets and evaluate their generalization performance. When trained on the
large training set, both are 100% accurate at test time (as they should be — the large training set
has 500, 000 total samples). A significant difference emerges between h and h* when trained on the
small training set. The network h achieves a test accuracy of 45% while h* remains 100% accurate.

We once again visualize the weights of each network to study the relationship between generaliza-
tion and collapse. Figure Eka) depicts the weights of hyy, 7 (via dimensionality reduction and color
coding) after training on the large training set. The word embeddings are on the left sub-panel and
the linear weights uy, ¢ on the right sub-panel. Words that belong to the same concept still receive

« A

- N
(a) h trained on the large (b) h trained on the small (c) h* trained on the small
training set. Test acc. = 100% training set. Test acc. = 456% training set. Test acc. = 100%

Figure 4: Visualization of matrices W (left in each subfigure) and U (right in each subfigure)
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embeddings that are aligned, however, the magnitude of these embeddings depends upon word fre-
quency. The most frequent words in a concept (e.g. potato) have the largest embeddings while the
least frequent words (e.g. achojcha) have the smallest embeddings. In other words, we observe
‘directional collapse’ of the embeddings, but the magnitudes do not collapse. In contrast, the linear
weights uy, , mostly concentrate around three well-defined, equi-angular locations; they collapse in
both direction and magnitude. A major contribution of our work (c.f. theorem2]in the next section)
is a theoretical insight that explains the configurations observed in figure ffa), and in particular,
explains why the magnitudes of word embeddings depend on their frequencies.

Figure Ekb) illustrates the weights of hyy y after training on the small training set. While the word
embeddings exhibit a similar pattern as in figure [f(a), the linear weights uy, ¢ remain dispersed and
fail to collapse. This leads to poor generalization performance (45% accuracy at test time).

To summarize, when the training set is large, the linear weights uy ¢ collapse correctly and the
network hyy,y generalizes well. When the training set is small the linear weights fail to collapse, and
the network fails to generalize. This phenomenon can be attributed to the long-tailed nature of the
word distribution. To see this, say that z;, = [veggie, dairy, veggie, ..., meat, dairy] represents
the k' latent variable for the sake of concreteness. With only ng, = 5 samples for this latent
variable, we might end up in a situation where the 5 words selected to represent the first occurrence
of the veggie concept have very different frequencies than the five words selected to represent the
third occurrence of the veggie concept. Since word embeddings have magnitudes that depend on
their frequencies, this will result in a serious imbalance between the vectors uy, 1 and uy_ 3 that code
for the first and third occurrence of the veggie concept. This leads to two vectors uy 1, Ug,3 that
code for the same concept but have different magnitudes (as seen on figure b)), so features do not
properly collapse. This imbalance results from the ‘noise’ introduced by sampling only 5 training
points per latent variable. Indeed, if ns,1 = 500 then each occurrence of the veggie concept will
exhibit a similar mix of frequent and rare words, uy, 1 and uy, 3 will have roughly same magnitude,
and full collapse will take place (c.f. figure Efka)). Finally, the poor generalization ability of Ay, s
when the training set is small really stems from the long-tailed nature of the word distribution. The
failure mechanism occurs due to the relatively balanced mix of rare and frequent words that occurs
with long-tailed data. If the data were dominated by a few very frequent words, then all rare words
combined would just contribute small perturbations and would not adversely affect performance.

We conclude this section by examining the weights of the network Ay, ; after training on the small
training set. The left panel of figure [dfc) provides a visualization of the word embeddings after the
LayerNorm module. These word representations collapse both in direction and magnitude; they do
not depend on word frequency since the LayerNorm forces vectors to have identical magnitude. The
right panel of figure Elkc) depicts the linear weights uy, ¢ and shows that they properly collapse. As a
consequence, hyy, ; generalizes perfectly (100% accurate) even with only ng,1 = 5 sample per class.
Normalization plays a crucial role by ensuring that word representations do not depend upon word
frequency. In turn, this prevents the undesired mechanism that causes hy, to have uncollapsed
linear weights uy, ¢ when trained on the small training set. Theorem [3]in the next section proves the
correctness of this picture. The weights of the network ~* collapse to the ‘frequency independent’
configuration of figure d(c) in the large sample limit.

3 THEORY

Our main contributions consist in three theorems. In theorem [I] we prove that the weights of the
network Ay, collapse into the configurations depicted on figure [3| when words have identical fre-
quencies. In theorem 2] we provide theoretical justification of the fact that, when words have distinct
frequencies, the word embeddings of hyy,y must depend on frequency in the manner that figure Eka)
illustrates. Finally, in theorem 3| we show that the weights of the network hjy, ;; exhibit full collapse
even when words have distinct Trequencies. Each of these theorems hold in the large ngp limit and
under some symmetry assumptions on the latent variables. All proofs are in the appendix.

Notation. The set of concepts, which up to now was C = {veggie, dairy, meat}, will be represented
in this section by the more abstract C = {1,...,n.}. We let s. := n,,/n. denote the number of
words per concept, and represent the vocabulary by

V={(,B)eN*:1<a<n.and 1<B<s }
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So elements of V are tuples of the form («, ) with 1 < o < n.and1 < 3 < s, and we think of the
tuple (a, 3) as representing the 3" word of the o' concept. Each concept a € C comes equipped
with a probability distribution p, : {1,...,s.} — [0, 1] over the words within it, so that p,,(5) is
the probability of selecting the 3" word when sampling out of the o concept. For simplicity we
assume that the word distributions within each concept follow identical laws, so that

Pa(B) = pg forall (o, B) €V

for some positive scalars pg > 0 that sum to 1. We think of p3 as being the ‘frequency’ of
word (o, 8) in the vocabulary. For example, choosing g = 1/s. gives uniform word distribu-
tions while ug o 1/8 corresponds to Zipf’s law. We use X' := VL to denote the data space and
Z := C” to denote the latent space. The elements of the data space X correspond to sequences
x = [(a1,61),- .., (ar, BL)] of L words, while elements of the latent space Z correspond to se-
quences z = [, ..., ar] of L concepts. For a given latent variable z we write x ~ D, to indicate
that the data point x was generated by z (formally D, : X — [0, 1] is a probability distribution).

Word embeddings, LayerNorm, and word representations. We use w(, ) € R? to denote the
embedding of word («, ) € V. The collection of all W (q,5) determines the columns of the matrix
W € R These embeddings feed into a LayerNorm module without learnable parameters:

v—mean(v)ly

p(v) = vy~ Where mean(v) = 52?:1 v; and o?%(v) = éZle (vi—mean(v))Q.

So the LayerNorm module converts a word embedding w,, gy € R% into a vector ©(W(a, 8)) € R¢,
and we call this vector a word representation.

Equiangular vectors. We call a collection of n. vectors f1,...,fn,. € R? equiangular if
\ 1 ifa = o
- O d 1y = 4
az::l fo an <fou fa > {_1/(7% _ 1) otherwise 4)

hold for all possible pairs o, &’ € [n.] of concepts. For example, three vectors f1, fo, f3 € R0 are
equiangular exactly when they have unit norms, live in a two dimensional subspace of R'%, and
form the vertices of an equilateral triangle in this subspace. This example exactly corresponds to the
configurations in figure [3] i andl (up to a scaling factor). Similarly, four vectors f1, fo, f3, f4 € R0
are equiangular when they have unit norms and form the vertices of a regular tetrahedron. We will
sometimes require fl, ce oy fn. € R% to also satisfy (f,14) = 0 for all a € [n,], in which case we
say f1,...,fn, € RYform a collection of mean-zero equiangular vectors.

Collapse configurations. Our empirical investigations reveal two distinct candidate solutions for
the weights (W, U) of the network hyy, ¢y and hiy. - We therefore isolate each of these possible
candidates as a definition before turning to the statements of our main theorems. We begin by defin-
ing the type of collapse observed when training the network Ay, ¢y with uniform word distributions
(see figure [3|for a visual illustration of this type of collapse).

Definition 1 (Type-I Collapse). The weights (W,U) of the network hy, y form a type-I collapse
configuration if and only if the conditions

i) There exists ¢ > 0 so that W, g) = cfo forall (o, ) € V.
ii) There exists ¢ > 0 so that wy, ; = ¢’ fo for all (k,£) satisfying zi, o = o and all o € C.
hold for some collection f1, . . ., fn. € R? of equiangular vectors.

Recall that the network hj;, ;; exhibits collapse as well, up to the fact that the word representations

(W, ) collapse rather than the word embeddings themselves. Additionally, the LayerNorm also
fixes the magnitude of the word representations. We isolate these differences in the next definition.

Definition 2 (Type-II Collapse). The weights (W,U) of the network hyy. form a type-II collapse
configuration if and only if the conditions

i) p(Wiap) = Vdfe forall (o, B) € V.
ii) There exists ¢ > 0 so that uy ¢ = cfo for all (k, () satisfying z, ¢ = o and all o € C.

hold for some collection fy, . . ., f,. € R? of mean-zero equiangular vectors.
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Finally, when training the network hy, 7 with non-uniform word distributions (c.f. figure a)) we
observe collapse in the direction of the word embeddings w,, 5y but their magnitudes depend upon
word frequency. We therefore isolate this final observation as

Definition 3 (Type-III Collapse). The weights (W, U) of the network hyy,ir form a type-III collapse
configuration if and only if

i) There exists positive scalars rg > 0 so that W, gy = 73 fo forall (o, 3) € V.
ii) There exists ¢ > 0 so that uy ¢ = cf, for all (k,?) satisfying z, ¢ = o and all o € C.
hold for some collection {1, . .. ,f.. € R? of equiangular vectors.

In a type-III collapse we allow the word embedding w ., g) to have a frequency-dependent magni-
tude rg while in type-I collapse we force all embeddings to have the same magnitude; this makes
type-I collapse a special case of type-III collapse, but not vice-versa.

3.1 PROVING COLLAPSE

Our first result proves that the words embeddings w, 5) and linear weights uy ¢ exhibit type-I
collapse in an appropriate large-sample limit. When turning from experiment (c.f. figure |3) to
theory we study the true risk

A
5 IWIE +11U1%) 5)

K
1
ROV, U) = = 3" Exun,, [(wu(x),8)] +
k=1
rather than the empirical risk Remp(VV, U) and place a symmetry assumption on the latent variables.

Assumption 1 (Latent Symmetry). Forevery k € [K], r € [L], { € [L], and @ € [n.] the identities
{lg(Lrl)(nc )" ifae=o

%(5:11) (ne =171 ifake #

hold, with dist(zy, zy) denoting the Hamming distance between a pair (zy,, zx) of latent variables.

Hk’ € [K] : dist(zg, 2z ) = 7 and zirp = a}’ = (6)

With this assumption in hand we may state our first main result

Theorem 1 (Full Collapse of h). Assume uniform sampling pg = 1/s. for each word dis-
tribution. Let T > 0 denote the unique minimizer of the strictly convex function H(t) :=

L
log <1 — nﬁL + HLL(I + (ne — 1)6’"’5) ) + A\t where n = <

Assume Z1, ..., Zx

1
ne—1 7\/711”[([/‘
are mutually distinct and satisfy the symmetry assumption|l} Then any (W,U) in a type-I collapse
configuration with constants ¢ = /7 /ny, and ¢/ = \/7/(KL) is a global minimizer of.

We also prove two strengthenings of this theorem in the appendix. First, under an additional techni-
cal assumption on the latent variables z, . . ., zx we prove its converse; any (W, U) that minimizes
must be in a type-I collapse configuration (with the same constants ¢, ¢’). This additional as-
sumption is mild but technical, so we state it in appendix [C} We also prove that if d > n,, then
R(W,U) does not have spurious local minimizers; all local minimizers are global (see appendix .

The symmetry assumption, while odd at a first glance, is both needed and natural. Indeed, a type-I
collapse configuration is highly symmetric and perfectly homogeneous. We therefore expect that
such configurations could only solve an analogously ‘symmetric’ and ‘homogeneous’ optimization
problem. In our case this means using the true risk (3)) rather than the empirical risk (2), and im-
posing that the latent variables satisfy the symmetry assumption. This assumption means that all
latent variables play interchangeable roles, or at an intuitive level, that there is no ‘preferred’ latent
variable. To understand this better, consider the extreme case K = n’ and {zi,...,zx} = Z,
meaning that all latent variables in Z are involved in the task. The identity (6)) then holds by simple
combinatorics. We may therefore think of (6) as an equality that holds in the large K limit, so it is
neither impossible nor unnatural. We refer to appendix [C]for more discussion about assumption|[I}

While theorem [I] proves global optimality of type-I collapse configurations in the limit of large
nsp1 and large K, these solutions still provide valuable predictions when K and ngp,) have small to
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moderate values. For example, in the setting of figure 3] (nsp1 = 5 and K = 1000) the theorem

predicts that word embeddings should have a norm ¢ = \/7/n,, = 1.42214 (with 7 obtained by
minimizing H (¢) numerically). By experiment we find that, on average, word embeddings have
norm 1.41 with standard deviation 0.13. To take another example, when K = 50 and ng, = 100
(and keeping n. = 3, n,, = 1200, L = 15) the theorem predicts that words embeddings should
have norm 0.61602. This compares well against the values 0.61 £ 0.06 observed in experiments.
The idealized solutions of the theorem capture their empirical counterparts very well.

For non-uniform j13 we expect hyy, ¢y to exhibit type-III collapse rather than type-I collapse. Addi-
tionally, in our long-tail experiments, we observe that frequent words (i.e. large jig) receive large
embeddings. We now prove that this is the case in our next theorem. To state it, consider the
following system of s. + 1 equations

% %B(nc—l—i—exp(n?jlcrg)) = pg foralll1 < g < s, 7
Se rg\2 _
Y5 () = Lng ! ®)
for the unknowns (c,71,...,rs.). If the regularization parameter ) is small enough, namely \? <

# Zz,;l ,u%, then H(ﬁi has a unique solution. This solution defines the magnitudes of the word

embeddings. The left hand side of (7) is an increasing function of r, so ug < pg: implies rg < rg
and more frequent words receive larger embeddings.

Theorem 2 (Directional Collapse of h). Assume \? < (L/nf“)zg“zl ,u%, K = nk and
{21,...,2x} = Z. Suppose (W, U) is in a type-1ll collapse configuration for some constants
(¢,r1,...,7s,). Then (W,U) is a critical point of the true risk (5) if and only if (¢,71,...,7s,)
solve the system (7)—(8).

Essentially this theorem shows that word embeddings must depend on word frequency and so feature
collapse fails. Even in the fully-sampled case K = nZ and {z1,...,zx} = Z anetwork exhibiting
type-I collapse is never critical if the word distributions are non-uniform. While we conjecture
global optimality of the solutions in theorem [2] under appropriate symmetry assumptions, we have
no proof of this yet. The bound on X is the natural one for theorem [2] for if \ is too large the trivial
solution (W, U) = (0, 0) is the only one. In our experiments, A satisfies this bound.

Our final theorem completes the picture; it shows that normalization restores global optimality of
fully-collapsed configurations. For the network Ay, ; with LayerNorm, we use the appropriate limit

1 & A
R W,U) = = > B, [Uhivs (), K)| + 51013 ©
k=1

of the associated empirical risk and place no assumptions on the sampling distribution.

Theorem 3 (Full Collapse of h*). Assume the non-degenerate condition pig > 0 holds.
Let 7 > 0 denote the unique minimizer of the strictly convex function H*(t)

ne=1 \/KL/d
are mutually distinct and satisfy assumption|l| Then any (W, U) in a type-1I collapse configuration
with constant ¢ = T/ K L is a global minimizer of@l).

L
log (1 — % + %(1 + (ne — 1)e™" t) > + %t2 where n* = < L__ Assume z1,...,Zx

As for theorem [T} we prove the converse under an additional technical assumption on the latent
variables. Any (W, U) that minimizes @) must be in a type-II collapse configuration with ¢ =

7/v/ K L. The proof and exact statement can be found in section Iﬂ of the appendix.

4 ADDITIONAL EXPERIMENTS

Our theoretical investigation of feature collapse uses a simple synthetic data model and a basic net-
work. These simplifications allow us to rigorously prove that feature collapse occurs in this setting.
The first section of the appendix provides preliminary evidence that the feature collapse phenomenon
also occurs in more complex settings, which are beyond the reach of our current analytical tools. In
particular, we experimentally observe feature collapse in more complex data models that involve
a deeper hierarchy of latent structures. We also investigate the feature collapse phenomenon in
transformer architectures in both a classification setup and the usual next-word-prediction setup.
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Appendix

In section [A] we conduct an empirical investigation of the feature collapse phenomenon in settings
beyond the reach of our current analytical tools. The remaining sections are all devoted to the proofs
of the three theorems that constitute the main results of the paper.

Sectionprovides formulas for the networks hw,u and hy, ; depicted on fi gureof the main paper,

and formula for the distribution D, : X — [0, 1] underlying the data model depicted on figure [I|of
the main paper. We also use this section to introduce various notations that our proofs will rely on.

Section |C]is devoted to the symmetry assumptions that we impose on the latent variables. We start
with an in depth discussion of assumption[I] from the main paper. This assumption is required for
theorem [I] and [3] to hold. We then present and discuss an additional technical assumption on the
latent variables (c.f. assumption [B]) that we will use to prove the converse of theorems|[I] and

Whereas sections [B] and [C| are essentially devoted to notations and discussions, most of the analysis
occurs in section [D] [E] [F| and [G| We start by deriving a sharp lower bound for the unregularized
risk in section [D] Theorem [I] from the main paper, as well as its converse, are proven in section [E}
Theorem 3|and its converse are proven in section|[F Finally we prove theorem[2]in section |G|

We conclude this appendix by proving in section that if d > min(n,,, K L), then the risk associ-
ated to the network Ay iy does not have spurious local minimizers; all local minimizers are global.
This proof follows the same strategy that was used in|Zhu et al.| (2021).

A  FURTHER EMPIRICAL INVESTIGATIONS

In this section, show empirically that the feature collapse phenomenon is not limited to the simple
controlled setting where we were able to prove it. In particular, we show that feature collapse
occurs in the absence of weight decay and when the LayerNorm has learnable parameters. We also
show that feature collapse occurs in transformer architectures, and also when the classification task
is replaced with a language modeling task. Finally, we show that feature collapse occurs in data
models involving a deeper hierarchy of latent structures, such as a Context Free Grammar (CFG).

A.1 EXPERIMENTS WITHOUT WEIGHT DECAY )
We start by reproducing the experiments depicted in Figure[3]and A but without -
weight decay. Specifically, we set A = 0 in equations and (3). All other s’

parameters defining the networks and data model remain the same. To train the : *
networks, we perform 5 million iterations of stochastic gradient descent with k

a batch size of 100 and a learning rate of 0.1. After training, the empirical LW
losses for all networks are below 10~4. The outcomes of these experiments A
are depicted in Figures[5|and[6] These figures are virtually identical to Figures

[3land [ in the main paper. In other words, the absence or presence of weight Figure 5

decay does not affect our main qualitative findings.

(a) h trained on the large (b) h trained on the small (¢) h* trained on the small
training set. Test acc. = 100% training set. Test acc. = 66% training set. Test acc. = 100%

Figure 6: Same experiments as in Figure [4| but with no weight decay. Note that the result are
qualitatively similar.
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A.2 LAYERNORM WITH LEARNABLE PARAMETERS

When the LayerNorm module has no learnable weights, the word
embeddings must lie on a sphere of constant radius. This con- 5 e
straint aids collapse. A natural question is whether collapse |\ J ’ % '
still occurs when the LayerNorm has learnable parameters. To

answer this question, we reproduce the experiment that corre- Figure 7: Same experiment as
sponds to Figure [d(c) but allow the LayerNorm module to have in Figure fc) but with learnable
learnable weights. The result of this experiment is depicted on weight in the LayerNorm

Figure [/} and one can clearly observe that feature collapse does

occur in this setting as well.

A.3 CLASSIFICATION EXPERIMENTS WITH TRANSFORMERS

In this set of experiments, we train a transformer on the classification task depicted on figure[T} The
transformer has 2 layers, 8 heads, 512 dimensions, and we use absolute positional embeddings (as
in GPT-2). A classification token is appended to each input sentence, and this classification token
is used in the last layer to predict the category. The network is trained with AdamW (constant
learning rate of 10~%, weight decay of 0.1, 8; = 0.9 and 3, = 0.95) during 3 epochs on a training
sets containing 0.5 million sentences. For the data model, we use n. = 3, n,, = 1200, L = 15,
K = 1000 as in the main paper. In figure [§(a) and [§] (b) we display the word embeddings via
dimensionality reduction and color coding. These are the word embeddings obtained before addition
of the positional embeddings, and before going through the first transformer layer. Figure [§{a)
corresponds to the case in which the words are uniformly distributed, and Figure [8b) corresponds
to the long-tail case. We observe that the word embeddings, in both the uniform and long-tail case,
are properly collapsed.

A.4 LANGUAGE MODELING EXPERIMENTS WITH TRANSFORMERS

In this set of experiments, we train a transformer to predict the next token on sentences generated
by the data model depicted on Figure[I} We use the GPT-2 architecture (Radford et al.,[2019) with
2 layers, 8 heads, and 512 dimensions. The training set contains 1 million sentences generated by
our data model with parameters n. = 3, n,, = 1200, L = 15, K = 1000, and with uniform
word distributions. We perform a single epoch through the training set and use AdamW with same
parameters as above. On figure[§](c) we display the word embeddings via dimensionality reduction
and color coding, and we observe that they are they are properly collapsed.

A.5 EXPERIMENTS WITH CONTEXT FREE GRAMMAR

The data model presented in the paper extends to one with a deeper hierarchy of latent structures.
Recall that words are partitioned into concepts and that the latent variables are sequences of con-
cepts. We can further partitioned the latent variables into ‘meta-concepts’ and create deeper latent
variables that are sequences of ‘meta-concepts’. We can iterate this process to obtain a hierarchy
of any depth. Such a data model is a particular instance of a Context Free Grammar (Chomsky),
1956), which generates sentences with probabilistic trees and are widely used to understand natural

>
(a) Classification task (b) Classification task (c) Language modeling task
(uniform word distribution) (long-tail word distribution) (uniform word distribution)

Figure 8: Experiments with transformers.
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language models (e.g. [Kim et al.|(2019); /Allen-Zhu & Li|(2023); Liu et al.| (2023)). In Figure@] we
provide an illustration of a simple depth 3 context free grammar.

We ran experiments with a context free grammar of depth 4, meaning that we have words, concepts,
meta-concepts and meta-meta-concepts. We used a deep neural network with ReLU nonlinearities
and LayerNorm module at each layer. The architecture of the neural network was chosen to match
that of the context free grammar, see Figure[I0] In Figure[IT|we plot the activations after each of the
three hidden layers and readily observe the expected feature collapse phenomenon. All segments of
the input sentence that correspond to same concept, meta-concept, or meta-meta-concept receive the
same representations in the appropriate layer of the network (layer 1 for concepts, layer 2 for meta-
concepts, and layer 3 for meta-meta-concepts). This shows that the feature collapse phenomenon is
a general one.

Details of the Context Free Grammar: We used the following context free grammar for our experi-
ment. We choose K = 100 categories. Each category generates a sequence of ‘meta-meta-concepts’
of length 8 by choosing uniformly at random among 5 possible sequences of meta-meta-concepts.
Each meta-meta-concept then generates a sequence of meta-concepts of length 8, again by choos-
ing uniformly at random among 5 possible sequences of meta-concepts. Each meta-concept then
generates a sequence of concepts of length 8 by choosing among 5 possible sequences of concepts.
Finally, each concept generates a sequence of words of length 8 by choosing among 5 possible
sequences of words. At level 0 the sequences of words have an overall length of 8* = 4096.

8 Class index in {1,2,...,K} (level 3)
l generates
A
[ 1
" 7 Sequence of meta-concepts (level 2)
I—A—\ .
I )
5 B B Ba Bs Be Sequence of concepts (level 1)
l generates 1 generates lgenera(es l generates 1 generates l generates
A I\ I\ A A A
i 10 10 10 \ I 1 I 1
ap oy a3 g as ag ar Qs ag Qg 1 Gr2 Qi3 Q4 0n5 Qg Q17 Qg Sequence of words (level 0)

Figure 9: Probabilistic Context Free Grammar of depth 3. The class index generates a sequence of
meta-concepts. Each meta-concept further generates a sequence of concepts. Finally each concept
generates a sequence of words. The process by which a token from one level generates a sequence
of tokens in the level below is random. For example, the meta-concept 72 = 5 might generate
the sequence of concepts [B4, 85, 8] = [4, 1, 3] with probability 1/3, the sequence [y, 85, Bs] =
[2, 5, 3] with probability 1/3, and the sequence [54, 85, 8s] = [3, 5, 5] with probability 1/3.

d, Vectors in R¢ (level 3)

r \

& S VectorsinR? (level 2)

o o
by b b; by bs b
[ Vol 1o 1T 1 [ 1 i 1

a a, az a, a; ag ay as ag ajp &y a;p a3 A a3 ae air s VectorsinRY  (level 0)

emoesang £ f T

@y ap a3 oy a5 g 7 Qg Qg (g Q11 iz 3 Qg Q15 Qg iy g Sequence of words

VectorsinR? (level 1)

Figure 10: Neural network architecture matching the context free grammar from Figure @ Each
block consists in a MLP followed by layer normalization. The vectors are concatenated before
being fed to a block. If feature collapse occurs, then two sequences of words [, g, 3] generated

by the same concept 31 should have almost identical representation by in level 1 of the network.
Similarly, two sequences of words [a1, as, . . ., 9] generated by the same meta-concept y; should
have almost identical representation € in level 2 of the network.
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Level 1 representations Level 2 representations Level 3 representations
color-coded according to concepts color-coded according to meta-concepts color-coded according to meta-meta-concepts

-~ -

np ] A ! 14 *

-75 -50 -25 00 25 50 75 -5 0 5 -5 o H

Figure 11: Results of an experiment ran on a context free grammar of depth 4 (so deeper than the
one depicted on Figure 1). At every level, each token generates in the level below a sequence of
length 8 chosen uniformly at random among 5 possible sequences. After training the network, we
generate 1000 test sequences, feed them to the network, and visualize via PCA the representations

obtained at each layer (i.e. we plot the vectors BZ ¢; and &i). The vectors are color coded accord-
ing to the concept, meta-concept, and meta-meta-concept that generated them, and we keep only
representations corresponding to the first 3 concepts, meta-concepts, and meta-meta-concepts. We
clearly observe the feature collapse phenomenon. Note that since we are dealing with a network of

depth 4, the vectors d; are not the output, but the last hidden representations.

B PRELIMINARIES AND NOTATIONS

B.1 FORMULA FOR THE NEURAL NETWORKS

Recall that the vocabulary is the set
V:{(oz,ﬁ)GNg:1§o¢§ncand1§ﬁ§sc}7

and that we think of the tuple (v, 3) € V as representing the 3" word of the a* concept. The data
space is X = V¥, and a sentence x € X’ is a sequence of L words:

X:[(ahﬂl)a"'a(aLaﬂL)] 1§a£§ncand1§ﬂ£§5c-

The two neural networks h, h* studied in this work process such a sentence x € X" in multiple steps:

1. Each word (v, B¢) of the sentence is encoded into a one-hot vector.

2. These one-hot vectors are multiplied by a matrix W to produce word embeddings that live
in a d-dimensional space.

3. Optionally (i.e. in the case of the network h*), these word embeddings go through a Lay-
erNorm module without learnable parameters.

4. The word embeddings are concatenated and then goes through a linear transformation U.

We now formalize these 4 steps, and in the process, we set the notations on which we will rely in all
our proofs.

Step 1: One-hot encoding. Without loss of generality, we choose the following one-hot encoding
scheme: word (a, ) € V receives the one-hot vector which has a 1 in entry (o — 1)s. + 3 and 0
everywhere else. To formalize this, we define the one-hot encoding function

C(a7 ﬂ) = €(a—1)s.+8 (10
where e; denotes the i‘" basis vector of R . The one-hot encoding function ¢ can also be applied
to a sequence of words. Given a sentence x = [(a1,31), ..., (ar,BL)] € X we let

| | |

((x) == C(a1|,51) C(Oé2|752) C(OéL|75L) € Rk (1)
and so ¢ maps sentences to n,, X L matrices.
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Step 2: Embedding. The embedding matrix W has n,, columns and each of these columns be-
longs to R?. Since ¢(a, 3) denote the one-hot vector associated to word (a, 3) € V, we define the
embedding of word («, 8) by

Wiap =W ((a, ) €R% (12)
Due to , this means that W(a,8) is the j! h column of W, where j = (a—1)sc + 5. The

embedding matrix W can therefore be visualized as follow (for concreteness we choose n. = 3 and
Ny = 12 as in figure[T] of the main paper):

W= |Way Wa2) Was) Waa)  We1) We2) Wes) Wed WE1) WE2) WE3) W

Embeddings of the words in the 15t concept. Embeddings of the words in the ond concept. Embeddings of the words in the 3rd concept.

Given a sentence x = [(a1, 41), .- -, (ar, B1)] € X, appealing to and (12)), we find that
| | |

W((x) = |Wa,81) W(asf) ~°° W(appr)| € R (13)

and therefore W ({(x) is the matrix that contains the d-dimensional embeddings of the words that
constitute the sentence x € X.

Step 3: LayerNorm. Recall from the main paper that the LayerNorm function ¢ : R? — R is
defined by

—_

v —mean(v)l,

p(v) = where mean(v

d d
Z and 02 EZ —mean(v )2,

We will often apply this function column-wise to a matrix. For example if V' is the d x m matrix

&M—‘

a(v)

| \ | | |
V= V|1 V|2 V‘m ] , then (V)= sO(Tﬁ) <p(r2) w(V|m) ]
Applying ¢ to (13)) gives
| | |
QO(WC(X)) = @(W(al,ﬁl)) W(W(QQ,ﬂ2)> T @(W(O‘L»BL)) e R™*F (14)

and so ¢ (WW({(x)) contains the word representations of the words from the input sentence (recall
that by word representations we mean the word embeddings after the LayerNorm).

Step 4: Linear Transformation. Recall from the main paper that

—u— —W2— - —UurrL—
—uz;1— —ug2— - —Ug[—

U= ) ) . € RFxLd 5)
—Uug1— —Ugeo— -+ —Ug L —

}Vhereleach vector uy, ¢ belongs to R%. The neural networks hyy,y and hjy 1, are then given by the
ormula

hw.v(x) = U Vee [W((x)] (16)
v () = U Vee [p(W¢() )| a”
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where Vec : R¥*E — R?L is the function that takes as input a d x L matrix and flatten it out into
a vector with dL entries (with the first column filling the first d entries of the vector, the second
column filling the next d entries, and so forth). It will prove convenient to gather the L vectors uy, ¢
that constitute the k" row of U into the matrix

| | |
U1 Ug2 - UL

With this notation, we have the following alternative expressions for the networks hyy, 7 and hiy, ¢,

U, = € R¥*L (18)

_< Ui, WC(X)>F_ _< Or, LP<WC(X))>F_

< s Wg(x)>F < s @(W((x))>F
hw,u(x) = . and wu(x) = . (19)

< U WC(X)>F < Ux ¢(W<(X)>>F

where (-, -)  denote the Frobenius inner product between matrices (see next subsection for a defini-
tion).

Finally, we use U to denote the matrix obtained by concatenating the matrices Uy, ..., Uk, thatis
U:=[0, U - 0Ox] € RUKD (20)

The matrix [/, which is nothing but a reshaped version of the original weight matrix U € RK*Ld,

will play a crucial role in our analysis.

B.2 BASIC PROPERTIES OF THE FROBENIUS INNER PRODUCT
We recall that the Frobenius inner product between two matrices A, B € R™*" is defined by
m n
(4, B>F = Z Z AijBij
i=1j=1

and that the Frobenius norm of a matrix A € R™*™ is given by | A||r = \/(A, A) . In the course
of our proofs, we will constantly appeal to the following property of the Frobenius inner product, so
we state it in a lemma once and for all.

Lemma A. Suppose A € R™*™, B € R™*" and C' € R"*". Then
(A,BC), = (B"A,C), and (A,BC), = (AC",B),,
Proof. The Frobenius inner product can be expressed as (A4, B) . = Tr(A” B), and so we have
(4, BC); = TH(ATBC) = Tr ((BT4)" C) = (BTA,C),..
Using the cyclic property of the trace, we also get

(A, BC), = Tr(ATBC) = To(CATB) = Tr ((ACT)T B) — (AC",B),.

B.3 THE TASK, THE DATA MODEL, AND THE DISTRIBUTION D,

Recall that C = {1,...,n.} represents the set of concepts, and that Z = C’ is the latent space. We
aim to study a classification task in which the K classes are defined by K latent variables

Z1,...,2k € Z

17
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We write x ~ D,, to indicate that the sentence x € X is generated by the latent variable z, € Z
(see figure 1 of the main paper for a visual illustration). Formally, D,, is a probability distribution
on the data space X', and we now give the formula for its p.d.f. First, recall that ;15 > 0 stands for
the probability of sampling the 3" word of the a*" concept. Let us denote the k'” latent variable by

zZp =[2k1, 22, -, kL) E€EZ
where 1 < z;, ¢ < n.. The probability of sampling the sentence
X= [ (alaﬂl) ) (a2aﬂ2) cet (aLaﬂL) ] ex
according to D, is then given by the formula
L
Dzk ({X}) = H 1{azzzk,e} /1’52

(=1

Note that D,, ({x}) > 0if and only if [z41,...,2k,] = [®1,...,ar]. So a sentence x has a non-

zero probability of being generated by the latent variable z; only if its words match the concepts in
zj. If this is the case, then the probability of sampling x according to D,, is simply given by the
product of the frequencies of the words contained in x.

We use &), to denote the support of the distribution D,, , that is
X ={x € X : D, (x) >0}
and we note that if the latent variables z, ...,z are mutually distinct, then X; N A} = 0 for all

j # k. Since the K latent variables define the K classes of our classification problem, we may
alternatively define &, by

Xy = {x € X : x belongs to the k*" category}

To each latent variable z;, = [ 2x1 , 2k,2, --- , kL | We associate a matrix
Zy = |es, €, - ey, | Rk 1)
In other words, the matrix Z; provides a one-hot representation of the concepts contained in the
latent variable zj,. Concatenating the matrices 71, ..., Zx gives the matrix
Z =21 Zy - Zg|eRXKL (22)

which is reminiscent of the matrix U defined by .

We encode the way words are partitioned into concepts into a ‘partition matrix’ P € R™<*"w_ For
example, if we have 12 words and 3 concepts, then the partition matrix is

1111 00O0O0O0O0O0O0
000011110000
00 0O0OO0OOODOT1T1T171

indicating that the first 4 words belong to concept 1, the next 4 words belongs to concept 2, and so
forth. Formally, recalling that {(«, ) is the the one-hot encoding of word («, 8) € V, the matrix P
is defined the relationship

P= € RMeXnw (23)

P((a,B) =eq forall (o, 5) € V. (24)
Importantly, note that the matrix P maps datapoints to their associated latent variables. Indeed, if
x = [(a1,81),- ., (ar, Br)] is generated by the latent variable zj, (meaning that x € X}), then we
have that
| |

€y, €y ... €q

P((x)=P =7y (25)

| | |
C(Oll|a51) C(a2|,52) C(aLl,ﬁL)]:

where the last equality is due to definition (2I)) of the matrix Zj,.

Another important matrix for our analysis will be the matrix () € R™*"™«_ In the concrete case
where we have 12 words and 3 concepts, this matrix takes the form

B p2 opz g 0O 0 0 O 0 O 0 O
Q= [ 0 0 0 O py pe p3 e 0 0 0 0] RPexm (26)
0O 0 0 0 0 0 0 0 pm p ps pa
and, in general, it is defined by the relationship
Q ((a, B) = pgeq forall (o, 8) € V. 27
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C SYMMETRY ASSUMPTIONS ON THE LATENT VARIABLES

In subsection we provide an in depth discussion of the symmetry assumption required for theo-
rems 1 and 3 to hold. In subsection [C.2] we present and discuss the assumption that will be needed
to prove the converse of theorems 1 and 3.

C.1 SYMMETRY ASSUMPTION NEEDED FOR THEOREM [I]AND[3]

To better understand the symmetry assumption 1 from the main paper, let us start by considering the
extreme case

K=nl and {z1,20,...,25} = Z, (28)
meaning that zy, ..., zx are mutually distinct and represent all possible latent variables in Z. In
this case, we easily obtain the formula

, . L-1 ,
‘{]6[K]:dlst(zj,zl):randzj7L:zl7L}‘: (n.—1) (29)
r

where dist(z ) z1 ) is the Hamming distance between the latent variables z ; and z;. To see this, note
that the left side of @[) counts the number of latent variables z; that differs from z; at r locations
and agrees with z; at the last location ¢ = L. This number is clearly equal to the right side of
since we need to choose r positions out of the first L — 1 positions, and then, for each chosen
position ¢, we need to choose a concept out of the n. — 1 concepts that differs from z; ,. A similar
reasoning shows that, if z; 1 # «, then

L—-1

Hj € [K] : dist(zj,21) =rand z; 1, = a}‘ = <r 1

)(nc -1t (30)
where the term (f:ll) arises from the fact that we only need to choose r — 1 positions, since z; and
z; differ in their last position £ = L. Suppose now that the random variables z, . . . , zk are selected
uniformly at random from Z, and say, for the sake of concreteness, that

so that zy, . ..,z represent 20% of all possible latent variables (note that |Z| = nl). Then -
(30) should be replaced by

1

L-1
Hj € [K] : dist(zj,z1) =rand zj 1 = Zl’LH ~ <

r

3 )(nc - 1" 31

1/L—-1
Hj € [K] : dist(z;,21) =rand z; 1, = a}‘ R~ 5< 1)(71C —1)"t fora#z  (32)
r—
where the equality only holds approximatively due to the random choice of the latent variables.
In the above example, we chose z; as our ‘reference’ latent variables and we ‘froze’ the concept
appearing in position £ = L. These choices were clearly arbitrary. In general, when K is large, we
have

%(L;l) (nC - 1)T if Zko = Q
[{i € K]+ dist(zy.z) = rand 2, = o} » .
%(i:ll) (nc - 1)7‘71 if 2k 7£ o

and this approximate equality hold for most k¥ € [K|, r € [L], ¢ € [L], and @ € [n.]. The
symmetry assumption [1|from the main paper requires to hold not approximatively, but exactly.
For convenience we restate below this symmetry assumption:

Assumption A (Latent Symmetry). Forevery k € [K|, r € [L], ¢ € [L], and « € [n.] the identities
%(LZI)(W -1 if 2k =

‘{j (S [K] ZdiSt(Zj,Zk) :Tandzj’e:a}’ = (34)
jiL CD)me =11 ifz o

hold.
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To be clear, if the latent variables z1, . . . , zx are selected uniformly at random from Z, then they will
only approximatively satisfy assumption[A] Our analysis, however, is conducted in the idealized case
where the latent variables exactly satisfy the symmetry assumption. Specifically, we show that, in
the idealized case where assumption[Alis exactly satisfied, then the weights TV and U of the network
are given by some explicit analytical formula. Importantly, as it is explained in the main paper, our
experiments demonstrate that these idealized analytical formula provide very good approximations
for the weights observed in experiments when the latent variables are selected uniformly at random.

In the next lemma, we isolate three properties which hold for any latent variables satisfying as-
sumption [A] Importantly, when proving collapse, we will only rely on these three properties — we
will never explicitly need assumption[A] We will see shortly that these three properties, in essence,
amount to saying that all position ¢ € L] and all concepts o € [n.] plays interchangeable roles for
the latent variables. There are no ‘preferred’ ¢ or «, and this is exactly what will allow us to derive
symmetric analytical solutions.

Before stating our lemma, let us define the ‘sphere’ of radius r centered around the k*” latent variable
Sp(k) == {j € [K] : dist(z;, zx) :r} forr, k € [L] (35)

With this notation in hand we may now state

Lemma B. Suppose the latent variables z1,...,zx satisfy the symmetry assumption [A] Then
Z1,...,2Zx satisfies the following properties:

(i) 1S-(j)| = |Sr(k)| forall r € [L] and all §, k € [K].
(ii) The equalities

K

K KL
Z Zy=—1,1Y  ana 7227 =—Z=1I,,
P Ne Ne

hold, with I,,, denoting the n. X n. identity matrix.
(iii) There exists 0y, ...,0r > 0 and matrices Ay, ..., A, € R"*L such that
1
Iy — ——— Z:=0,7Z,+ A,
1S (k) 2 7

JES (k)
holds for all v € [L], all j € [K], and all k € [K].

We will prove this lemma shortly, but for now let us start by getting some intuition about properties
(1), (i1) and (iii). Property (i) is transparent: it states that all latent variables have the same number
of ‘distance-r neighbors’. Recalling how matrix Z;, was defined (c.f. (2I))), we see that the first
identity of (ii) is equivalent to

(ke [K]: 2y —a}l = & forall £ [L] andall a € [n.]. (36)
n

c
This means that the number of latent variables that have concept « in position ¢ is equal to K /n,.
In other words, each concept is equally represented at each position £. We now turn to the second
identity of statement (ii). Recalling the definition of matrix Z, we see that ZZ1 € R"eX"e ig
a diagonal matrix since each column of Z contains a single nonzero entry. One can also easily see
that the o entry of the diagonal is

(227, = {(k,0) € [K] x [L] : z1e = o},
which is the total number of times concept v appears in the latent variables. Overall, the identity
Z7ZT = %I n, 18 therefore equivalent to the statement

{0 0) € [K]  [L] 20 = a}] = 2

c

for all o € [n]

and it is therefore a direct consequence of (36)).

Property (iii) is harder to interpret. Essentially it is a type of mean value property that states that
summing over the latent variables which are at distance r of zj, gives back z;. We will see that this
mean value property plays a key role in our analysis.

To conclude this subsection, we prove lemma
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Proof of lemma[B] We start by proving statement (i). Since S,.(k) = {j € [K] : dist(z;,z,) = r},
we clearly have that

5,0 =Y

a=1
We then use identity and Pascal’s rule to find

5,090 = (e = 1) (7 (£ e =2 ) o+ 2 (5 -1y
- o-v (2 (50Y)

which clearly implies that |.S,.(k)| = |S,(j)| for all j, k € [K] and all r € [L].

We now turn to the first identity of t (ii). As previously mentioned, this identity is equivalent to (36).
Choose k such that z ¢ # «. Then any any latent variable z; with z; , = « is at least at a distance
1 of z;, and we may write

L
{7 € [K]: 20 = a}l :Z

- K r—1
;£<T_1> e—1) (40)

which is equal to K /n,. according to the binomial theorem. The second identity of (ii), as mentioned
earlier, is a direct consequence of the first identity.

{j € [K] : dist(zj,2x) =7 and 2, = a}‘ (37)

{ | : dist(zj,2x) =7 and 2, = a}’ (39)

We finally turn to statement (iii). Appealing to (38), we find that,
Hj € [K] : dist(z;,zx) =rand z; 0 = a}‘ %(Lfl) (ne —1)" - (L;l) I

T

1S, (k)| T EO -y (B L
if 2, o = o On the other hand, if z;, ¢ # «, we obtain
Hj € [K] : dist(zj,z) =7 and z; ¢ = a}‘ B %(5:11) (ne — 1)1 o ({::11) R
|5 ()| EOme-1r =1 ()  ne—1L

Fix ¢ € [L] and assume that zj, , = «*. We then have

Z e, = M:Zpl‘{] GST(k:):zj,g:ea}

jE€S, (k)

€o

{j € [K] : dist(zj,z) =rand z; ¢ = OZH

- Z |s )] co

Neg T 1 r
=(1- — ) eq —1,
( nclL)e +nC71L ¢

Recalling that 2zj, = «*, the above implies that

r 1 r
- = — 1, 41
Oz |S( Z ©zi.e —1L ne— 1L ™ @1
JGS (k)
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Finally, recalling that

Zip = |€z,1 €z, v €y € Rt

we see that (41)) can be written in matrix format as
1 Ne T 1
T — ——— Zj=—"——7 lan
F |ST(I<:)|‘Z I e =1L m 1L
]Esr(k)

and therefore the scalars 6, and the matrices A, appearing in statement (iii) are given by the formula
0, = 57 and A, = — z 1%1 O

C.2 SYMMETRY ASSUMPTION NEEDED FOR THE CONVERSE OF THEOREM[I]AND[3]

In this subsection we present the symmetry assumption that will be needed to prove the converse of
theorem|T]and[3] This assumption, as we will shortly see, is quite mild and is typically satisfied even
for small values of K.

For each pair of latent variables (z;, z) we define the matrix
Gk .— Zi(Z; — Zk)T € R Xne,
We also define
A= {A € R™*" : There exists a,b € Rs.t. A =al,_ +0bl,, 156} (42)

which is the set of matrices whose diagonal entries are equal to some constant and whose off-
diagonal entries are equal to some possibly different constant. We may now state our symmetry
assumption.

Assumption B. Any positive semi-definite matrix A € R"<*" that satisfies
< A, TR F(j/”“/)> =0 Vi kK €[K] st dist(zj,z) = dist(z;r,211)  (43)
» :
must belongs to A.

Note that can be viewed as a linear system of equations for the unknown A € R"<*"¢, with
one equation for each quadruplet (7, k, 7', k') satisfying dist(z;,zx) = dist(z;j/,zx). To put it
differently, each quadruplet (j, k, j/, k') satisfying dist(z;,z;) = dist(z;, zx/) adds one equation
to the system, and our assumption requires that we have enough of these equations so that all positive
semi-definite solutions are constrained to live in the set .A. Since a symmetric matrix has (n. +
1)n./2 distinct entries, we would expect that (n. + 1)n./2 quadruplets should be enough to fully
determine the matrix. This number of quadruplets is easily achieved even for small values of K. So
assumption [BJis quite mild.

The next lemma states that assumptlonlls satlsﬁed when K = nl. In light of the above discussion
this is not surprising, since the choice K = n’ leads to a system w1th a number of equations much
larger than (n. + 1)n./2. The proof, however is instructive: it simply handpicks (n. + 1)n./2 —
2 quadruplets to determine the entries of the matrix A. The ‘—2’ arises from the fact A is a 2
dimensional subspace, and therefore (n. + 1)n./2 — 2 equations are ‘enough’ to constrain A to be
in A.

Lemma C. Suppose K = nl and {z,,...,2x} = Z. Then z,,...,zx satisfy the symmetry
assumption [B]

Proof. Let A = CT(C be a positive semi-definite matrix that solve satisfies We use c, to
denote the a'” column of C. Since {zy,...,zx} = Z, we can find i, j, k € [K ] such that
=12,1,1,...,1] €2
z; =[3,1,1,...,1 € Z
z=14,1,1,...,11 € Z
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Using lemmal[A]and recalling the definition (2I) of the matrix Zj,, we get

< A, F(i,j)>F =(c"C,z;(Z; - Zj)T>

=(C(Zi - Z;),CZi)
(CZ“ CZ > —(CZ;,CZ)
(Ca,c0) + 1)<c1,cl>) _ ((cz,cz),) (L 1)<c1,c1))

= (c2,¢2) — <02,C3>
Similarly we obtain that

< A, F(i’k)>F = (c2,¢2) — (c2,¢€4)

Since dist(z;, 2;) = dist(z;,zx) = 1, and since A satisfies (43, we must have
< A F(i>j)> — < A p(i,k>>
’ F ’ F

Ay 3 = (ca,c3) = (Ca,cq4) = Aoy
This argument easily generalizes to show that all off-diagonal entries of the matrix A must be equal
to some constant b € R.

which in turn implies that

We now take care of the diagonal entries. Since {z1,...,zx} = Z, wecanfind i, j', k' € [K] such
that

:[1,1,...,1]62
ZJ/:[272,...72]€Z
20 =[3,3,....3| € Z

As before, we compute
< A y F(i/’j/)>F = <CZ,L'/, CZi/>F — <0Zj/, OZi/>F = L<C1, Cl> — L<Cl,02> = L<01,C1> —Lb
where we have used the fact that the off diagonal entries are all equal to b. Similarly we obtain

< A, F<ﬂ’”’“’>>F — L{ca, cs) — Lb

Since dist(zir,2zj) = dist(2},2) = L, we must have <A NG '/)> <A ru’ k,)> which

implies that Ay ; = A 5. This argument generalizes to show that all diagonal entries of A are
equal. O

D SHARP LOWER BOUND ON THE UNREGULARIZED RISK

In this section we derive a sharp lower bound for the unregularized risk associated with the network
hw,u,

Ro(W.U) = 2 ZE oDy [, (%), K) |, “4)
k=1
where ¢ : RX — R is the cross entropy loss
Uy, k) =—log (}(jxp(y;&) fory € RE
Zj:l exp (y;)

The k'" entry of the output y = Ay, 7(x) of the neural network, according to formula lb is given
by

Yk = < Us WC(X)>F
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Recalling that X}, is the support of the distribution D,, : X — [0, 1], we find that the unregularized
risk can be expressed as

K
Ro(W,U) = %Z > Uhwu(x), k) Da, (%)
k=1xEX})

1 K | e<Uk.,WC(x)>F >
B ?Z Z T8 K RGN 2 (%)

k=1x€X} j=1

K N N
%Z Z log 1+Z@7<Uk—uj,wc(x)>p D, (%)

k=1 xEX), J#k

where we did the slight abuse of notation of writing D,, (x) instead of D,, ({x}). Note that a data
points x that belongs to class k is correctly classified by the the network Ay if and only if

< U, Wg(x)>F > < 0, WC(x)>F forall j # k

With this in mind, we introduce the following definition:
Definition A (Margin). Suppose x € Xj.. Then the margin between data point x and class j is

My (x, ) i= (Ur = U3, W)

With this definition in hand, the unregularized risk can conveniently be expressed as

K
1 _ x.j
Ro(W,U) = EE ) og [ 14 e Mwrd) | D, (x) (45)
k=1x€eXy j#k

and a data point x € X}, is correctly classified by the network if and only if the margins Dty iy (x, )
are all strictly positive (for j # k). We then introduce a definition that will play crucial role in our
analysis.

Definition B (Equimargin Property). If

dist(zg, z;) = dist(zpr,2;,)) = Mwo(x,)) =Mwo(x',j) Vx € Xy andVx' € Xy
then we say that (W, U) satisfies the equimargin property.
To put it simply, (W, U) satisfies the equimargin property if the margin between data point x € X,

and class j only depends on dist(z,z;). We denote by £ the set of all the weights that satisfy the
equimargin property

E={(W,U) : (W,U) satisfies the equimargin property } (46)
and by N the set of weights for which the submatrices Uy, defined by sum to 0,

K

Nz{(Wﬂ)z Ak=0} (47)
k=1

We will work under the assumption that the latent variables z1, ...,z satisfy the symmetry as-

sumption [A] According to lemma [B] |S,.(k)| then doesn’t depend on k, and so we will simply use

|S,.| to denote the size of the set S,.(k). Lemma[B|also states that

1

Zp — ————— Z:i=0.7Z;, + A

k |ST(I{7)‘Z J r Lk + Ar
JESr(k)

for some matrices Ay, ..., Ay, and some scalars 61, ...,0; > 0. We use these scalars to define
L
g() = log < 1+ |8, | e/ ) (48)

r=1

and we note that g : R — R is a strictly increasing function. With these definitions in hand we may
state the main theorem of this section.
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Theorem D. If the latent variables satisfy the symmetry assumption[A] then
Ro(W,U) :g(— <U, WQTZ>F) forall (W,U) e NNE (49)
Ro(W,U) > g( - <U, WQTZ>F) forall (W,U) € N N & (50)

We recall that the matrices U, Q, and Z where defined in section (c.f. , and ). The
remainder of this section is devoted to the proof of the above theorem.

D.1 PROOF OF THE THEOREM

We will use two lemmas to prove the theorem. The first one (lemma [D| below) simply leverages
the strict convexity of the various components defining the unregularized risk R(. Recall that if
f : R4 — Ris strictly convex, and if the strictly positive scalars p1, ..., p, > 0 sum to 1, then

f (va) <Y pif(vi) (51)
=1 1=1

and that equality holds if and only if vi = vo = ... = v,,. For this first lemma, the only property
we need on the latent variables is that |S, (k)| = |S, ()| = |Sy| forall j,k € [K] and all r € [L].

Define the quantity

K
N (r :K Z Z > Mw,u(x,5) Dy, (%) (52)

€S, (k) x€EX)

which should be viewed as the averaged margin between data points and classes which are at a
distance r of one another. We then have the following lemma:

Lemma D. [f|S,(k)| = |S-(j)| forall j,k € [K] and all r € [L], then

L
Ro(W,U) = log (1 +> |Sre_mW’U(")> forall (W,U) € £ (53)
r=1
L
Ro(W,U) > log (1 +Y |sre—‘“W»U<T>> forall (W,U) ¢ & (54)
r=1

Proof. Using the strict convexity of the function f : RX~! — R defined by

f(vl,...,vk_l,vk+1,..., 10g< +Z vJ)
J#k

we obtain

Ro(W,U) = ZZlog 1+ e ™) | D, (x)

k 1xXEX, J#k
RS > (%) Day, (%)
- M(%x,7)Dz, (x
ZEZIOg 1+Ze EXy k
=1 J#k
and equality holds if and only if, for all & € [K], we have that
M(x,5) = My, j) forall x,y € Xy and all j # k (55)

We then let

k j) = Z m(xaj)DZk(x)

xXE Xy
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and use the strict convexity of the exponential function to obtain

—Zlog 1—|—Ze M (k) Zlog 1—|—Z Z e (k.g)

J#k r=1;j€S,(k)
1« 5
—_ _m(kv )
_KZOg 1—|—Z|S| 5 Z e J
k=1 JES(k)
> = Zlog <1 + Z 1S, e TS Ziesnam Mk J)>
= r=1
Moreover, equality holds if and only if, for all k € [K] and all r € [L], we have that
M(k,) = M(k,j) foralli,jc S, (k) (56)
We finally set
| Z Mk, 7)
JES(k)

and use the strict convexity of the function f(v1,...,vr) = log (1 + Zle |Sr|e”") to get

L
*Zlog <1+Z|S le™ kr)) > log <1—|—Z|S le” & Zie 19ﬁ(kr)>

r=1
Moreover equahty holds if and only if, for all £ € [K] and all r € [L], we have that

M(k,r) = MK, r) forall k& € [K]andallr € [L] (57)
Importantly, note that

K*
Zﬁ K| |Z Z ZimWUXJ Dy, (x)
k: T

k=1j€S, (k) x€X)

which is premsely how ‘IIWU( ) was defined (c.f. .) To conclude the proof, we remark that
conditions (55)), (56) and (57) are all satisfied if and only if (W, U) satisfies the equi-margin property.

O
We now show that, if assumption holds, 9,7 (r) can be expressed in a simple way.
Lemma E. Assume that the latent variables satisfy the symmetry assumption|A] Then
O /)~
N (r) = 7 <U, WQTZ>F forall (W,U) € N (58)
Proof. We let
Xip= Y (x)D
xEX)
and note that the averaged margin can be expressed as
MNw,u(r K\S|ZZ ZmWUX] 2 (X)
k= 1J€S (k) XEX}
E‘ |Z > Y (003 W) Day(x)
k= 1]€S (k) x€EX}
S LSS (0,5
= K ‘ST| ' k JrrEk F
k=1je5, (k)
1w 11 =
- A.,WY> S <U,WY> 59
Kz<k " e K|ST|Z, ! "/ r 9
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Let

m _ J1 ifdist(zg,z;) =7r
" 10 otherwise

and rewrite the second term in (39) as

11 & 11 S
KT 2 (W), = gy 23l (U W),
k=1j€e8, (k) k=1 j=1
11 KX
_ ()
~ KIS, ZZ% <Uk’WXJ>F
Jj=1k=1
11 &
:EISIZ > (0nWX;)
" k=1j€8,(k)
1 & 1
=2\ O Wiem > X,
K & ey
= JES (k) F
Combining this with (59) we obtain
1 & 1
Nwu(r) = Kz< Uk W(Xk ER > Xj) >
k=1 "l jes, (k) I
From formula (26), we see that row « of the matrix @ is given by the formula
Q"eq =Y C(,B) g
B=1
We then write z;, = [, . . ., «ar] and note that the £t column of X, can be expressed as

Xl = > Clan Bps = QTea,.
B=1

From this we obtain that

X, =Q"Z,
and therefore (60) becomes
1o/ - 1
Nw,u(r) = Ez < Uk , WQT(Zk s > Zj) >
k=1 |5 JE€S (k) P
K
A (b wer(ensa)),

b
Il
—

(60)

(61)

(62)

where we have used the identity Zj, — ﬁ > e, (k) Z; = 0, Z) + A, to obtain the second equality.

Finally, we use the fact that & U, 1 = 0 to obtain

>

M=

Ny (r) = é < U, WQZ, >F = % <U,WQTZ>F
k

Il
-

Combining lemma [D]and [E] concludes the proof of theorem D}
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E PROOF OF THEOREM [l AND ITS CONVERSE

In this section we prove theorem |1|under assumption [A} and its converse under assumptions [Af and
We start by recalling the definition of a type-I collapse configuration.

Definition C (Type-1 Collapse). The weights (W,U) of the network hy, form a type-I collapse
configuration if and only if the conditions

i) There exists ¢ > 0 so that W4, )y = cfo forall (a, ) € V.
ii) There exists ¢ > 0 so that uy ; = ¢’ fo for all (k,£) satisfying zi, o = o and all o € C.
hold for some collection f1, . . ., fn. € R? of equiangular vectors.

It will prove convenient to reformulate this definition using matrix notations. Toward this goal, we
define equiangular matrices as follow:

Definition D. (Equiangular Matrices) A matrix § € R is said to be equiangular if and only if

the relations 1
Pe g ——— 1,17
ne — 1

nc_l Ne"Ne

F1,. =0 and T =

hold.

Comparing the above definition with the definition of equiangular vectors provided in the main
paper, we easily see that a matrix

c Rdxnc

. |
§= [fl f|2 fr‘zc
is equiangular if and only if its columns fi,...,f,, € R? are equiangular. Relations (i) and (ii)
defining a type-I collapse configuration can now be expressed in matrix format as

W=c§FP and U=¢ §Z for some equiangular matrix §
where the matrices Z and P are given by formula and (23). We then let

Q= {(VV7 U) : There exist an equiangular matrix § such that

~ N
W=c3P and U=c ﬁgz} (63)

and note that Q! is simply the set of weights (W, U) which are in a type-I collapse configuration
with constant ¢ and ¢’ = ¢ \/n,, /(K L). We now state the main theorem of this section.

Theorem E. Assume uniform sampling g = 1/s. for each word distribution. Let T > 0 denote
the unique minimizer of the strictly convex function

K K o\ ©
H(t) :log(lnngnL(lJr(ncl)e ’7) >+)\t where 1=

c

Ne 1
Ne—1 /N, KL
and let ¢ = \/T /ny,. Then we have the following:

(i) If the latent variables z., . . .,z are mutually distinct and satisfy assumption[A] then
Q! cargminR

(ii) If the latent variables z., ...,z are mutually distinct and satisfy assumptions [A| and [B|
then
Qi =argmin R
Note that (i) states that any (W, U) € Q! is a minimizer of the regularized risk — this corresponds
to theorem [I] from the main paper. Statement (ii) assert that any minimizer of the regularized risk
must belong to 2 — this is the converse of theorem The remainder of this section is devoted to
the proof of theorem [E] We will assume uniform sampling

g =1/s. forall 8 € [s.]

everywhere in this section — all lemmas and propositions are proven under this assumption, even
when not explicitly stated.
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E.1 THE BILINEAR OPTIMIZATION PROBLEM

From theorem[D] it is clear that the quantity

(0.wQTz)
plays an important role in our analysis. In this subsection we consider the bilinear optimization
problem

maximize <ﬁ wWQTz > (64)

subjectto o (W[ + [T]3) = . (65)

where ¢ € R is some constant. The followmg lemma identifies all solutions of this optimization
problem.

Lemma F. Assume the latent variables satisfy assumption E] Then (W,U) is a solution of the
optimization problem (64) — (63) if and only if it belongs to the set

Bl = {(VV7 U) : There exist a matrix F € R¥" with |[F||% = n,

N N
such that W = ¢ FP and U = ¢ [ % FZ} (66)

Note that the set B! is very similar to the set ! that defines type-I collapse configuration (c.f. .)
In particular, since an equiangular matrix has n. columns of norm 1, it always satisfies ||§||% = n,
and therefore we have the inclusion

Qf c Bl (67)
The remainder of this subsection is devoted to the proof of the lemma.

First note that the lemma is trivially true if ¢ = 0, so we may assume ¢ # 0 for the remainder of the
proof. Second, we note that since pg = 1/s,, then the matrices P and Q defined by d
are scalar multiple of one another. We may therefore replace the matrix () appearing in (64) by P,
wich leads to

maximize <U, WPTZ>F (68)
. 1 2 2 2
subject to 3 W% + U7 ) = ¢ ne (69)

We now show that any (W, U) € B! satisfies the constraint and have objective value equal to
VKLn,.
Claim A. If (W,U) € B!, then

1 A N
3 <||W||%+||U||%) =c*n, and <U,WPTZ>F =c?s.\/KLn,

Proof. Assume (W,U) € BI. From definition (23) of the matrix P, we have PPT = s.I,,_, and
therefore

”W”%‘ = C2||F‘P||§7’ = C2 <FP,FP>F = 62 <FPPT3F>F = CQSCHF”%‘ = CQScnc = C2nw
where we have used the fact that s. = n,,/n.. Using Z T = ﬂ[ from lemma we obtain
9 T KL
|FZ|} = (FZ.F2), = (FZZ",F), = |F|3 = KL
As a consequence we have
nw
U117 = ¢ ”FZ”F ? Ny

and, using PPT = scI,, one more time,

<U,WPTZ>F =2, | L 2 (FZFPPTZ), = s, KiL (FZ,FZ)p = 2 so/KLny,
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We then prove that W and U must have same Frobenius norm if they solve the optimization problem.
Claim B. If (W, U) is a solution of (68) - (69), then
IWIIE = 1017 = ¢ nw (70)

Proof. We prove it by contradiction. Suppose (W, U) is a solution of — with |W % #

|U||%. Since the average of ||W |3 and ||U||%, is equal to ¢?n,, > 0 according to the constaint, there
must then exists € # 0 such that

HWHzF :Cznw+€ and ||UH§7 :Can —€

2 . 2m. .
Wo=1/ W  and U= 52U
C*MNyy + € CMyy — €

IWoll% = 10ollF = ¢ na,

and therefore (W, 00) clearly satisfies the constraint. We also have

2 T _ ctng, 2 T 2 T
Uy, Wo P Z> =T = UWPZ) >(UWP Z
F ctn2 —e¢ F F

since € # 0 and therefore (W, U ) can not be a maximizer, which is a contradiction. O

Let

and note that

As a consequence of the above claim, the optimization problem - is equivalent to
maximize <U, WPTZ> 71)
F
subjectto  ||[W|% =c?ny and ||U||% = ny, (72)
We then have
Claim C. If (W, U) is a solution of - , then (W,U) € BL.

Note that according to the first claim, all (W, U ) € Bg have same objective value, and therefore,
according to the above claim, they must all be maximizer. As a consequence, proving the above
claim will conclude the proof of lemma [

Proof of the claim. Maximizing over U first gives

- wpPTz
U= C\/nwm (73)

and therefore the optimization problem - reduces to
maximize ||WPTZ|%
subjectto || |% = ¢® ny,

Using ZZ7 = ELT from lemmawe then get

WP Z||p = (WPTZWPTZ),, = (WP"ZZ" WPT) = KL||WPT|\%
and therefore the problem further reduces to
maximize |[W PT||%
subjectto || |2 = ¢® ny,
The KKT conditions for this optimization problem are
wpPTp =uvw (74)

W% = ¢ nw (75)
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where v € R is the Lagrange multiplier.

Assume that (W, U ) is a solution of the original optimization problem - l) Then, according
to the above discussion, W must satisfy — (75). Right multiplying (74) by P, and using
PPT = s.1,_, gives

sWPT = ywPT

So either v = s, or WPT = (. The latter is not possible since the choice W PT = 0 leads to an
objective value equal to zero in the original optimization problem (71)) — (72). We must therefore
have v = s, and equation (74) becomes

1
w=—-wpTp (76)

Sc

which can obviously be written as
W =cFP

by setting F' := %WPT. Since W satisfies we must have
Py = W3 = A|FP|} = & (FP,FP), = @ (FPPT,F), = s.|Fl%, (D)
and so | F||% = ny/sc = ne.
According to , U bust be a scalar multiple of the matrix
WPTZ = (cFP)YPTZ =cs.FZ

Using the fact that ZZ7 = %I and || F||% = n. we then obtain that

KL
\FZ|3 = (FZ,F2),. = (FZ27, F), = “2| P2 = KT 78)
and so equation becomes
A wpPTz rz
U=c\yny——r——"=¢c\/ny— 79
[WPTZ]r VKL )
which concludes the proof. O

E.2 PROOF OF COLLAPSE
Recall that the regularized risk associated with the network hyy 7 is defined by

R(W,U) = Ro(W,U) + 5 (W3 +1U1%) (50)
and recall that the set of weights in type-I collapse configuration is

Qf = {(VV, U) : There exist an equiangular matrix § such that

- n
W=c§P and U=c\|2252} Gl
cs an ‘KL 5 81
This subsection is devoted to the proof of the following proposition.
Proposition A. We have the following:
(i) If the latent variables z., . . .,z are mutually distinct and satisfy assumption[A] then there
exists ¢ € R such that

Ql cargminR

(ii) If the latent variables z., . ..,zx are mutually distinct and satisfy assumptions [A] and [B]
then any (W, U) that minimizes R must belong to Q) for some c € R.
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This proposition states that, under appropriate symmetry assumption, the weights of the network
hw,u do collapse into a type-I configuration. This proposition however does not provide the value
of the constant c involved in the collapse. Determining this constant will be done in the subsection

We start with a simple lemma.
Lemma G. Any global minimizer of (80) must belong to N

Proof. Let (W*,U*) be a global minimizer. Define B = 4 Zle Uy and
Uy=[Uf =B U;—B --- Ui — B
From the definition of the unregularized risk we have Ro(W™*; Uy) = Ro(W™*; U*) and therefore

K
1 * * * >\1 * *
- yUo) — 5 =35 E F— ElIlF
7 (ROW*:U0) = R(W* U¥)) > (1U% = Bl ~ UFII7)

2K
k=1
A1 E ) N
= S > (IBI} - 2(B.U))
k=1
K
A 2 1 *
= 9 <||B|F_2<BaKZUk> )
k=1 F
A
= - 2IBI
So B must be equal to zero, otherwise we would have R(W™*, Uy) < R(W*,U™*). O

The next lemma bring together the bilinear optimization problem from subsection and the sharp
lower bound on the unregularized risk that we derived in section D}

Lemma H. Assume the latent variables satisfy assumption@ Assume also that (W*,U*) is a global
minimizer of (80) and let ¢ € R be such that

1 * *
5 IV NE +1U*NE) = ¢ .
Then the following hold:
(i) Any (W, U) that belongs to N' N € N BL is also a global minimizer of.
(ii) IFN NENBL £, then (W*, U*) must belong to NN E N BL.

Proof. Recall from theorem [D] that
Ro(W,U) :g(f <U,WQTZ>F) for all (W,U) € N' N E (82)

Ro(W,U) > g( - <U,WQTZ>F) for all (W,U) € N N &° (83)
We start by proving (i). If (W, U) € N'N € N BL, then we have
Ro(W*,U*) > g (— <U*, W*QTZ>F) [because (W*,U*) € N due to lemma|G]]

>g (f <U', WQTZ>F) [because (W, U) € B! and g is increasing]
= Ro(W,U) [because (W, U) e N NE ]
Since (W,U) € Bl we must have 3 (|[W||% + |U[%) = ¢*ne = 1 (|W*]|% + |U*||%). There-
fore R(W,U) < R(W*,U*) and (W, U) is a minimizer.
We now prove (ii) by contradiction. Suppose that (W*, U*) ¢ A" N € N BL. This must mean that
(W*,U*) ¢ EnBL
since it clearly belo to V. If (W*,U*) ¢ & then the first inequality in the above computation is

strict according to (83). If (W*,U*) ¢ B! then the second inequality is strict because g is strictly
increasing. O
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The above lemma establishes connections between the set of minimizers of the risk and the set
E NN N BL. The next two lemmas shows that the set £ N N N BL is closely related to the set of
collapsed configurations Q.. In other words we use the set £ N N N BL as a bridge between the set
of minimizers and the set of type-I collapse configurations.

Lemma L. If the latent variables satisfy the symmetry assumption[A] then
QL cenNnBE

Proof. We already know from that Q! C BL. We now show that Q% C €. Suppose (W,U) €
QL. Then there exists an equiangular matrix § € R?*"c such that

W=cgP and U=dFZ
where ¢ = ¢\/n,,/(KL). Recall from li that
P((x) = Zy, for all x € Xj.
Consider two latent variables
z = |a1,...,ar] andzj =[af,...,a})

and assume x is generated by z, meaning that x € &);,. We then have

Mo (x,5) = (O = 03, Welx) )
=cd (§2Zy—F Z;,§ PCX))
= e (§ 2~ § 2,8 D)y

= 3 (ot o),
{=1

L
=cc <L Z< foz;,' y fag >F>
=1
Since {1, ..., f,, are equiangular, we have
L . .
;< faé ) fozz >F = (L — diSt(Zj,Zk)) - Mg — 1diSt(Zj,Zk) =1 — rildist(zj’zk).
Therefore
Ne

Mw.v(x,7) = e dist(z;, zy)

ne— 1

and it is clear that the margin only depends on dist(z;,z;), and therefore (IW,U) satisfies the
equimargin property.

W, U) € QL. From property (ii) of lemmal[B|we have

—~

Finally we show that Q£ C A/. Suppose

K
K
> Zp=—1,1]
Ne
k=1
Therefore,
K K K
DUi=¢> 52 =( n—cg 1,17 =0
k=1 k=1
where we have used the fact that § 1,,, = 0. [

Lemma J. If the latent variables satisfy assumptions [A|and|B} then
QL =EnNNBL
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Proof. From the previous lemma we know that O € £ NN N BL so we need to show that
ENNNBLcal
Let (W,U) € ENN N BL Since (W,U) belongs to B, there exists a matrix F € R with
|F||% = n. such that
W=cFP and U= FZ (84)
where ¢ = ¢y/n,,/(KL). Our goal is to show that F is equiangular, meaning that it satisfies the
two relations

. 1
Be - —— 1,17 (85)

Ne " ne*
0_1 ¢

F1,, =0 and FTF =
’ ne — 1

The first relation is easily obtained. Indeed, using the fact that (W, U) € N together with the identity
Zkl,(zl Zy = glnc 17 (which hold due to lemma , we obtain

K K

K
0=> Up=c> FZ)= c’;F1nc1§.
k=0 k=0 ¢

We then note that the matrix F'1,,,17 is the zero matrix if and only if F1,,, = 0.
We now prove the second equality of . Assume that x € X). Using the fact that P{(x) = Zj
together with (84)), we obtain

9:)IIVV,U(Xa j)

(0 =0 W)

e (F Z,,— F Zj,F P({(x))
=cd(FZy—F Z;,F Zy)

c (F'F(Zr - Z;), Z)

- cc’< FTF , (k) >F (86)

We recall that the matrices 4

r®d) = 7,(Zy — Z;)7 € Rrexne,
are precisely the ones involved in the statement of assumption [B} Since (W,U) € &, the margins
must only depend on the distance between the latent variables. Due to (86), we can be express this
as

< FTF F(j”")> - < FTR r<j’vk’>> Vi, k. i k€ [K] s.t. dist(z;, z,) = dist(z/, zp)
F F
Since the F'T F is clearly positive semi-definite, we may then use assumption |Bfto conclude that
FTF € A. Recalling definition of the set A, we therefore have
F'F=al, +b1,1] (87)

for some a, b € R. To conclude our proof, we need to show that

a:nc"jl and b:—ncil. (88)
Combining with the first equality of (83), we obtain
0=F"F1, =al, +b1,1] 1, = (a+bn.)l,, (89)
Combining with the fact that || F||% = n., we obtain
ne = ||F||% = Te(FTF) = n.(a + b) (90)
The constants a, b € R, according to and must therefore solve the system
{a +bn, =0
a+b =1
and one can easily check that the solution of this system is precisely given by (88). [
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We conlude this subsection by proving proposition [A]

Proof of Proposition[A] Let (W*,U*) be a global minimizer of R and let ¢ € R be such that
1 *
5 (VN7 +1U*117) = ¢ nu

If the latent variables satisfies assumption[A] we can use lemmalltogether with the first statement of
lemma [HIto obtain
QL cENNNBL CcargminR,

which is precisely statement (i) of the proposition.

We now prove statement (ii) of the proposition. If the latent variables satisfies assumption [A] and [B|
then lemma [J] asserts that

QA =enNNB:
The set 7 is clearly not empty (because the set of equiangular matrices is not empty), and we may
therefore use the second statement of lemma [H]to obtain that

(W*,U*) € EnNnBL = Qf

E.3 DETERMINING THE CONSTANT ¢

The next lemma provides an explicit formula for the regularized risk of a network whose weights
are in type-I collapse configuration with constant c.

Lemma K. Assume the latent variables satisfy assumption@ If the pair of weights (W, U) belongs
to QL then

K K 2\ L
M/ li = —MN Ny C 2
R( s ) IOg (1 nL + (1 + (nc — 1)6 ) ) + )\an (91)

L
(&
where n = < L
ne—1 Ny KL®

From the above lemma it is clear that if the pair (W, U) € Q£ minimizes R, then the constant ¢ must
minimize the right hand side of (9I). Therefore combining lemma[K] with proposition [A] concludes
the proof of theorem[E]

c

Remark In the previous subsections, we only relied on relations (i), (ii) and (iii) of lemma to
prove collapse. Assumption[A]was never fully needed. In this section however, in order to determine
the specific values of the constant involved in the collapse, we will need the actual combinatorial
values provided by assumption [A]

The remainder of this section is devoted to the proof of lemma[K]

Proof of lemmalK] Recall from (43)) that the unregularized risk can be expressed as

K
Ro(W,U) = %Z D log |1+ e Mwold) | D, (x)

k=1x€X) j#k

We also recall that the set L is given by
Qf = {(VV, U) : There exist an equiangular matrix § such that
- n
W=c§P and U=c\[ 252} ©2
c§ an ‘A KL 5 (92)

and that P((x) = Zj, for all x € X} (see equation (25) from section [B). Consider two latent
variables
zp = la1,...,ar] andz; =[o],...,a}]
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and assume x is generated by z;, meaning that x € A

Mo (x,5) = (U = U, WE(x))

. ”“L (3 21— 2,8 PC(X))

=

:cQ

% & Zk—§ 2,8 Zi)p

L
:Cg\/g;ﬁw—fawfw%

L
(),

<1\W

2

<:\W

=c
Since fi, ..., f,, are equiangular, we have
L
. . 2 .
;< foy s fou >F = (L — dlSt(Zj,Zk)) b 1d1st(zj,zk) =L— - 1dlst(zj,zk).
Therefore

EI)rtW,U(ij) =c \/ %ncni 1diSt(Zj7Zk)

Letting w = /2% mo we therefore obtain

K
1 .
7?/0(1/{/7 U) = ? E E log 1+ E e_wczdISt(zjvzk) DZk (X)

k=1 xEX ik
1 & >
_ ? Z IOg 1+ Z e—we dist(z;,zx) (93)
=1 ik

where we have used the quantity inside the log does not depends on x. We proved in section|C| (see
equation (38)) that if the latent variables satisfy assumption[A] then

K (L
Srl=— c— 1"
Sel = () (ne—1)
Using this identity we obtain

L

Zefwci’dist(zj,zk) — Z ‘{] . diSt(Zj, Zk) — ’I"}| ewaQT
j#k r=1
_ K o L ( 1)r —wc?r
~ nl )\ €
r=1
L
K K L 2
— o ETZO <T>(nc — 1) emwer
K K o\ E
7*@4’@(14’(’”@71)6 )

where we have used the binomial theorem to obtain the last equality. The above quantity does not
depends on k, therefore can be expressed as

K K o\ E

We then remark that the matrix § P has n,, columns, and that each of these columns has norm 1.
Similarly, the § Z has K L columns of length 1. We therefore have

1 2 R 2 2 Nw 2) = 2
5 (IWI3+101F) = 5 (215 PIE + & 2215 213 ) = o

To conclude the proof we simply remark that w = n,,7. [

Ro(W,U) = log <1 -
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F PROOF OF THEOREM 3] AND ITS CONVERSE

In this section we prove theorem [3] under assumption [A] and its converse under assumptions [A]and
We start by recalling the definition of a type-II collapse configuration.

Definition E (Type-1I Collapse). The weights (W, U) of the network hiy, ; form a type-II collapse
configuration if and only if the conditions

) ©(W(a,p) = Vdfe forall (o, B) € V.

ii) There exists ¢ > 0 so that uy ¢ = cf, for all (k,?) satisfying zy ¢ = o and all o € C.
hold for some collection f1, . . ., f,. € R? of mean-zero equiangular vectors.
As in the previous section we will reformulate the above definition using matrix notations. Toward

this aim we make the following definition:

Definition F. (Mean-Zero Equiangular Matrices) A matrix § € R is said to be a mean-zero
equiangular matrix if and only if the relations

fle Lo g7

- n
ne—1""° me—1 "

17§ =0, F1, =0 and T =
hold.

Comparing the above definition with the definition of equiangular vectors provided in the main
paper, we easily see that § is a mean-zero equiangular matrix if and only if its columns are mean-
zero equiangular vectors. Relations (i) and (ii) of deﬁnition@can be conveniently expressed as

oW)=VdFP and U=¢FZ
for some equiangular matrix 5. We then set
Qil = {(W, U) : There exist a mean-zero equiangular matrix § such that
e(W)=vVdFP and I]:cgz} (94)

and note that QZ7 is simply the set of weights (W, U) which are in a type-II collapse configuration.
We now state the main theorem of this section.

Theorem F. Assume the non-degenerate condition 13 > 0 holds. Let T > 0 denote the unique
minimizer of the strictly convex function

N K K o\ L Ao . Ne 1
H(t)210g<1_n£+n§<1+(n6_1)6n ))+2t wheren:ﬁm
and let ¢ = 7 // K L. Then we have the following:
(i) If the latent variables z., . . .,z are mutually distinct and satisfy assumption[A] then
QI ¢ argmin R*
(ii) If the latent variables z., . ..,zx are mutually distinct and satisfy assumptions [A] and [B]

then
QI = argmin R*

Note that statement (i) corresponds to theorem [3| of the main paper, whereas statement (ii) can be
viewed as its converse. To prove [l we will follow the same steps than in the previous section. The
main difference occurs in the study of the bilinear problem, as we will see in the next subsection.
We will assume

g >0
everywhere in this section — all lemmas and propositions are proven under this assumption, even
when not explicitly stated.

Before to go deeper in our study let us state a very simple lemma that expresses the regularized risk
‘R* associated with network h* in term of the function R defined by equation (44).
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Lemma L. Given a pair of weights (W, U), we have
. Az
R*(W,U) = Ro (W), U ) + SIUII3 )

Proof. Recall from section [B] that
hW’U(X) = U Vec [WC(X)]
Bi(x) = U Vee [o(WC(x) )|

Note that since {(«, 8) is a one hot vector, we obviously have that ¢ (W((a, 5)) = ¢ (W) (v, B).
Therefore the the network 1™ and © are related as follow:

(%) = U Vee [o(WC(x)) | = U Vee [o(W) €()] = o), u(x)

As a consequence, the regularized risk associated with the network hj;, ;; can be expressed as
1 < A
RAW,U) = 2= > Bxwp,, [ by (x),8)] + S 10113
k=1

K
1 A
= % 2 Exen,, o (0).0)] + S0
k=1

A
= Ro((W), U) + 5 |03

where R, is the unregularized risk defined in (@4). O

F.1 THE BILINEAR OPTIMIZATION PROBLEM

Let
Range(p) = {V € R™ : There exist W € R¥"™= such that V = ¢(W) }

and consider the optimization problem
maximize <U, VQTZ>F (96)
subjectto V€ Range(y) and |U||% = KLc? o7

where the optimization variables are the matrix V' € R%*"w and the matrix U € R*KL

Lemma M. Assume the latent variables satisfy assumption @ Then (V,U) is a solution of the
optimization problem (96) — (97) if and only if it belongs to the set

BH = {(V, U) : There exist a matrix F € F such that V.= d FP and U = ¢ FZ} (98)
where F denotes the set of matrices whose columns have unit length and mean zero, that is

F ={F € R™" : 1Y F = 0 and the columns of I have unit length}.

The remainder of this subsection is devoted to the proof of the above lemma.

We start by showing that all (V,U) € B! have same objective values and satisfy the constraints.
Claim D. If (V,U) € B, then

V € Range(¢) , |U|%=KLc?, and <U, VQTZ>F = VdKL

Proof. Assume (V,U) € B!, Since the columns of P are one hot vectors in R"<, the columns of

F P have unit length and mean zero. Therefore the columns of V have norm equal to v/d and mean
zero. Therefore V' € Range(p).
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Using ZZ7 = ELT from lemma together with the fact that || F'||% = n. since its columns have
unit length, we obtain

KL
|FZI} = (FZ,FZ) s = (FZZ", F) . = (
n

C

) |F||z = KL (99)

As a consequence we have ||7||% = ¢2 K L. Finally, note that
PQT =1,,
as can clearly be seen from formulas and (26). We therefore have

<U, VQTZ>F — Vd(FZ,FPQ"Z), = Vd(FZ,FZ), = cVdKL

We then prove that
Claim E. If (V,U) is a solution of@) - (@, then (V,U) € B,

Note that according to the first claim, all (V, U ) € BI! have same objective value, and therefore,
according to the above claim, they must all be maximizer. As a consequence, proving the above
claim will conclude the proof of lemma [M]

Proof of the claim. Maximizing - over U first gives
. vQTz
U=cVKL -—F7— (100)
Verzlr
and therefore the optimization problem reduces to

maximize |[VQ'Z||% (101)
subjectto V' € Range(yp) (102)

Using the fact that ZZ7 = %I we then get

KL
VR ZIE =(VQ"2,VQ"Z) . = (VQ"22",VQ") . = —IVQ"IIE  (103)

C

and so the problem further reduces to
maximize |[VQT|% (104)
subjectto V' € Range(p) (105)

Let us define
Via,8) = V((a,B)

In other words v(q,g) is the 5 column of V', where j = (o — 1)s. + 3. The KKT conditions for
the optimization problem (104) — (I03) then amount to solving the system

VRTQ=VD, +14 AT (106)
(Via,p),1a) =0  forall (o, ) €V (107)
[Vapl? =d  forall (a,8) €V (108)

for D,, some n,, X n,, diagonal matrix of Lagrange multipliers for the constraint and A € R™»
a vector of Lagrange multipliers for the mean zero constraints. Left multiplying the first equation
by 15 and using the second shows A = 0,,,, and so it proves equivalent to find solutions of the
reduced system

vQ'Q=VD, (109)
(V(a,8),1a) =0  forall (o, ) €V (110)
[Vapl> =d  forall (a,8) €V (111)

39



Published as a conference paper at ICLR 2024

instead. Recalling the identity Q ((a, 8) = pge, (see in section B]) we obtain

QTQ C(Oé,ﬂ) = Kp QT €y
and so right multiplying (109) by {(«, 8) gives
VT e, = V(Z’ 5) V(a, 8) forall (o, 5) € V
B

where we have denoted by v(a, ) the Lagrange multiplier corresponding to the constraint (111}).
Define the support sets

Za:={B € [sc] : v(a, B) # 0} and Ei={a:=2, #0}

of the Lagrange multipliers. If & € = then imposing the norm constraint (TTI)) gives

IVQT eall = 1A g
Hp

and so [|[VQT e,| > 0if a € = since v(a, 3) > 0 for some 3 € [s.] by definition. This implies
that the relation

VQ" e, -
V(O/,ﬂ) = \/(71 W for all (a, 5) c =X [Sc]
«
must hold. As a consequence there exist mean-zero, unit length vectors f1, ..., f,,_ (namely the
normalized VQT e,) so that
Via.p) = Vi fa

holds for all pairs («, 8) with o € Z. Taking a look at , we easily see that its o' row of the
matrix ) can be written as QT e, = ZB 1s¢(a, B), and therefore

VQT e, = Z ,UBVC(C%B) = Z BBV (a,B) = \/Efa Z ug |l = \/&fa
BE[sc] BElsc] BEl[sc]

holds as well. If a ¢ = then VQT e, = 0 since the corresponding Lagrange multiplier vanishes. It
therefore follows that

VQTI:= > IVQTea? =d)_ |ful® = d =]
a€lne] Q€=

and so global maximizers of (104) — (105) must have full support. In other words, there exist mean-
zero, unit-length vectors fi, ..., f,_so that

Vi, p) = Vd £, (112)
holds. Equivalently V = v/d F P for some F' € F. We then recover U using 1}
. vQTz FPQTZ FZ
U=cVKL —% > =cVKL ——% > = VKL —— (113)
IVQTZ||r I1FPQTZ||F I1FZ]||F
where we have used the fact that PQT = I,,_. To conclude the proof, we use the fact |[FZ|r =
Vv K L, as was shown in . O

F.2 PROOF OF COLLAPSE

Recall from lemma that the regularized risk associated with the network Ay, ;; can be expressed
as

A
R (W,U) = Ro (W), U ) + 51U (114)

and recall that the set of weights in type-II collapse configuration is

Qi = {(VV, U) : There exist a mean-zero equiangular matrix § such that
oW)=VdFP and U= cgz} (115)

This subsection is devoted to the proof of the following proposition.
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Proposition B. We have the following:

(i) If the latent variables z1, . . .,z are mutually distinct and satisfy assumption[A] then there
exists ¢ € R such that
Q7 c argmin R*

(ii) If the latent variables z., ...,z are mutually distinct and satisfy assumptions [A| and [B|
then any (W, U) that minimizes R* must belong to QL for some c € R.

As in the previous section, we have the following lemma.
Lemma N. Any global minimizer of must belong to N.

The proof is identical to the proof of lemma [G] The next lemma bring together the bilinear opti-
mization problem from subsection [FI] and the sharp lower bound on the unregularized risk that we
derived in section

Lemma O. Assume the latent variables satisfy assumplion@ Assume also that (W*,U*) is a global
minimizer of and let ¢ € R be such that

[U*|[F = KL
The the following hold:
(i) Any (W, U) that satisfies
(p(W),U) e NnENBH

is also a global minimizer of R*.
(ii) IFN NENBL £, then
(e(W*),U*) e NNENBL
Proof. Recall from theorem [D] that
Ro(V,U) :g(f <U, VQTZ>F) forall (V,U) e N'NE (116)

Ro(V,U) > g( - <U, VQTZ>F> for all (V,U) € NN & (117)

We start by proving (i). Define V* = o(W™), and assume that U, V, W are such that (W) = V
and (V,U) € N'NE N B.. Then we have

Ro(p(W7),U") = Ro(V",U")

>g(—(U",V*QZ) ) [because (V*,U*) € N']
>g(—(U,VQZ) ) [because (V,U) € B! ]
=Ro(V,U) [because (V.U) e NNE ]
= Ro(e(W),U)

Since ||U||% = KLc* = ||U*||%, we have R*(W,U) < R*(W*,U*) and therefore (W,U) is a
minimizer.
We now prove (i) by contradiction. Suppose that (o(W*),U*) ¢ N N E N B, This must mean
that

(p(W*),U") ¢ ENB!
since it clearly belongs to NV. If (p(W*), U*) ¢ & then the first inequality in the above computation

is strict according to (117). If (o(W*),U*) ¢ B! then the second inequality is strict because g is
strictly increasing. O

The next two lemmas shows that the set £ N A N BLL is closely related to the set of collapsed
configurations 227, In order to states these lemmas, the following definition will prove convenient

11

Q. =

{(V, U) : There exist a mean-zero equiangular matrix § such that

V=Vd3P and Uzcgz} (118)
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Note that (W, U) € Q! if and only if (o(W), U) € Q- Also, in light of (98), the inclusion
ol c Bl
is obvious. We now prove the following lemma.

Lemma P. If the latent variables satisfy the symmetry assumption[A} then

o' cennvnp!

Proof. The proof is almost identical to the one of lemma [l We repeat it for completeness. We

already know that Q.| < B!I. We the show that Q. C &. Suppose (V,U) € $I.'. Then there
exists a mean-zero equiangular matrix § € R%*"¢ such that

V=vVd§P and U=cFZ
Recall from that P((x) = Zj, for all x € X},. Consider two latent variables
z = |a1,...,ar] andz; =[af,...,a})

and assume x is generated by z;, meaning that x € &);,. We then have
9'nV,U(ij) = <Uk} - U]7 VC(X)>F

=cVd (§ Zr — 3 Zj,8 PC(x)) -
=cVd F Z ~8 75,8 Zk)p

=V S (o o),
=1

= cVd dist(zj, z,)
From the above computation it is clear that the margin only depends on dist(z;, z), and therefore

(V, U) satisfies the equimargin property.

Finally we show that ﬁil C N. Suppose (V,U) € ﬁil. Using the identity 31, Zp = K1, 17
we obtain
K

K K
Y Uv=c> §Zr=c —§F1,17 =0
k=1 k e

=1

where we have used the fact that § 1,,, = 0. O

Finally, we have the following lemma.
Lemma Q. If the latent variables satisfy assumptions[Aland|B| then

Q' =ennnB!

Proof. The proof, again, is very similar to the one of lemmaJ} From the previous lemma we know
that ﬁil C ENN N B 50 we need to show that
=IT
ENNNBIcQ,. .

Let (V,U) € ENN N B Since (V,U) belongs to B!, there exists a matrix F' € R4*" whose
columns have unit length and mean 0 such that

V=VdFP and U=cFZ

Our goal is to show that F' is a mean-zero equiangular matrix, meaning that it satisfies the three
relations

Ne

1, 17 (119)

17 F=o, F1, =0 and FTF = I, — T Lol

Ne — 1
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We already know that the first relation is satisfied since the columns of F' have mean 0. The sec-
ond relation is easily obtained. Indeed, using the fact that (V,U) € N together with the identity

Z,[le 7 = %1% 17 (which hold due to lemma, we obtain

K K K
0= U,=¢> FZ,=c—F1, 17F.

which implies F'1,,, = 0.

We now prove the third equality of (119). Assume that x € X),. Using the fact that P{(x) = Z
together with (84), we obtain

My (x,) = (U = U3, VX))
=cvVd (F Zy — F Z;,F P{(x)) .
=cVd(F Zy — F Z;,F Z),)
= cVA(FTF(Zk - Z;), Zi)
- cx/é< FTF , 709 >F (120)

Since (V,U) € &, the margins must only depend on the distance between the latent variables. Due
to (I20), we can be express this as

< FTF | F(j’k)>F - < FTF P<J”>k’>>F Vi, k. i K € [K] s.t. dist(z;, z,) = dist(z/, zx)

Since the FTF is clearly positive semi-definite, we may then use assumption [B| to conclude that
FTF € A. Recalling definition of the set A, we therefore have

F'F=al, +b1,1] (121)
for some a, b € R. To conclude our proof, we need to show that
Ne 1
= d b=— . 122
“ Ne — 1 an Ne — 1 (122)

Combining (I21) with the first equality of (I19), we obtain
0=F'F1, =al, +b1, 171, = (a+bn)l,,

MNe"Ne

Since the columns of F have unit length, the diagonal entries of F7 F' must all be equal to 1, and
therefore (121)) implies that @ + b = 1. The constants a, b € R, according must therefore solve the
system

at+bn. =0
a+b =1
and one can easily check that the solution of this system is precisely given by (122). O

We conlude this subsection by proving proposition [B]

Proof of Proposition[B| Let (W*,U*) be a global minimizer of R and let ¢ € R be such that
|U*|F = KL
We first prove statement (i) of the proposition. If the latent variables satisfies assumption [A] then

lemma [P] asserts that .
Q. ceEnNNBHY

Assume (W,U) € QII. This implies that (o(W),U) € ©.', and and therefore (o(W),U) €

c °

ENN N BL. We can then use lemma@]to conclude that (W, U) is a global minimizer of R*.
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We now prove statement (ii) of the proposition. If the latent variables satisfies assumption [A] and [B]
then lemma|Q]asserts that

T enNnBH

—II . . L
The set €2, is clearly not empty (because the set of mean-zero equiangular matrices is not empty),
and we may therefore use the second statement of lemma|O]to obtain that

(W), U*) € EnNnBIT =
which in turn implies (W*,U*) € QL. O

F.3 DETERMINING THE CONSTANT ¢

The next lemma provides an explicit formula for the regularized risk of a network hj;, ,; whose
weights are in type-II collapse configuration with constant c.

Lemma R. Assume the latent variables satisfy assumption @ If the pair of weights (W, U) belongs
to QL then

R*(W,U) = log (1 -

* __ _MNe d
where n* = T\ KL

Combining lemma|R] with proposition [B]concludes the proof of theorem [

£L+ii(1+( 1)e—""“ﬁ0)L)JF’Q\(x/ﬁc)2 (123)

c

Proof of lemma|R] We recall that

Ro(W,U) = Z D log [ 14> e Pwuti) ) D, (x)

k 1xeXy JF#k
and

Qil = {(W, U) : There exist a mean-zero equiangular matrix § such that

o(W)=VdFP and ﬁzcgz} (124)
Consider two latent variables
zp = [on,...,ar] andz; =[a],...,a])]
and assume x € AXj. Using the identity P{(x) = Z}, we then obtain

Mowy,u(x,7) = <iﬁ:—’ﬁ}7@(VV)C(X)>F
=cVd (§ Zr — 3 Zj,8 P((x)) -
=cVd (§ 2k —F 2, Zi) e

~ oY (fo =),
(=1

=cVd <L i<fa2,fae >F>
_c\f

Letting w* = \/Enyfjl we therefore obtain

K
Ro(W,U) = % Z Z log | 1+ Zefc“’* dist(z;,2k) D,, (x)

k=1xEX) j#k

— Zlog 1 + Zefcw dlbt(ZJ,zk) (125)
J#k

dlst(zj ,Zk)
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where we have used the quantity inside the log does not depends on x. Using the identity |S,| =

£ (X)(n. — 1)" we then obtain obtain

L
Zefcwdist(zj,zk) — Z |{] : diSt(Z]‘,Zk) _ T}| efcw*r

j#k r=1

Il
n:@‘ N
N
=
~——

3

2}

|

[t

~

|

[}

E*

r=1
L
K K L ro—cw* r
= r a2 ()
¢ ¢ r=0
K K —cw™
7*E+@(1+(ncfl)e )

where we have used the binomial theorem to obtain the last equality. The above quantity does not
depends on k, therefore (125) can be expressed as

K K A\ L
RoW,U) =1log (1 — -~ 7(1 -1 —W)
o(W,) =tog (1= 2 + 2 (14 (ne = D))
We then remark that the matrix § Z has K L columns, and that each of these columns has norm 1.
We therefore have

U2 = ||eF Z|% = KL forall (W,U) € QX
To conclude the proof we simply note that w* = vV K L n*. O

G PROOF OF THEOREM

This section is devoted to the proof of theorem [2] from the main paper, which we recall below for
convenience.

Theorem 2 (Directional Collapse of h). Assume K = nl and {z;,...,2x} = Z. Assume also
that the regularization parameter \ satisfies
L &
2 2
et S a26)
ne i

Finally, assume that (W, U) is in a type-Ill collapse configuration for some constants

€71, Ts, > 0. Then (W,U) is a critical point of R if and only if (¢,71,...,7s,) solve the
system
A c
I %3 (nc—l—f—exp (ncn—lcrﬁ>> = U3 foralll < 3 < s, (127)
Sec 2
S (%) = (128)
p=1

At the end of this section, we also show that if (T49) holds, then the system — (1371) has a
unique solution (see proposition [D]in subsection [G.2).

The strategy to prove theorem [2] is straightforward: we simply need to evaluate the gradient of
the risk on weights (W, U) which are in a type-III collapse configuration. Setting this gradient to
zero will then lead to a system for the constants ¢, r1,...,rs defining the configuration. While
conceptually simple, the gradient computation is quite lengthy.

We start by deriving formulas for the partial derivatives of R with respect to the linear weights uy, o
and the word embeddings W, g). As we will see, OR/0uy ¢ and ORo/OW 4 gy plays symmetric
roles. In order to observe this symmetry, the following notation will prove convenient:

K
1
a0,k (W U) = 22 Do a—any (1{j:k} - Qk,w,U(X>) Dy, (%) (129)
J=1x€X;
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where A
(TR WEE)

Qe w,u(X) i= 2521 U, WE(X)

We may now state the first lemma of this section:
Lemma S. The partial derivatives of Ro with respect to uy, ¢ and W, gy are given by

IR o
B W0) =" ek Wi U) Wias)
’ a=1 ﬁ:l

6R K L
0
G (WU) = DD ),k (W.U) upe

(a.8) k=1 =1

Proof. Given K matrices V7, ... VK € R *KL we define

FV,. . Vi Z > (Vi) po s (Ve ()i 5K D (%)

k 1xeX

where £(y1,...,yx; k) is the cross entropy loss

exp (yx)
g(ylvhyK?k):_lOg( >
S exp (yi)

The partial derivative of f with respect to the matrix V; can easily be found to be

of 1 K (Vi (X)) r
A OLS D3PS ( U=k~ SE ey | SO Pabo) (130

k=1x€eX}

We then recall from that the k'" entry of the vectory = hy, i (x) is
we={ U Wee)) = (W0, ((0)
and so the unregularized risk can be expressed in term of the function f:

Ro(W,0) = 2 3 3 t((W 00,00V, W Ui, )} ) Do ()

k=1xeX}
= fWTO,,... . WTUg)

The chain rule then gives

R K TOf g ok
wo) =N U [ -(WTT,...,.W UK)] (131)
2750 W,U) =W {g‘f (WTUl,...7WTUK)} (132)
J

Using formula (130) for 0f /0V; and the notation

WU ()

qjwu(x) =

we can express (I31)) and (132) as follow

oR 1 & :
——0 (W, U) ZU Ez Z (1{j:k} —(Ij,W,U(X)) C(x) Dz;c(x)]

k=1x€X)

El{:{’:l e(WTUk:’vC(x))F

_9Ro (W,U) =
oU;

K
%Z > (1{j:k} *qj,W,U(X)) ((x) Dy (x)

k=1x€X}
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We now compute the partial derivative of R with respect to u;j . Let e, € R be the ¢th basis
vector. We then have

8RO _ 6R0
_5uj,f(W v)= [GU] W.0)| e
K
:% SN (Ayery — gGwo(x) (W) er) Dy (x)
k=1x€X)

Recall from that W ¢ (x) is the matrix that contains the d-dimensional embeddings of the words
that constitute the sentence x € X. So W((x) e, is simply the embedding of the ¢** word of the
sentence x, and we can write it as

Ne  Sc

W¢(x)er =Y 1iay=(a.8)) W(ap)

a=1p=1

We therefore have

R 1 & e S
_aujoe(W’ U)=1 DY Agem —awo®) | DD @) Wias) | Da(®)

k=1xEX; a=18=1
Ne  Se 1 K
=22 (K > > (y=n —gwu(x) 1{u—<a,5)}73zk(><>> W (a,)
a=1p=1 k=1x€E X},
=D D Pap, oW U) Wiap)
a=1p=1

which is the desired formula.

We now compute the gradient with respect w(, g). Recalling that ((c, 3) is the one hot vector
associate with word (c, 3), we have

87?,0 a,RO
e T cas)

(W,U) = -

:%ZE:Z:WFHﬂMW@D(@dw%mﬁDDMM

=1 k=1xEX)

Recall that the ¢** column of ¢(x) is the one-hot encoding of the #** word in the sentence x. There-
fore, the £*" entry of the vector ((x)7'¢(a, B) € RT is given by the formula

)¢ (e B)], = {1 ifar = (o, )

0 otherwise
As a consequence
L
Uj C(X)TC(O"/B) = Z 1{a:z:(a,5)}uj»é

=1
which leads to

8R 1 K K L
,870(1;[/7(;): }ZZ Y (e —gwu(x (Zlm (aﬂ)}uaz) Dy, (x)

W(a,B) j=1 k=1x€X, =1

L K (| K

= Z( > D (y=n —Gwu() 1{we—(a7ﬂ)}> Dy (x) ujir
(=1 j=1 k=1xeX)
L K

=D PapG.oWU) uj,
=1 j=1

which is the desired formula. [
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G.1 GRADIENT OF THE RISK FOR WEIGHTS IN TYPE-III COLLAPSE CONFIGURATION

In lemma S| we computed the gradient of the risk for any possible weights (W, U) and for any
possible latent variables z,...,zx. In this section we will derive a formula for the gradi-
ent when the weights are in type-III collapse configuration and when the latent variables satisfy
{21,...,2Kx} = Z. We start by recalling the definition of a type-III collapse configuration.

Definition G (Type-III Collapse). The weights (W, U) of the network hyy, iy form a type-1II collapse
configuration if and only if

i) There exists positive scalars rg > 0 so that W4, gy = 73 fa forall (o, 3) € V.
ii) There exists ¢ > 0 so that uy ¢ = cf, for all (k,?) satisfying zy ¢ = o and all o € C.

hold for some collection f1, . .., fn. € R? of equiangular vectors.

We also define the constant v € R and the sigmoid ¢ : R — R as follow:

1 1
and J(I) = m

i (133)

ne —1
The goal of this subsection is to prove the following proposition.

Proposition C. Suppose K = nL and {z,,...,zx} = Z. If the weights (W, U) are in a type-III

collapse configuration with constants c,r1,...,rs, > 0, then
ORo 114y [
_auw (W,U) = - nk ;21/15 o(crg) g | ke
ORo L(1+7~) pgo(crg)
— (W, U) = BT Wias)
W(a.p) e T8

Importantly, note that the above proposition states that 9 Ro/duy ¢ and uy ¢ are aligned, and that
ORo/OW (q,5) and W, gy are aligned.

We start by introducing some notations which will make these gradient computations easier. The
latent variables zq, . . ., zx will be written as

Zr = [2k1, 262, -, 2L | €EZ
where 1 < 2z, ¢ < n.. We remark that any sentence x generated by the latent variable z; must be of

the form
X = [(zk,hﬂl)a sy (Zk,L,/BL)]

for some (B1,...,8.) € [n.]F, and that this sentence has a probability p4, s, - - - 1, of being

sampled. In light of this, we make the following definitions. For every 3 = (81,...,8L) € [nf] we
let
xk,8 = (26,1, 61), -+, (24,0, 8L)] € X (134)
ulB) = i) plB] - plBr] € [0,1] (135)

where we have used p[3,] instead of pg, in order to avoid the double subscript. With these definitions
at hand we have that
ulB] ifk=j

D,. = i
J (Xk,ﬁ) {0 otherwise

We are now ready to prove proposition|[C| We break the computation into four lemmas. The first one
simply uses the notations that we just introduced in order to express @, 5y, (,¢) in a more convenient
format.

Lemma T. The quantity ® o g« z,0)(W,U) can be expressed as
1 K
D (ar 54, (k) (W, U) = Ve Z Lig=py | Yizpi=ar} — Z 1 —ary Gwu(X5,8) | 1B
Benf] j=1

48



Published as a conference paper at ICLR 2024

Proof. Using the above notations, we rewrite ® 4 gy, (,¢) (W, U) as follow:

K
1
D (ar 50y, k) (W, U) = I Z Z lio=(a*.6*)} (1{j:k} - Qk,W,U(X)) Dy, (x)

j=1x€X;

K
1
=2 2 Ueso=tar ) (1{j:k} - Qk,W,U(Xjﬁ)) Da; (%4,8)
J=1p¢€[nf]

1 K
=22 2 L=t lo=s) (1{j=k} - qk,w,U(Xm)) pia]

Jj=1Be[nk]

K
1
=2 2 Lp=s) E:1{z_j,z:a*}<1{j:k}—(Jk,w,U(Xm)) p(B]
Be[nk] J=1

To conclude the proof we simply remark that Zj 1o =a 1=k = L{z =ar}- O

The following notation will be needed in our next lemma:

saa) = {

where we recall that v = 1/(n. — 1). We think of d(a, ') as a ‘biased Kroecker delta’ on the
concepts. Importantly, note that if 1, ..., f,_ are equiangular, then

<f0(7 fOt'> = 5(0’ O/)
which is the motivation behind this definition. We may now state our second lemma.

Lemma U. Assume K = nl and {z:,...,2x} = Z. Assume also that the weights (W,U) are in
a type-IlI collapse configuration with constants c,r1,...,rs, > 0. Then

HeL:1 exp (c r8, (2,0, Zk’[))

[T-s (e ra,)
forall j,k € [K]and all B = (B, ..., BL) € [n~.

1 ifa =do

Y ifadta forall a, @’ € [n] (136)

1
ar,w,u (X5,8) = where 1p(z) = e® + —e %,

Proof. Recalling that x; g := [(2.1,51), .-, (2.1, Br)], we obtain

L L L
<Uk7 WC(X]'¢[3)>F = Z<uk,fvw(zj,zﬁe)> = Z< ¢ fzk,ll, » T8 ijJ{ > = CZT[-}[{ 5(’2/%[ ’Zj,f)
‘We then have
Uk WC(x)0)) exp (c 25:1 78, 0(2k.0 ,Zj’g))

wwu(Xip) = e T K L
Zk':l €< K> C(XJ,B)>F Zk/zl exp (CZ€=1 T8, 6(2;6/75 ,Zjvg))

[Ty exp (C 78, 02k, ij,tz))
= K L
D=1 [ exp (C T, 0(2k 0 7Zj,e))

Since {z1,...,2x} = Z, the latent variables z;, = [z 1, ..., 2),1] achieve all possible tuples
[, ,a%] € [n.]F. The bottom term can therefore be expressed as
K L
Z Hexp (c T3, 0(2k 0 ,ZM))
k=1¢=1
Ne Nec Nec
= Z Z Z exp (crﬂlé(all,zj71)) exp (07"52(5(()(/2,ij2)) - exp (cr5L6(a’L,zj7L))
aof=1ab=1 al =1
L Ne
= H Z exp (crﬂ£6(a2,zk74))
=1 \aj=1
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Recalling the definition of §(«, @’), we find that

ne cr
Z exp <cr5£6(a2,zk,e)) = exp(crg,) + Z €Xp (_nﬁel)

— /
a,=1 ayF2k e

=exp(crg,) + (n. — 1) exp (—Crﬁ"> =1(crg,) (137)

ne — 1
O

We now find a convenient expression for the term appearing between parenthesis in the statement of
lemma [T

Lemma V. Assume K = nl and {z,,...,2x} = Z. Assume also that the weights (W,U) are in
a type-IlI collapse configuration with constants c,r1,...,rs, > 0. Then
K
1z i=ar) — Z 1ez) i=ar) @, w,u (X5,8) = 0(zk,0, %) o(crg,) (138)
j=1

forallk € [K],¢ € [L], o* € [n;] and all B = (B1,...,BL) € [n~.

Proof. For simplicity we are going to prove equation (138)) in the case ¢ = 1. Using the previous
lemma we obtain

L
Z i [Tz exp (C?“BM(ZJ,A Zw))
1(2; a1 qe,w,u(X),8) {2;1=a*} n
j=1 8 j=1 " HZ:l ’(/J(CTﬁz)
Since the latent variables z; = [2;1, ..., zj ] achieve all possible tuples [a1, -+ ,ar] € [n.]L, we

can rewrite the above as

iz Zl{ala}

H14L=1 exp (c rg,0( 0y, Zk,é))

I3
ar=laz=1 ap=1 H@:1¢(C7"/3z)
i i«: exp (cr515(a*,zk,1)) Hfﬂexp (crﬁeé(ag,zw))
— :
as=1 ar=1 Hlew(crﬁﬂ)

exp (crglé(a Zk1) ) ne

Z Z HeXp (Crm 045;%@)) (139)

HeL=1 Y(crg,) ax=1  ar=1 (=2
We then note that
Ne
Z Z Hexp (crﬁZ oy, 2k g)) H Z exp (crﬁzé(ag,zkx))
as=1 ar=1 /(=2 =2 aé:l

and, repeating computation (137)), we find that

S exp(cradlan ) = vlers,)

ap=1

Going back to (139) we therefore have

exp (crglé(a*, Zkl)) L exp (crmé(a*, Zkl))

H"/)(CT/%) =

K
Z l{zj,lza*}q’%W,U(Xjﬂ) =

o Tavlers) i - vlems)
and so
1-— exp(crs) if 2.1 = a*
Leiimaty = O Lz imary Ghwu(X,,8) = exp(zb,(i?ﬁ; o . (140)
j=1 T (e if 21 # @
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We now manipulate the above formula. Recalling that v = 1/(n. — 1), and recalling the definition
of ¢(x), we get

er e* 1

¥(x) ev + %e—w 14 ye(l+m= o(@) (141)
and
e e 1 (2)
— = — = — _— = —Y0O
I N A
which concludes the proof. O

Our last lemma provides a formula for the quantity ® (o« g+),&,¢) (W, U) when the weights are in a
type-III collapse configuration.

Lemma W. Assume K = nt and {z,,...,zx} = Z. Assume also that the weights (W, U) are in
a type-IlI collapse configuration with constants c,r1,...,rs, > 0. Then
Cap), k) (W, U) = 7 a(crp) 0(zke, @) (142)

C

forallk € [K],l € [L], a € [n.] and 5 € [s].

Proof. Combining lemmasm andl V| and recalling that K = nL, we obtain

D 4), (ko) W, U) = L Z Lg=p+} | Lizpo=ar) — Zl{ng o}y teowu(X5.8) | 1B

¢ Benk] j=1
=L Z Lig.=p- }( (210 @) U(Cm)) K
¢ Benk]
6(zp,0, )
= nk Z 1{5225*} U(CTBZ)MW]
¢ Be[nk]

Choosing ¢ = 1 for simplicity we get

Z 1{131 B* }U Crﬁl Z Z Z 1{51 =p*} O Crﬁl) [51}N[ﬂ2]ﬂ[5d

BEnk] B1=1p2=1 Br=1
= Z Z o(crge) nlBp[Bs] - plBi]
B2=1 Br=1
= plp o(erg.)
which concludes the proof. O

We now prove the proposition.

Proof of proposition[C] Combining lemmas [S| and [W] and using the fact that W(a,5) = 75fa, We
obtain

aR Ne  Sc
78 0 (WU ZZ‘I)(Q B), k.g)(W U) W(Q,B)
Uk, a=18=1
= Z Z (5?] O'(CT,@) (5(Zk7(,04)> Tﬁfa
a=1p=1 ¢

7% Z,ugacrg <Z§zk4, a)
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Using the fact that >/ | f, = 0 we get

25("51&&0‘ fo =Fzn0 — Z fa—kaz +'7ka2 'YZfa_ (1+7) kaz (143)
a=1

aFzk e

Using the fact that uy o = cf, , we then get

BRO 1 cc
_3uk,€ (W, U) = E ;21#5 olerg)rg | (L+7) wa
S Ug,¢
- > s alers) s | =

which is the desired formula.

Moving to the other gradient we get

aR K L
0
- (W,U) = P (0,8),(k,0 (W, U) uie

K L "

=33 (B otery s i,

k=1 ¢=1 c

% o(crs) CZ <Z5 2k by X fzw>
Since the latent variables z;, = [zk,l, e zk,L] achieve all possible tuples [, - - - 70/L] c [nC]L’ we

have, fixing ¢ = 1 for simplicity,
K ne
D 0z, 0) foy = D Z Z 5(al, @) fop =nk™ 12 3(a, ) (144)
k=1 af=1ab=1 af =1 af=1

Repeating computation (143)) shows that the above is equal to nZ~1(1 + ) f,. We then use the fact
that w(, g) = rgfa to obtain

IRy 2] L-1
G W0 = poter) cL(nr 1+ fo)
_ kB L-1 W(a,8)
=L a(c rg) cL(nc (I+7) s )
= %J(C r3) cL((l +7) m)
Ne 7‘,3
which is the desired formula. O

G.2 PROOF OF THE THEOREM AND STUDY OF THE NON-LINEAR SYSTEM

In this subsection we start by proving theorem 2} and then we show that the system (I50) — (I51)
has a unique solution if the regularization parameter A is small enough.

Proof of theorem[2] Recall that the regularized risk associated with the network Ay, ¢ is defined by

A
R(W,U) = Ro(W,U) + 5 (IWIE + UI%) (145)
=Ro(W, V) +* ZZIIW<aﬁ>Il2+ZZ||uHH2 (146)
a=1p=1 k=1¢=1
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and therefore (W, U) is a critical points if and only if

_ ORyg
auk’g

Ry
OW (a,8)

(W, U) =>\uk,[ and (VV, U) ZAW(Q)B)

According to proposition[C if (W,U) is in a type-III collapse configuration, then the above equations
becomes

11 S L(1
c TZLV z;”ﬂ olcrg)rp | uge=Auge and c (n_: B ar(; 7‘ﬂ)wm,ﬁ) =AWia,p)
So (W, U) is critical if and only if the constants r1, ..., r,_ and c satisfy the s, + 1 equations
Ll4+y &
¢ nl Y usolers)rs =A (147)
Y
L(1
cEUEN e olers) o poai g e sl (148)
Ne rg
From the second equation we have that
e A 7’/23
(A+7) psolers) rs = ——

Using this we can rewrite the first equation as

1 1 S ne Ar - 2
- — cTB ) which simplifies to Z (Lﬁ) = Ln; 1.
C Ng =1 Lec B=1

which is the desired equation (see (I5T)).

We now rewrite the second equation as
Arg N
Lec(1+7v)o(crg)

We then recall that o(x) := and therefore

1

14+vye(l+7)e
2 N

(1+7)o(erg)  1+7

and therefore the second equation can be written as
A rg Ne
— —(nc—1+4+ex cr = [g.
L ¢ ( ¢ P (nc —17 Ko

We now prove that if the regularization parameter A is small enough then the system has a unique
solution.

(1+ 76(1+v)cm) =n.—1+exp <n ni 107‘/3)

O

Proposition D. Assume pi1 > po > ... > ps, > 0and

L &
2 2
. as)
Nc
B=1
Then the system s. + 1 equations
A
I %3 (nc—l—i—exp (ncnilcr’@>> = U3 foralll < < s, (150)
Se r 2
3 (—B) = Lnt! (151)
pm o ©
has a unique solution (¢,r1,...,75.) € Rj:“. Moreover this solution satisfies 11 > 1o > ... >

rs, > 0.
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Proof. Letting pg := rg/c, the system is equivalent to

L
glc,pg) = o 16 forall 8 € [s.] (152)
> ph=1Lnl™! (153)
p=1
for the unknowns (¢, p1, pa, . .., ps, ) Where

gle.a) = (147090 ) J(145)  and 5 =1/(n, 1)
Note that

99

ox

and therefore x — g¢(c, x) is strictly increasing on [0, +00). Also note that we have

(c,x) > (1 —|—’ye(1+“’)621> J/1+v)>1 Y(e,z) € R x [0, +00)

g(c,0) =0, xgllloog(c, x) = 400

So & — g(c,x) is a bijection from [0, +00) to [0, +0c0) as well as a bijection from (0, +00) to
(0, +00). Recall that g € (0,400) for all § € [s.]. Therefore given ¢ € R and 5 € [s.], the
equation

L
AN

has a unique solution in (0, +00) that we denote by ¢g(c). In other words, the function ¢g(c) is
implicitly defined by

g(e;x) = ~—pp

g(c; dp(c)) (154)

= Ao K-
Also, since g(0, ) = x, we have

L
¢5(0) = e

Claim F. The function ¢g : [0,+00) — (0,400) is continuous, strictly decreasing, and satisfies
lime 400 $p(c) = 0.

Proof. We first show that ¢ — ¢g(c) is continuous. Since g—g(c, x) > 1forall z > 0, we have

xTo a T2
g(c,xa) — gle,x1) = / a—g(c7 x)dx > / lde = x5 — 21 for all ¢ and all o > z; > 0.
] xz

Z1

As a consequence, for all ¢y, co, we have

|0p(c2) = dpler)| < lglers dplez)) — gler, dp(er))] = lg(er, Pplea)) — glez, dp(e2))|  (155)

where we have used the fact that g(c1, ¢g(c1)) = ﬁcmg = g(c2, ¢a(c2)). From 1) it is clear
that the continuity of ¢ — g(c, ) implies the continuity of ¢ — ¢g(c).

We now prove that ¢ is strictly decreasing on [0, +00). Let 0 < ¢; < cg. Note that for any = > 0,
the function ¢ — g(c, x) is strictly increasing on [0, +00). Since ¢g(c) > 0 we therefore have

gles,9a(c2)) = 5ty = gler, aer)) < glea: 5(cr))

Since x — g(c, x) is strictly increasing for all ¢, the above implies that ¢g(c2) < ¢g(c1).

Finally we show that lim._, . ¢g(c) = 0. Since ¢4 is decreasing and non-negative on [0, +0c0),
the lim._, 4o ¢p(c) = A is well defined. We obviously have ¢z(c) > A for all ¢ > 0. Since
x + g(c, x) is increasing we have

angh? = 9(c, s(c)) = g(c, A)

But the function g(c, A) is unbounded for all A > 0. Therefore we must have A = 0. O
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System (T52)—(I53) is equivalent to

ps = ¢s(c) forall 38 € [s.] (156)
> (65(e))* = Ln (157)
p=1

Define the function
Se

B(e) = ) (5(c)”

p=1

Then @ clearly inherits the properties of the ¢’s: it is continuous, strictly decreasing, and satisfies

B(0) = Z (AZMB)Q and  lim ®(c) = 0

c—+oo
p=1

Therefore, if

then there is a unique ¢ > 0 satisfying (157). Since z — g(c, z) is increasing, equation (152)
implies that the corresponding pg’s satisfy p; > pa > ... > ps. > 0.

O

H NO SPURIOUS LOCAL MINIMIZER FOR R(W,U).

In this section we prove that if d > min(n,,, K L), then R(W,U) does not have spurious local
minimizers; all local minimizers are global. To do this, we introduce the function

FIRKL R

define as follow. Any matrix V' € R¥* XL can be partition into K submatrices V}, € R4*% according

V=W Vo - Vg where V}, € R (158)
The function f is then defined by the formula

X
JV) = ;x;f«v“g(%’ (Vi 6) k) D)
where £(y1, ..., yK; k) denotes the cross entropy loss
y1,...,yr; k) = —log <Kexp(yk)>
> k=1 €XP (Ywr)

We remark that f is clearly convex and differentiable. We then recall from that the k'" entry of
the vector y = hy (%) is

_ ] — iy
o= (O, WC) = (W0, ¢0)
Recalling that U = W1 U K], we then see that the risk can be expressed as
T A 2 7112
ROW,U) = FWT0) + 5 (IW[3 + 101F) (159)

The fact that R(W, U) does not have spurious local minimizers come from the following general
theorem.
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Theorem G. Let g : R™*™ — R be a convex and differentiable function. Define
A
©(A,B) := g(ATB) + ) (1A% + |1 BII%) where A € R™ and B € RY"

and assume X > 0 and d > min(m,n). Then any local minimizer (A, B) of the function ¢ :
RIXm  RIX™ 5 R is also a global minimizer.

The above theorem directly apply to (159) and shows that the risk R(W, U) does not have spurious
local minimizers when A > 0 and d > min(n,,, K'L).

The remainder of the section is devoted to the proof of theorem [Gl We will follow the exact same
steps as in Zhu et al.| (2021])), and provide the proof mostly for completeness (and also to show how
the techniques from [Zhu et al.| (2021) apply to our case). Finally, we refer to [Laurent & Brecht
(2018) for a proof of theoremin the case A = 0.

Proof of theorem |G| To prove the theorem it suffices to assume that d > m without loss of general-
ity. To see this, note that the function §(D) = g(D7) is also convex and differentiable and note that
(A, B) is a local minimum of

A
9(ATB) + 5 (1Al + |1 BII3)
if and only if it is a local minimum of
_ A
g(BTA) + 3 (1417 + 11 BI1%)

So the theorem for the case d > n follows by appealing to the case d > m with the function g.

So we may assume d > m. Following|Zhu et al.|(2021), we define the function ¢ : R"™*™ — R by
(D) := g(D) + [|D||«
where || D||. denote the nuclear norm of D. We then have:

Claim G. Forall A € R™ and B € R™™, we have that (AT B) < p(A, B).
Proof. This is a direct consequence of the inequality
1
14T Bl < 5 (I41IE + 1BIl7)

that we reprove here for completeness. Let AT B = UXV” be the compact SVD of AT B. That is
Y eR™", U € R™ ", V € R*™", and r is the rank of AT B. We then have

1 1
|ATB]. = Te(S) = T(UT AT BV) = (AU, BY)p < 5 ([l AU7 + IBV[%) < 5 (IAlF + 1B]7)
O
Computing the derivatives of ¢ gives
%(A,B) =B [Vg(A"B)]" +24  and %(A, B)=AVg(ATB)+AB  (160)
So (A, B) is a critical point of ¢ if and only if
M =B [Vg(A"B)]" (161)
AB = —-AVg(ATB) (162)
Importantly, from the above we get
AA" = BBT e R™? (163)
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which implies that A and B have same singular values and same left singular vectors. Let U € R?*9
be the orthonormal matrix containing the eigenvectors of AA” = BB”. From this matrix we can
construct an SVD for both A and B:

A=USsV} and  B=UXgV{

where ¥4 € R™™ and Y5 € R¥™ have the same singular values. From this we get the SVD of
ATB,

ATB =V 2isgvyE (164)
and it is transparent that,
IAT B« = lAlI% = 1B]%- (165)

In particular this implies that if (A4, B) is a critical point of ¢, then we must have p(A4, B) =
(AT B). This also implies that

(Vg(ATB), A"B) . = (AVg(A"B), B) . = =A| B|% = —A|A" B, (166)

Using this together with the fact that the nuclear norm is the dual of the operator norm, that is
[Cll« = supgy,, <1 (G: C) , we easily obtain:

Claim H. Suppose (A, B) is a critical point of © which satisfies ||Vg(ATB)||Op < )\ then (A, B)
is a global minimizer of .

Proof. For any matrix C' € R™*" we have
1 1

[ATB|. + ( =1 Vg(A"B),C = ATB) =(-<Vg(A"B),C) < suwp (G,C)p=|C|L
A F A F |IGllop<1

and therefore —+Vg(ATB) € 9||AT B||... This implies that A” B is a global min of . The fact
that o(A, B) = (AT B) (because (A, B) is a critical point ) together with Claim then implies
that (A4, B) is a global minimizer of . O

We now show that all local min (A, B) of ¢ with ker(A”) # () must satisfy ||Vg(AT B) ||0p <A

Claim 1. Suppose (A, B) is a critical point of ¢ which satisfies

(i) ker(AT) #0
(ii) [|Vg(ATB)||,, > A

Then (A, B) is not local min.

Proof. We follow the computation from|Zhu et al.|(2021). Let (A, B) be a critical point of ¢. Since
AAT = BBT, we must have that ker(A?) = ker(AAT) = ker(BB™) = ker(B"). According to
(ii) these kernels are non trivial and we may choose a unit vector z € R that belongs to them. We
then consider the perturbations
dA =za" dB=zb"

where a € R™ and b € R" are unit vectors to be chosen later. Note that since z, a and b are unit
vectors we have ||dA||% = ||dBJ||% = 1. Moreover, the columns of dA and dB are clearly in the
kernel of AT and B7, therefore ATdA = ATdB = BTdA = BTdB = 0. This implies that all the
‘cross terms’ disappear when expanding the expression:

(A+edA)T (B +edB) = ATB + ¢2dATdB = AT B + c?ab”
We also have

|4+ edA|l% = Al + lledAlE = [ AlE + €2
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and similarly, || B + edB||% = || B||% + 2. We then get

©(A+edA, B +¢edB) = g((A +edA)T (B + sdB)) + g (A + edA|% + | B + edB|| %)
= G(ATB + 2abT) + 3 (A% + |BI}) + A
= [g(ATB) +(Vf(A"B),e*ab") , + 0(54)} + % (1A% + IBII%) + Ae?
— (A, B) + &2 ( (Vg(ATB),ab”) . + A) +O(eh)

Let G = Vf(ATB) € R™*"™. We want to choose the unit vectors a and b that makes (G, ab”’) |

as negative as possible. The best choice is to choose —a and b to be the first left and right singular

vectors of G since this give the negative of the best rank-one approximation of G. So we choose
a € R™ and b € R” such that Gb = —oa, and therefore

<abT, G>F = Tr(baTG) = Tr(aTGb) =—0;
which gives
o(A+edA, B +edB) = (A, B) + 52( ~||[Va(aTB)||, + A) +O0(eY)

and (ii) implies that (A4, B) is not a local min. O

Combining the previous two claims we can easily prove the theorem. Indeed, if d > m, then the
kernel of AT is nontrivial and (i) is always satisfied. As a consequence, if (A, B) is a local min of
¢, then | Vg(AT B) Hop < )\, and therefore (A, B) must be a global min of ¢.

O
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