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ABSTRACT

The Ls-regularized loss of Deep Linear Networks (DLNs) with more than one
hidden layers has multiple local minima, corresponding to matrices with differ-
ent ranks. In tasks such as matrix completion, the goal is to converge to the
local minimum with the smallest rank that still fits the training data. While rank-
underestimating minima can be avoided since they do not fit the data, GD might
get stuck at rank-overestimating minima. We show that with SGD, there is always
a probability to jump from a higher rank critical point to a lower rank one, but the
probability of jumping back is zero. More precisely, we define a sequence of sets
B1 C By C --- C Bpg so that B, contains all critical points of rank r or less (and
not more) that are absorbing for small enough ridge parameters A and learning
rates 7: SGD has prob. 0 of leaving B,., and from any starting point there is a
non-zero prob. for SGD to go in B,..

1 INTRODUCTION

Several types of algorithmic bias have been observed in DNNs for a range of architectures (105 34
27;128). Understanding and characterizing these types of implicit bias is crucial to understand the
practical performances of Deep Neural Networks (DNNs).

We focus on Deep Linear Networks (DLNs) Ag = Wy, --- W for 8 = (Wh,..., W), that are
known to be biased towards low-rank linear maps in a number of settings:

1. Adding La-regularization to the parameters of a DLN has the effect of adding L,,-Schatten
norm (the L, norm of the singular values of a matrix) regularization to the learned matrix
for p = 2/1 where L is the depth of the network (9).

2. When trained with the cross-entropy loss, Gradient Descent (GD) diverges towards infinity
along direction that maximizes the margin w.r.t. the parameter norm (17), leading to a form
of implicit Lo-regularization with the same bias towards low-rank matrices.

3. When the parameters are initialized with a small variance, the network learns incrementally
matrices of growing rank, thus converging to a low-rank solution (23;14).

This low-rank bias is particularly useful in the context of matrix completion (5, where the goal
is to recover a matrix from a subset of its entries under the assumption that the full matrix is low
rank. The task of finding the lowest rank matrices fitting the observed entries is NP-hard, but convex
approximations can work well (5;6), as well as DLNs (18;35).

In the deep case L > 2, the L,-Schatten norm becomes non-convex (because p = 2/ < 1) and there
are multiple local minima in the Lo-regularized loss, each corresponding to matrices with different
ranks (similarly with cross-entropy there could be multiple directions that locally minimize the rank).
Which of these local minima/critical point will GD converge to? And what will be the final rank?

We will see how Stochastic Gradient Descent (SGD) can lead the dynamics to jump between critical
points with a bias towards low-rank points.
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1.1 CONTRIBUTIONS

In this paper, we focus on the implicit bias of SGD in Deep Linear Networks (DLNs) of depth L
larger than 2 with Ly-regularization, when trained on Matrix Completion (MC) tasks.

We first describe the many critical points of the Lo-regularized loss. We then split them into three
groups, depending on whether they recover the ‘true rank’, underestimate, or overestimate it.

We show that the rank-underestimating critical points can easily be avoided by taking a small enough
ridge A, but no such strategy exists to avoid rank-overestimating points with GD.

However we show SGD has a small but non-zero probability of jumping from any parameter to a
lower rank parameter, but the probability of jumping to a higher rank is zero. More precisely, we
define sets B, that contain all critical points of rank r or less and show that they are absorbing: the
probability for SGD to leave this set is zero, but the probability for SGD to move from outside of this
set to inside (in sufficiently many steps) is non-zero.

This suggests that rank-overestimation can be avoided if we continue SGD training long enough (but
not too long), since the rank will decrease incrementally. This illustrates the low-rank bias of SGD.

1.2 RELATED WORKS

The low-rank bias of DLNs has been observed in a number of different settings: for example as
a result of Lo-regularization or training with the cross-entropy loss (9)), and as a result of small
initializations (253235 [14). These results rely on similar tools such as the balancedness condition,
however the underlying training dynamics leading to sparsity are very distinct.

Motivated by the empirical observation that SGD improves generalization (20; [19), there has been
interest in the implicit bias of SGD. There is a line of work approximating SGD with different
Stochastic Differential Equations (SDEs) (255 133k [165 [7), sometimes approximating the parameter
dependent noise covariance with a fixed scalar multiple of the identity thus leading to Langevin
dynamics (16), and in general studying the resulting steady-state distributions (7). These SDE
approximations require small learning rates (22}, but approximations to capture the effect of large
learning rates have been proposed too (22; 32).

These works however focus on the bias of SGD in parameter space, showing e.g. that it can be
interpreted as changing the potential/loss (7)), or adding a regularization term (32). More recent work
has focused on the bias of SGD in diagonal linear networks (29} [36) leading to a sparsity effect in the
vector represented by this network.

We focus on the effect of SGD in the context of deep fully-connected linear networks with Lo-
regularization, showing that SGD strengthens the already existing low-rank bias induced by Lo-
regularization. To our knowledge our work is also unique in that it does not rely on a SDE/continuous
approximation.

2 SETUP

We study Deep Linear Networks (DLNs) of depth L and widths wg = d;p,, w1, ..., wr = doyt
Ag =W --- Wy,
for the wy x wy_1 weight matrices W, and parameters § = (W1, ..., Wp). We will always assume

that the number of neurons in the hidden layers is sufficiently large w; > min{d;,, doy: } so that any
doyt X d;i, matrix A can be recovered for some parameters 6: A = Ay.

2.1 MATRIX COMPLETION

We consider the Lo-regularized loss
Lx(6) = C(Ag) + All6]”
where C'is a loss on matrices such as the Matrix Completion (MC) loss
1 N 2
C(A) = N Z (A7 — Aoij)

(i,5)€l
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where A* is the true matrix we want to recover and I C {1,...,dout} X {1,...,d;,} is the set of
observed entries of A* of size N = |I|. While it is not possible in general to recover an entire matrix
A* from a subset of its entries, it is possible if A* is assumed to be low rank.

The ideal goal is to find the matrix A with lowest rank that matches the observed entries. We define
the smallest rank as the smallest integer r* such that inf 4.ganka<r+ C(A) = 0. Note that one could
also define * to be the smallest integer where this infimum is attained at a finite matrix A, which can
be higher in MC problems where filling in infinitely large entries can allow for lower ranks fitting
functions. In the main we restrict ourselves to the first definition, but we discuss the second choice
and its implications in Appendix [A]

Since finding the minimal rank solution is NP-hard in general (5)), a popular approximation is to find
the matrix A that minimizes the MC loss with a nuclear norm regularization

1 X
min o= 0 (A5 = 4)” + AL
(i,5)el

where the nuclear norm is the sum of the singular values of A: | 4|, = Z?jka s;(A). This loss is

convex and can be efficiently minimized, and it has been shown that it recovers the true matrix A*
with high probability with an almost optimal number of observations (5; |6)).

DLNSs have also been used effectively in Matrix Completion, thanks to their implicit low-rank bias.
The importance of low-rank bias in the Matrix Completion setting, makes it ideal to study the implicit
bias of SGD in DLNS.

2.2 REPRESENTATION COST

The low-rank bias of Ly-regularized DLNs can be understood in terms of the representation cost
R(A; L) of DLNs, which equals the minimal parameter norm required to represent a matrix A with a
DLN of depth L:

R(A;L) = min [
A=Ay

As observed in (9), the representation cost of DLNs equals the L,-Schatten norm HAHg (the L, norm
of the singular values) of A for p = 2/L:

RankA
R(A;L) = LIAIL, =1 > si(A)7*.
=1

This implies that the Lo-norm regularization in parameter space can be interpreted as adding a
L,-Schatten norm regularization in matrix space:

min C(4g) + A 16)? = min C(A) + AL A 2E .

2/

For shallow networks (L = 2), the representation cost equals the nuclear norm R(A;2) = 2| 4]|,.
The loss has only global minima and strict saddles, thus guaranteeing convergence with probability
1 to a global minimizer 6 of the LHS, and the represented matrix A, then minimizes the RHS. We
therefore simply recover the convex relaxation of Matrix Completion, with the advantage that the
loss £ (0) is differentiable everywhere, so that it can be optimized with vanilla GD (35)).

In the deep (L > 2) case however, the representation cost R(A; L) = L HAHZE is non-convex,
and both RHS and LHS may have distinct local minima with varying rank. We will show that the
correspondence extends to local minima of the RHS and LHS, and that there always exists one local
minimum with the right rank r*.

But there are multiple local minima and critical poinnts with different ranks, for example the zero
parameters # = 0 corresponding to the zero matrix Ay = 0 is always a local minimum. Or there
might also be critical points that overestimate the ‘true rank’ that we want to recover.

For GD with a Gaussian initialization, there is a non-zero probability to converge to any local
minimum. On the other hand, we will see how SGD can jump from local minima to local minima.
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2.3  STOCHASTIC GRADIENT DESCENT

We consider SGD with replacement, that is at each time step ¢ an index (i, j;) is sampled uniformly
from the index set I, independently from the previous iterations. The parameters are then updated
according to the learning rate n

n * 2
Ory1 = (1 —2nA\)0; — 5 Ve (A7, — A6ij)

Note that due to the Ls-regularization there remains noise even at the local minimizers, in contrast
without Lo-regularization there is neither noise nor drift at the global minima of the loss. Thus with
Lo-regularization the dynamics never completely stop, making it possible for SGD to jump from one
local minimum to another.

Remark 2.1. A number of previous works have approximated SGD by GD with Gaussian noise, the
simplest of which is to approximate SGD by Langevin dynamics. Under this approximation, there
is always a likelihood of jumping from local minimum to any other local minimum, with a higher
likelihood of going to (and staying at) local minima with lower loss. Our theoretical results show a
completely different behavior, where SGD may have non-zero probability of jumping from one local
minimum to another, but zero likelihood of jumping back. Furthermore the likelihood of SGD visiting
a certain local minimum will not scale with the loss of that local minimum, but rather its rank. This
further shows that the Langevin approximation of SGD is inadequate.

It appears that what leads to this difference in dynamics, is that the covariance of the noise is
low-dimensional and highly anisotropic, with a lot of noise along directions that keep or lower the
rank, and almost no noise along directions that increase the rank.

3 MAIN RESULTS

We will first give a description of the loss landscape of Lo-regularized DLNs and then state our main
result, which says that SGD has a non-zero probability of jumping from parameters of a certain rank
to a lower rank, and that once in the neighborhood of a low rank critical point, the probability of
reaching a higher rank is zero.

3.1 Lo-REGULARIZED LOSS LANDSCAPE

The correspondence of the minimizers of £ (6) and Cy(A) := C(A) + AL ||A||ZZ extends to their
local minima:

Theorem 3.1. If0 is a local minimum of £ (6), then Ay is a local minimum of C\(A). Conversely,
if A is a local minimum of C(A) then there is a local minimum 6 of L(0) such that A = Ap.

The critical points of the Ls-regularized loss are balanced, i.e. WETWZ = Wg_leil for all
¢ =1,...,L —1 (see Appendix [A). This implies that all weight matrices have the same singular
values and the same rank . We may therefore define the rank of a critical point 0 as the rank r of any
weight matrix W, which also matches the rank of the represented matrix A;.

In general, there are several distinct local minima/critical points with different ranks. The origin
0 = 0 is always a local minimum (since the unregularized loss has vanishing first . — 1 derivatives at
0, it becomes a local min even for any A > 0), furthermore for small enough ridge A, there always is
a local minimum that finds the minimal rank required to fit the observed entries:

Proposition 3.1. Consider a matrix completion problem with true matrix A* and observed entries I.
For all \, there is a rank r* local minima 0(X\) of L£(0) such that limy~ 0 C(Ag(x)) = 0.

Note that finding a fitting matrix of minimal rank is known to be a NP-hard problem in general (5)),
which means that it should in general be hard to find this local minimum. There are three types of
problematic local minima/critical points:

Rank-underestimating critical points: these are critical points such as the origin # = 0 with a rank
lower than the minimal rank 7*, so that the represented matrix Ay cannot fit the observed entries. GD
with a small enough ridge A and learning rate n will avoid such rank underestimating minima:
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Proposition 3.2. Given an initialization 0y such that unregularized (A = 0) gradient descent
converges to a global minimum, there is a constant ¢ > O such that for all small enough ridge \ and
learning rate n, regularized GD 0, for all t > ty the r*-th largest singular value of the matrix is
non-zero: sy~ (Ap,) > c.

There exists multiple papers proving convergence to a global minimum under different assumptions
151135 26), but empirical evidence seem to suggest that convergence to a global minimum is much
more general, and we expect more convergence results to come.

Rank-overestimating critical points: these have a larger rank than r* and the represented matrix
Ay can fit the observed entries (with a small O(\) error). These are harder to avoid, suggesting that
the NP-hardness of finding an optimal rank r* fitting matrix can be related to avoiding these points.
It might happen that there are no rank-overestimating minima/critical points, in which case GD can
recover the minimal rank solution easily, but from now on we will focus on settings where these
rank-overestimating points appear and how SGD manages to avoid them.

‘Bad’ Rank-estimating local minima: Finally there might exists local minima (or non-strict saddles
where GD/SGD might also get stuck) with the right rank r* that do not fit the true matrix. This paper
will not focus on how to avoid these points, but we believe that it could be proven that such minima
are rare for large input and output dimensions, using similar tools as (4;[18). The noise of SGD might
also help avoid these minima/saddles. In our numerical experiments, we never encountered such
minima, but we did encounter both other types.

3.2 ONE-WAY JUMPS FROM HIGH TO LOW RANK

We now show how SGD helps avoiding rank-overestimating critical points. More precisely we show
under conditions on the learning rate n and ridge A that there is always a (small) likelihood of jumping
to a lower rank, but the probability of jumping back is zero. This suggests a strategy: train the
network with a small ridge to guarantee convergence to a critical point of at least the right rank, and
then take advantage of the SGD noise to lower the rank until finding the right rank.

For our analysis, we define a family of regions B, C RY of parameters 6 that are:

1. e;-approximately balanced: for all layers ¢, WZTWZ — Wz,lWéT_ 1 H2F < e,

2. €5, a-approximately rank r (or less): for all £, Z?jilkw‘z fa(s:(W, W) <7+ e where
s;(A) is the i-th singular value of A and f,(z) is a twice differentiable function such that
fa(0) =0, fo(z) = Lforz > @, 0 < f/ () < £ for some constant K and f(z) < 0.

3. C-bounded: HWZH?, <C.

Note that we chose the function f, to be differentiable, and to satisfy f,(0) = 0 and f,(z) =
1,Vx > «. This yields a notion of approximate rank that converges to the true rank as o \, 0. One
- — <
example of such approximate rank is f,,(z) = { «a? 2o —z), wsa
1 T >«

Since all critical points 0 of the Ly-regularized loss are balanced, the set B, contains all critical
points of rank r or less for C' large enough and all €1, €2 > 0, and it contains no critical point of
higher rank for €5 and e small enough. These sets allows us to separate critical points by rank, with a
small neighborhood.

Proposition 3.3. For any critical point 6 in B, we have Z?j{lk% fal(s:(45)%L) <71+ e

Proof. Since 6 is balanced, A; = U] StUy where S € Réewt*din g the diagonal matrix of

singular values of all W;’s. Since for any /, Z?j?kwl fa(si(W,SWy)) < 1+ €2, Ay satisfies

S falsi(A) ) <74 e -

We can now state our main result, which says that the set B, is absorbing for all r, i.e. SGD starting
from anywhere will always end up at some time inside B,. and then never leave it:
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Theorem 3.2. For anyr > 0, A > 0, any large enough C and small enough €1, €3, v, 1, the set B, is
closed
Gt S Br = 0t+1 c BT

and for r > 1 and any parameters 0, there is a time T = Q(/\_ln_l) (i.e up to log terms) such that

T
r
P Brif) 2\ infdon, dow}
(et-i-T S r|9t) = (min{dinadOUt}> ’

thus for any starting point SGD will eventually reach B,.:
P(EIT : 9t+T S B'r‘|9t) = 1.

Proof. (sketch) (1) The closedness of the set of €;-approximately balanced parameters follows from
the fact that in the gradient flow limit 7 \, 0, the balancedness errors W W, — W,_1 W} | decay
exponentially

O WIWe =W W) = = X(WIW, — Wl W)
To guarantee a similar decay with SGD, we simply need to the control the O(n?) terms.

Given € -approximately balancedness, the closedness of the e;-approximately rank r or less parame-
ters follows from the fact that the dynamics resulting from the minimization of the cost C'(Ay) are
very slow along the smallest singular vectors of Ay (1) but the Lo-regularization term pushes these
small singular values towards zero. For small enough singular values, this second force dominates,
thus leading to a decay towards zero.

(2) Under the event A that in the steps s from ¢ to ¢ + 7" — 1 all the random entries (i, j5) are

sampled from the same r of the d,,; columns, one can show that the d,,+ — r other columns of W,

decay exponentially to approximately 0, implying an approximate rank of 7 or less. The probability
T

of that event is at least ( - t) . O

This shows the implicit bias of SGD towards low-rank matrices in matrix completion: SGD can avoid
any rank-overestimating minima/critical point given enough training steps.

Explicit bounds on C, «, €1, €2, 17 can be found in Appendix Bl The bounds are rather complex, but

. . 1 Lt2 oL+2 o111
we give here an example of acceptable rates in terms of \: C' ~ A7 ,ao ~ AT=2, €1 ~ \“T-2 s

ea ~ A andn ~ NS Thege rate suggest that an extremely small learning rate 1) is necessary,
especially for large depths L, thus making the likelihood of a jump appear very small. This seems in
contradiction with our empirical observations that larger depths tend to make these jumps more likely.
We believe our bounds could be made tighter, in particular when it comes to the dependence on the
depth L to better reflect our empirical observations.

We expect this result to generalize to other tasks. The first part of the theorem (the closedness of B,.)
should generalize to costs such as the MSE loss and others, and the second part too, under the event
that one samples from the same r training points over 7" time steps for the MSE loss, or sample from
the same r classes for classification tasks.

A limitation however is that the second part of the result relies on the fact that we sample the observed
entries independently at each time ¢ with possible replacement. In practice, the dataset is randomly
shuffled and taken in this random order, so that every observed entry is chosen exactly once during
each epoch. This would force the jumps to happen within an epoch, which may not be possible
depending on the problem.

Another limitation is the average time required to observe one of our predicted jumps can easily be
absurdly large. To observe a jump in reasonable time, one also needs rather large learning rates 7,
leading to very noisy dynamics. This makes periodic learning rate choices attractive, with large n
periods allowing for jumps to lower-rank region, and low 7 periods allowing for SGD to settle around
a local minimum.

Nevertheless, our result also shows that the common approach of approximating SGD with a SDE
such as Langevin dynamics and studying the stationary distribution (usually with full support over
the parameter space) is misleading. In contrast, our result implies that any stationary distribution
must have support inside B,.—;, thus under-estimating the true rank in general. It is thus crucial to
understand the distribution of SGD at intermediate times, when the rank has not yet collapsed to 1.
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Figure 1: Annealing Schedule: DLN with L =  Figure 2: Effect of depth: We study the effect
3, w; = 100 on the 2 x 2 MC problem with  of on the MC problem with ¢ = 0.1. We train 5
e = 0.25 [Light blue] SGD with A = 0.1 and networks of each depths L = 3 [blue] and L = 4
n = 0.2 (n = 0.03 for the first 500 steps to [red] with the same schedule: 17 = 0.03, A = 0.1
avoid explosion) [dark blue] at different times, until £ = 500, then = 0.25, A = 0.1 until £ =
we create offshoots with A = 0.001 and n = 5000 and finally n = 0.05, A\ = 0.001 until the
0.02 to fit the data. [red] The ratio of the second end. We see that the five depth L = 3 networks
to first singular value of Ay on the large \,n are unable to jump in this time, while all five
path. We see a jump around time 2000, where  depth L = 4 networks jump at different times
the output matrix becomes rank 1. The offshoots ~ during the first 5000 SGD steps.

created before this jump fail to fit the missing

entry while those created after succeed.

3.2.1 NONLINEAR NETWORKS

Since linear networks are a simplification of nonlinear networks, it is natural to wonder whether the
results presented here could be generalized to the nonlinear case. We identify two possible strategy to
generalize our results:

First along the lines of (8) which observes a similar phenomenon where SGD is naturally attracted to
symmetric regions of the loss (where for example two neurons are identical or one neuron is dead)
in nonlinear networks. The Ly-regularization is known to make these region more attractive (13)),
which could have a compound effect with SGD. In DLNSs, the regions of low rank that we prove are
attractive can also be interpreted as neighborhoods of symmetric / invariant regions.

Second, recent work has shown that Lo regularized ReLU DNNss with large depths are biased towards
minimizing a notion of rank over nonlinear functions, the Bottleneck rank (12). We have hope that
our results could be extended to prove a similar low-rank bias with this new notion of rank. This is
further motivated by the observation that such large depth networks exhibit a Bottleneck structure
(1) where the middle layers of the network behave approximately like linear layers.

4 NUMERICAL EXPERIMENTS

For our numerical experiments, we want to find a Matrix Completion problem that GD cannot solve
but SGD can. In particular, we want to find a setup where GD converges with a high probability
to a rank-overestimating minimum, and where SGD can jump from this minimum to a lower rank
minimum in a reasonable amount of time.

It is rather difficult to find a setup that lies between the regimes where both GD and SGD work and
where neither work. This is in line with previous work in the bias of SGD (29): in diagonal networks
a value (determined by the initialization) determines a transition between a sparse and non-sparse
regimes, and SGD has the effect of pushing this value towards the sparse regime; this can have a
significant sparsity effect if the original value was at the transition between regimes, but little effect if
it was far into either regimes.
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Figure 3: Annealing accross e: For a range of
€, we train 4 networks (L = 4,w = 100) with an
annealing schedule as in Figure [T] and plot the
test loss divided by the test loss when putting
zeros in the missing entries. The four networks
are trained for ¢, steps with high noise, followed
by 4000 steps in the low noise regime. Without a
noise phase (to = 0) the network fails to recover
the rank 1 solution. Larger ¢( allow the network
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Figure 4: Periodic Schedule: DLN with L = 3,
wy = 100 on the 2 x 2 MC problem with e = 0.2.
We plot 5 runs of SGD with periodic learning
rates alternating between n = 0.1, A = 0.001
and n = 0.4, A = 0.1. We see that the different
trials make jumps during the high 7, A period.
After the jump, SGD will settle at a low test
error in the slow periods, allowing us to identify
when the jump happened.

to recover it for even smaller e.

We choose a MC problem, inspired by (30), that allows us to tune the difficulty of finding a sparse
solution. We observe 3 out of 4 entries of a 2 X 2 matrix:

(1)

Filling the missing entry * with ¢! leads to a rank 1 matrix. The smaller e is, the larger the missing
entry that needs to be filled in needs to be.

In Ly-regularized DLNs with L > 2 there are three local minima: the rank 0 minimum at the
origin which can easily be avoided, a set of minima that learn the rank 1 solution, and a set of
rank-overestimating minima that learn a rank 2 solution by filling the missing entry with a small
value.

For small € values, GD almost always converges to a rank-overestimating minimum (see Figure[3).
In such setup, SGD can outperform GD by jumping to a rank 1 solution. To achieve a jump in a
reasonable amount of time, we need the ridge parameter A\ and the learning rate 7 to be large. But
such a choice of large A, n prevent SGD from minimizing the train error.

We investigate two strategies to take advantage of both the jumping properties of large A\, 7 and fitting
properties of small A, n:

‘Annealing’ Schedule: In Figure[T] we run SGD with large A, 1) for some time ¢, waiting for a jump
and then switch to small values of A,  for convergence. Another specificity is that we take a small
learning rate for the first few steps, because SGD diverges if we start with a too large learning rate
directly at initialization, whereas large learning rates are possible after a few steps (we do not have a
theoretical explanation for that).

We test different switching times to small A, 7 values, and we see clearly that if we switch after the
jump at time ~ 2000, we obtain a rank 1 solution, but if we switch before the jump then training fails
and recovers a rank 2 solution.

By changing e we can tune the difficulty of finding the rank 1 solution. We see in Figure [3]that the
smaller ¢, the longer one needs to wait for a jump, and thus the longer one needs to stay in the high
noise setting. We also see that without a high noise period (i.e. when we are close to GD) the network
fails to recover the rank 1 solution even for € = 1.
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Periodic Schedule: Another strategy it to alternate between large and small A, . We see in Figure
how the jumps all happen during the large A, ) periods. It is also interesting to see that even after
SGD has settled in the vicinity of a local minimum in one of the small A, n periods, SGD can still
jump to another minimum in a subsequent large A, n period.

Finally we also study the effect of depth in Figure [2} and observe that depth increases the probability
of jumps. We train networks of depths L = 3 and L = 4 on the 2 x 2 MC task with e = 0.1. While
for the choice e = 0.25, a depth L = 3 network was able to jump in a reasonable amount of time, for
this smaller choice of € we do not observe a jump (even with the same hyper-parameters). In contrast,
the deeper networks L = 4 all jump in a reasonable amount of time, suggesting that depth increases
the likelihood of a jump.

5 CONCLUSION

We have given a description of the loss landscape of Lo-regularized DLNs, giving a classification of
its critical points by their rank. We have then shown that SGD has a non-zero probability of jumping
from any higher rank critical point to a lower rank one, but it has a zero probability of jumping in the
other direction. We observe these jumps empirically. To our knowledge, this is the first description of
the low-rank bias of SGD in the context of fully-connected linear networks with two or more hidden
layers.

Our analysis is also significantly different from previous approaches that rely on approximating SGD
with a continuous stochastic process, and/or studying of the limiting distribution of this continuous
process. It appears that the phenomenon of absorbing sets of different ranks cannot be recovered with
a continuous approximation, and the jumps we describe happen before SGD has reached its limiting
distribution. This puts into question the adequacy of the continuous approximation and limiting
distribution assumption.
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The Appendix is organized as follows:

* Section [A]contains the proofs of Theorem [3.1]and Propositions 3.1 and [3.2] of the main.

* Section [B] then describes how Theorem [3.2] of the main can be split into two statements:

Theorems[B.I]and[B2
* Section [C]state some preliminary result for the proofs.
* Section [D]proves the first part of Theorem [3.2]from the main, that is Theorem [B.T
* Section [E] proves the second part of Theorem [3.2] that is Theorem [B.2]

* Section [Fstates and proves a more general version of Proposition of the main.

A Lo0OSS LANDSCAPE

Proposition A.1. Let 6 be a critical point of the loss L, then 0 is balanced, i.e. WgWZT =
WETHWZH.

Proof. At a critical point, we have
Wi WEVC(Ag)W - W, + 2 W, =0.

Thus
1

wWw/ = ~ox

WEy - WEVC( AW - WE = WL Wi

Proposition A.2. Let 0 be a critical point of the loss L, then:
« 0 is a local minimum if and only if A; is a local minimum of C.

e 0 is a strict saddle/maximum if and only if Ay is a strict saddle/maximum.

Proof. We know that any critical point of the Lo-regularized loss is balanced. The parameters
0 = (Wh,...,Wy) are therefore of the form
W, =USTUL |,

for some d x d diagonal S (where d = min{d;,,, doy+}) and w, X d matrices U, with orthonormal
columns (UETUZ = 1y).

(0) For any sequence of matrices A;, Az, ... converging to A, with SVD decompositions A; =
U;S;V.I' (chosen so that U;, S; and V; converge to the SVD decomposition Ay =U, LSUT) we can
construct parameters ; with weight matrices
1 ~
Wy =U,SFVT
1
W, =USFUL
L1
Wy =U;SFUL_ .

We have (1) Ag, = A;, (2) 0; — 0, (3) ||9i||2 =L ||Ai||2/L and therefore C\(A;) = L (6;).

2/L

(1a) If 6 is not a local minimum, there is a sequence 6; — 0 with Lx(60;) < EA(HA), thus the sequence
A; = Ay, converges to A; and Cx(A;) < La(05) < LA(0) = Cx(Ay), implying that A; is not a
local minimum.

(1b) If A; is not a local minimum, there is a sequence A; — A; with C\(4;) < Cx(4;), by point

(0), we construct a sequence ; — 6 such that £ (0;) = Cy(A4;) < Ci(4;) = L (6), proving that 6
is not a local minimum.

12



Published as a conference paper at ICLR 2024

(2a) 0 is a strict saddle/maximum if there is a sequence 0; — 0 such that

L(6;) —
lim A(0:) = £2(0)
S, — 6P
Our goal is now to show that the sequence Ay, that converges to A satisfies the same property. First
note that . A
Ca(Ao) = Ca(Ag) _ . £x(0:) = £2(B) _I0: — B3
. 2 = ~ 2
oo g = 4l e 0= 0lE [ As - 4yl

since C\(Ag,) < L£(6;) and Cx(A;) = L (0).
Since Ag is twice differentiable w.r.t. 6, we know that ||Ag, — Az, < c[|6; — 0] + O <||9Z - é||2)
and thus
16; — 611> 16; — 611> 1 1
> — -

0= = (oo, a1+ 0 (o))" (ex0(i0n-a1))

for large enough . This implies that

Calde) — Oa(Ag) _ . = La(6:) —L)(6) 1

2 ’

00 ||A97-,—Aé||? imoo |10, — 62 ¢

(0:)—Lx(6)

where we used the fact that for ¢ large enough £ *” T is negative.
i~ ViR

This implies that Aj is a strict saddle/maximum.
(2b) A is a strict saddle if there is a sequence A; — A; with
Ca(4i) — Ca(4y)
oo 2
[ 4i = 4]l

For L > 2 we may assume that A; has the same rank as A; for large enough i: a matrix cannot be
approached with matrices of strictly lower rank (the best rank & approximation matches the k largest
singular values leading to an error larger than the k£ + 1 largest singular value), and if it is approached

with a strictly larger rank the regularization term || A; ||Zi would be strictly larger.

We now construct a sequence 6; — 0 as in (0). Consider the map ¢ that maps matrices A = UsvT
in the neighborhood of A; with the same rank to the parameters

W, =U,StVT
W, =USTUL
W, =0UStUT_,.

We have ¢(A;) = 6; and p(A4,) = 0. And since ¢ is differentiable at Aj along directions that do not
change the rank (37), we have

L) = £200) _  Ca(A) = Ca(4g) |4~ Al

=1
e A4 (o) e (49

0, —0

Finally we prove the existence of a minimum with the minimal rank required to fit the data:

Proposition A.3. Consider a matrix completion problem with true matrix A* and observed entries 1.
For all )\, there is a rank r* local minima 0(\) of Lx(0) such that limy~ 0 C(Ag(x)) = 0.

13
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Proof. For all )\, take the matrix A(\) to minimize the cost C'y(A) amongst the set of matrices of
rank 7* or less. The regularization ensures that the infinimum inf 4.ganka<,+ Ci(A) is attained at a
finite matrix A.

The matrix A()) is also a (possibly non-global) minimum of the non-restricted loss: it is locally
optimal amongst matrices of the same rank, and for any matrix A’ of rank r > r*, define A”.. to be
the closest rank r* matrix (which is obtained by setting all but the r*-th largest singular values of A’
to zero), we have

Ca(A') = OA(AL,.) + AL A" — AL, |I)F + [C(A) — C(AL,.)).

2/,

We have that Cy(A.,.) > Cx(A())) and in a small enough neighborhood of A(\), one can
guarantee that the second term dominates the third one since C'is differentiable (if s,-11 > 0 is the

r* + 1-th largest singular value of A’, then the second term is at least )\Lsi/*ﬁrl, while the second one
is at most ¢(Rank A" — r*)s,.« ;1 where ¢ < oo bounds the Lipschitzness of C' in the neighborhood).

By Proposition there are corresponding local minima 0(A) of £ () such that A(X) = Ag(y).

By the definition of the minimal rank r*, we know that inf 4.ganka<r+ Cx(A) = 0 and thus
1im>\\0 C(Ag(/\)) = 0.

A.1 AVOIDING RANK-UNDERESTIMATING CRITICAL POINTS

With a small enough ridge A and learning rate 7, one can guarantee that GD will avoid all rank-
underestimating local minima:

Proposition A.4 (Proposition [3.2]in the main). Given an initialization 0 such that unregularized
(A = 0) gradient descent converges to a global minimum, there is a constant ¢ > 0 such that for all
small enough ridge \ and learning rate n, regularized GD 8 for all t > tq the r*-th largest singular
value of the matrix is non-zero: s,- (Ag,) > c.

Proof. Since unregularized GD converges to a global minimum with zero loss, there is a time ¢ such
that ,C(@to)\:()) < % inf A.RankA<r C(A)

We know that Lo-regularized GD 6, () converges to unregularized GD 6(t) as A “\, 0 for any fixed
time ¢. Then for all sufficiently small A we have £ (6¢,.) < % inf 4. Ranka<r C(4

Lemma|[A.3]also tells us that GD is non-increasing for a small enough 7, so that for all t > t, we also
have

1
< - i .
‘c)\(ot)\m) -2 A:RalnIlifz‘4<r* C(A)

Let us now show that there is a constant ¢ > 0 such that the 7*-th largest singular value s, (A, , )
of Ay, , , is lower bounded by c.

Assume by contradiction that this is not the case, then for all ¢, there is a matrix A, with s,.(4.) <€
for all 7 > r* and with Cy(A.) < 3 inf sranka<re C(A).

We know that the matrices A, are bounded for all € since ||A6||§ﬁ < FCx(A) <

1
2

as n — 0o, whose limit A= lim,,_, 00 A, is finite, has rank strictly less than 7* and satis-
fies C(A) < Cy(4) < %inf A:RankA<r+ C(A) which yields a contradiction with the fact that
inf A:Ranka<r= C(A) > 0. 0

inf g.Ranka<r+ C(A) < oo. There is thus a convergent sequence A, A,,... with e, — 0

Here are a few Lemmas required for the previous proof:

Lemma A.1. The loss gradient VL (0) in the ball B(0, D) is Lipschitz with constant H =
VD (9p2L=2 4 cDL=2 4 2)),

Proof. For all parameters 6 with [|0|| < D, we have |W,||, < D and thus ||Ag||, < D*. Further-
more for any two parameters § = (W1,...,Wg)and ¢ = (V4,...,Vz) with ||0]], ||¢|| < D, we
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have
Ao — Apllp < (WL - Wo(Wr = Vi)|lp + -+ [(We = Vi)Vior - VAl

L
< DY W = Vil
=1

< VLD" 10—
Now since VC(Ag) = £M © (Ag — A*), this implies that

2 2 2
IVCA0) 5 < = Mol + 3 1471l < 3-D* +c

and

2 2 _
IVC(Ag) = V(A5 < 5 140 = Aslp < VLD 16— 9.

Now using these facts, we get that the difference ||V £ (6) — VL (¢)]|” is upper bounded by

L
Z Wy - WEVC(Ag) W - W = VA - VEVC(Ag) VT - V| + 22 — 22V ||

Mh

— _ 2
Y (DE Wk = Villp [VO(Ao)l| + DEH[VC(Ag) — VO(Ag)|l + 2X [IWe — Vil )
k0

~
Il
_

M=

2
2
(30?24 cDE) W = il + VEDH=2 6~ ol + 2AIWe ~ il
£

1 kAL

2 2
<N\/Z(2D2L2 +eDET2 420 (|16 - ¢II)

~

#

IA
> ~
I t
3 ]

1k

7(]\/_2 )( D*E72 4 eDE2 4 20) [0 — ¢
and thus

2L\/(L —1)

IVLA(0) = VL) < N

(2D*72 4 D=2 4 20) |16 — ¢

O
Proposition A.5. Given initial parameters 6y, we have that GD with ridge )\ and learning rate

%for D = % and H = W(QDQL_2 + ¢DY=2 + 2X) remains inside the ball
B(0, D) and has a non-increasing regularized loss.

Proof. Given the parameters at any time step 6; in the ball B(0, D) the loss along the gradient
0y — nV L (6;) (for any n small enough so that this next step remains inside the ball B(0, D))
satisfies

La(6: — 1V LA8:)) — L2 (6,) = /O LAV LA, — pVLAG))dp

IN

n
VLA + n/ IVLAO) | IV LA(0:) — VLA (6, — pVLA6)]] dp
0
2 772 2
< —n|IVLAB)|” + 3H IVLA(6:)]]

for H = 22V 27D V](\[Lfl)(QDQL—2 + eDE=2 4 2)\). Thus for any < 2, the loss is non-increasing:
Lx(0r = nVLA(0:)) — Lx(6:) < 0.
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Choosing D = E*(GO) , we know that 0y € B(0, D) since ||6,]|* < L*geo) and all subsequent steps

0; with a learning rate n < H will remain inside the ball, since £ (6p) is non-increasing along the
continuous path made up of the concatenation of the segments [f;, 6; 1] it can never leave the ball

EA(Bt)

since [|6;]]> < ﬁ*(eo) (where ¢ is a real value that can lie on any segment). O

A.1.1 DIFFERENT NOTION OF OPTIMAL RANK

In settings where the infimum inf 4.ganka<r~ C'(A) is not attained, we can define another notion of
smallest rank 7* > r* to be the smallest integer where this infimum is attained. One could wonder
under which conditions one can avoid minima with rank < 7*. A similar result can be proven, though
we require an additional assumption (and for simplicity, it is proven for GF instead of GD):

Proposition A.6. Given an initialization 0y such that unregularized (A = 0) gradient flow (GF)
converges to a global minimum 0., such that the loss is 5-PL in a neighborhood of 0., then for \
small enough, regularized GF converges to a minimum rank no smaller than 7.

Proof. 1If we let the ridge A go to zero we have that GF trained with A-weight decay 6,  converges
to GF without weight decay: 0; x — 0; as A ™\, 0. We can therefore choose a time ¢ large enough

and small enough Ag such that for all A < Ao, the ball B(6;,.x, R) for R = /20) Jies in the
neighborhood of 6., where the loss is 5-PL. We can apply Lemma[A.2]to obtain that at time T’ the
loss will be below Akg and one can easily check that kg is bounded as A ™\, 0 (since 8,  converges
to the unregularized GF 6;, x—o as A ™\, 0). Since the loss will only decrease after that, we know that
GF will converge to a local minimum with O(\) loss.

Let us now assume by contradiction that there is a sequence A\; > A > ... with A,, = 0asn — oo
such that the minimum 6, », that GF with ridge \,, converges to is rank-underestimating for all
n, i.e RankAg_ , < 7. Since A\, [|0oo,n, | < LA(0o,r,) = O(An), we know that the 0 »,, are
bounded, which implies the existence of a convergent subsequence that converges to parameters
which by continuity of 6 — Ag and 0, A — L (0) satisfies RankA; < 7 and £(#) = 0, which is in
contradiction with the assumption that 7* is the smallest fitting rank. [

Lemma A.2. Let the loss L satisfy the 3-PL inequality (3 |V L(6) |? > BL(H)) in a ball of radius
R — v/ L (00)

NG around initialization 0y for some ), then there is a time Ty <

__log )\—Elog ko fOI"
ko = % (2 2B8L(00) (|6o]| + R) + B (|60l + R)Q), where GF Or, x on the La-regularized loss
L satisfies L (01, x) = Ako.

Proof. Let TR be the first time gradient flow 0, ) leaves the ball of radius R, we will describe the
dynamics before Tz ) and then show that T  is larger than the time 7T’ we are interested in.

Inside the ball, we have

IVEXOI = (IVE®)] - 27 6])?
( 927 ]e])
25
2

Y

Y

—2\/255 (0)2X 0]
m(e) 2 (20/28L(00) (106 + R) + 8 (100l + B)*)
B (2Lx(0) = Ako) ,
for ko = 2 (2v/28L(00) (160 + R) + B (66| + B ).

Let T’ be the first time that £ (6, x) = Ako, , then for all ¢t < min{T»,Tr »}

Y

Y

LA (Or0) = — VLA )
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—28 (ﬁA(Qm) - )\2760)
< —BLA(O,n),

which implies that £ (6;.,) < £x(6y)e™"* and thus that Ty < —% — % under the condition
that this is smaller than T .

IN

Let us now show that Tz » > T}, by showing that |0, » — 6| < R.

Tx
167, 2 — 60| < / RO
0

L (60) -2k 1
-/ (2O
0

where we did a change of variable in time to (1) which is chosen so that £ (0(r),x) = LA(00) — T

which implies that 0, t(7) = HVKA((%(T)’)\) ||72 (so that - L (0y(r),5) = — HVﬁA(Qt(T)JJ ||272 =
—1 as needed). We can now further bound

ko k

L (00) -1 . Lx(00)—21% 1
/ V27 @] < S
0 0 BLA(Or,)

1 L (60) -2k 1 p
_ﬁ/o NICOEa
- (W - A’?) .

£ (6o)
VB

<

=

O

While the PL inequality condition might be unexpected, it is actually satisfied at almost all global
minima:

Proposition A.7. Given global minimum 0 of a network with widths w; > d;, + doyt for all
¢=1,...,L—1, then for all ¢ > 0 there is a closeby global minimum ¢, i.e. |0 — 0’| < ¢, such
that the loss satisfies the PL inequality in a neighborhood of 9'.

Proof. W.l.o.g., let us assume that d;,, < d,y, then it is possible to change the parameters infinitesi-
mally to make Wy,_q - - - Wy full rank while keeping the outputs Ay = Wy, - - - W7 unchanged (by
only changing Wy,_1 - - - W; orthogonally to ImWE which is possible since wr_1 > d;p + dout)-

We now choose a neighborhood of 6’ such that the smallest singular value of W,_1 - - - W7 is lower

bounded by some A > 0. For any parameters 6 in this neighborhood, the loss satisfies the 5 = 2])\‘,2 -PL
inequality:

1
IVLOI = 5 2 [W - WE M o (A" = AW - W, |
4

1 " 2
> e @ - anwi - wi_|
A2 . 2
> 5 1Mo (4 - 4p)]
22
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The PL-inequality is typically satisfied in the NTK regime (13} 24), but in the Saddle-to-Saddle
regime (23;14) it seems that GF converges to the vicinity of a minima that does not satisfy the PL
inequality (minima that are balanced and low-rank typically do not satisfy it), so that the PL-inequality
might only be satisfied in a small neighborhood and with a small constant /3. This suggests that in
settings where the two notions of minimal rank r* and 7#* do not agree, the question of which minima
GF converges to might be dependent on the regime of training we are in, with the NTK regime
leading to a rank no less than 7* and the Saddle-to-Saddle regime leading to a rank no less than r* at
least for reasonable values of A.

B Low RANK BIAS

In Theorem 5, there are two statements: (1) if 0; € B,.., ,,c then 6,1 € B, ., ., c and (2) with a
positive probability such that there exists a time 7" such that 0 € B, ., ., c¢. The following theorems
give the formal expression of the two statements.

Theorem B.1. For weight W;,l=1,...,L, L > 3, let
B, = {0 Wil < C, [WiW," = Wil Wigals <er, 1=1,..., L},
where C > C1/2\. Define F,,(x) = Zle falx;) for any x € R?, where f, is twice differentiable

function such that fo(0) = 0, fo(z) = 1forz > o, 0 < f/(z) < £ for some constant K and
f(z) < 0. Denote

By :=1{0:Fyoo(W,'W)) <7 +ey, 1=1,...,L},

1
. . . )\2 L—2
where o maps a matrix to its singular values and o < (W) . Then for any €1,e5 > 0

such that eo < 1/2 and /g1 < Aae, ,if0(t) € B := B, N B,...,, then
2 / t= 64nK L(r+1)2C "2 /2(C1+CL) o) @a ez

stochastic gradient descent iteration with learning rate

n < min{ Cl 2)\61
- 4(2(Cy + CE)CLE=1 + X2C) 4(Cy + CEYCL—1 + N2gy”
Aagg 2(r+1)
64nK (r +1)2(2(Cy + CHYCI-1 + X2C)" A }

satisfies 0(t + 1) € B, where n is the maximal widths and heights of weight matrices.
2 .
w i

. Cl )\81
<
= { 4(2(Cy 4+ CHCE 1-X20y) " 4(C1 + CL)CE-L + 2/\20}

Theorem B.2. For any initialization 0y, denote Cyy := maxi<;<r, ||W)|

and C > %, then for any time T' = Ty + Ty satisfying Ty > % and Ty >
log((4(n—r )\C)/(aea))

5 , we have

Ty
.
P07 € B, >(—" )
(br € Breycac) 2 (min{dmdout})

C PRELIMINARIES OF PROOFS

C.1 FACTS IN LINEAR ALGEBRA

Fact C.1. ||AB||.« < ||A||«||B||«, where || - ||« represents Frobenius norm or 2 norm.
Fact C.2. For matrices A, B satisfy AB is square, we have |Tr(AB)| < || A||r||B| F-

Let oy > 03 > -+ > o, be the singular values of a matrix A € R™*™, where r = min{m,n}. We
have following facts.

Fact C.3. 0,(AB) < 01(A)o;(B) and 0;,(AB) < 0;(A)o1(B) for any .

18
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Fact C.4 (Theorem 3.3.13 in (31)). For a square matrix A € R"*", let \y > --- > A\, be the
eigenvalues. Then we have

k k
POPUEVED SrAY

fork=1,2,... ., nandp > 0.

C.2 SPECTRAL FUNCTION

For a function f : R™ — R that preserves permutation, we consider the function f o A, where A(A)
represents all eigenvalues of symmetric matrix A € R™*™. We define Diagu be the diagonal matrix
with its entries equal to p and diagA = (A11, ..., Anyn). The following lemmas gives the first and
second order derivatives of f o A.

Lemma C.1 (Lemma 3.1 from 21)). f is differentiable at point A\(A) if and only if f o X is
differentiable at A. Moreover, we have

V(f o) (A) = U(DiagV f(A(A))U T,
where U is a orthogonal matrix satisfying A = U (Diag\(A)U T.

For a decreasing sequence i € R™, where

M1 = = Uk, >:U/k:1+1 == Mk >Mk2+1.../’[’k7'7
denote I; = {k;—1+1,...,k} forl = 1,...,r. For a twice differentiable function f, we define
vector b() as
H if || =1,
= {50 0
pp(:u) - pq(/“‘[’) for any p 7& q € I
and matrix A(u) as
0 if i = j,
'AZJ(M): bl(,u) lfl#]butl,jEIl,
f’(z)%ifj(“) otherwise.

Lemma C.2 (Theorem 3.3 from 21)). f is twice differentiable at point \(A) if and only if f o A is
twice differentiable at A. Moreover, we have

VA(f o M(A)[H] = V2 f(A(A))[diagH , diagH] + (A(MA), H o H)),

where A = WDiag\(AYW T and H =W T HW.

D PROOF OF THEOREM

For stochastic gradient descent, the parameter updates as
Orr1 = (1 —nA)0; — gve(Ath — Ao, i) ()
Then for each [, [-th layer’s weight 1W; updates as
Wit+1) =W &) = (Wipa ()T - W) Go, 5, W1 ()T -+ Wi ()T + AW(1)),  (3)
where Gy ;; is a matrix where the (¢, j)-th entry is Ag ;; — A;“j and other entries are 0. In the

proofs below, we will omit the iteration ¢ for convenience (for example W; = W,(¢)). We denote
Ty =Wy Wp GogWy - WL,
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D.1 APPROXIMATE BALANCE

First we give a lemma that bounds |G ;| 7.
Lemma D.1. Forany C, if |[Wi(t)||% < C foranyl =1,..., L, then |Gy ;;||% < 2(C1 + CF).

Proof. By Fact we have || Ag||% < [T~ [Wi]|% < CF. Then
Go,i511F = (Agij — A;'kj)Q <2 (Ag,ij + (A;Fj)Q)

4
<2 (|Ag|% + C1) < 2CE +Cy). )

O
Proposition D.2. For any C > %, if Wi (t)||% < C foranyl = 1,..., L, then stochastic gradient
descent iteration with learning rate n < 4(2(C1+C€30L+)\ZC) satisfies |Wi(t + 1)||% < C for

I=1,...,L.

Proof. If ||W,||% < C, we have
Wit + DIE = Will7 = 20 (MWAIE + Te (W) + 0 [Ty + AW |7 ®)
We estimate each part in the equation separately. We have
Te(W,"Th) = Te(W;' - W Go,ij)
= Tr(Aj Go.ij) = Ap.ij(Agi; — A}j)

1] —

1 1
> (A2 > —20).
> 147 2 10
By Lemma[D:1] we have

1T+ AWIE < 2 | 1GollE T Il + A2 Wal3
k£l
<2(2(C1+CHCFT+N2C) .
Then we have

1
Wi+ DE < (L= 200 Wil + 5nCr + 20°(2(Cr + CH)CH 4 220,

and C > &L

When n < I =3

Ci
(2(C14+CL)CLE-14X20)
Wit + D5 < (1 =290 [Wil|7 +nCr < C.
L]

Proposition D.3. Forany e, C > 0, if |[Wi ()W (t) T — W1 () "W ()2 < e and [|[W,(2)||% <
C for all l, then stochastic gradient descent iteration with learning rate 1 < 4(Cl+cL)éf,{,1+/\2€1

satisfies |[Wi(t+ D)Wt +1) T = Wi (t+ 1) "Wt + 1|2 <eforl=1,...,L.

Proof. We first compute the update of W WZT:
Wit + )Wyt +1)7 = (1= )Wy — nTy) (L — p\)Wi —nTy) |
= (1 =n\?*WW," — (1 =AW T + T + 0 TiT,
Similarly, we have

Wi (t+1) T Wi (t+1)
= (1=’ W, L Wi — (U= (Wi TTiga + T3 Wiga) + 0° T4 Tiga.
Since

TlWlT = lerl . WLTGaMWlT e WlT = W111Tl+1
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and
T T
I/VlTlT = (TlWlT) = (W111Tl+1) = T111VVl+17
we have
Wit + )Wt +1)T — Wi (t+ 1) T Wi (E+1)
= (L= )2 (WiW," = W Wis) + (LT — T4 Tin).
Then
Wit + Wit +1)T = Wi (8 4+ 1) T Wi (t+ 1)
< (L= [WW," =W Wi, + 0 | T — T T ||,
2 2 2 2 2 6)
< (=N’ + 02 1Goulls | TTIWRIZ+ TT 13
k#l k#l+1
<e—2nhe + PN\ + 4n?(Cy + CHCEL,
2)
When n S 4(C1+CL)C€}’71+>\251 B
Wit + Wit + 1) = W1 (t+1) T Wi (E 4+ 1)[l2 < & — 2nhe + 2nhe = ¢.
O

With Proposition [D.2]and Proposition we have the following statement that 6; ;1 is approximate
balance and the weight of each layer is bounded.:

Theorem D.4. Foranye > 0and C < 1/2) if 0(t) € Bc.., then the stochastic gradient descent

Cq 2)Xeq .
1(2(C, TOT)OT—T7A20) 4(C, 100 O 11 A%, } satisfies 6t +

iteration with learning rate 7 < min
1) S BC,E~

D.2 APPROXIMATE RANK-r

In this section, we prove the following theorem that the weight W, (¢+1) of each layer is approximately
rank-r.

Theorem D.5. For any e1,e5 > 0 such that £ < 1/2 and \/e1 < Qae i
y €1,€2 2 / \/>1_ 32nL(T+1)CL21 2(Ci10T) if

the number of layers L > 3 and 0(t) € B, then stochastic gradient descent iteration with learning

rate n < min { 32n(r+1)(2(01/\-(:(612L)CL—1+)\20), 2(7;\5—1)} satisfies 0(t + 1) € B, c,, where n is the

maximal widths and heights of weight matrices.

Proof. We denote by r; the minima of height and width of IV, and the singular value decomposition

~ T  ~ ~ ~
W, =U; S;V;, where U; and V] are orthogonal matrices. Let f, and F, be as defined in Theorem
By Taylor’s expansion, for any | we have

Fooo (Wi(t+1)TWi(t+1))
=Fo 00 (W, Wi = W' Ty = yT," Wy = 20AW," Wi + (T, + AW,) T (T, + AWL))
=Fy 0 o(W,' W) = (V(Fa 0 0)(W," W2),n(W, Ty + T," Wy))
—(V(Fy 0 a(W,"W)), 20AW," W)
+ (V(Fo 0 0)(W,"Wi), (T + AW)) T (Th + AWL))
+ V2(Fo 0 0) (W, Wi+ ynA)[nA, A,

where v € (0,1) and A = leTTl — TITVVI — 2)\WITW1 +n(Ty + AW)) T(T; + AW;). By Lemma
[CT] we have

)

V(Fa 0 o)W, Wi) = Vi  diag{f5(s1), -, Ja(s7)}Va,
where s1, ..., s,, are the entries of diagonal matrix S;. Denote diag{ f/,(s1), ..., f4(s2,)} = fL(5?).
Then

Fooo (Wit +1)TWit+1) < 3 fals?) = 20Af4(sD)s + 20| T (Vifl (520w, 1) | + 8,
i=1
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where 3 is the O(n?) term. Now we can estimate the trace term

T (Vi (82) 0w 71|

=|Tr (WIT WL VST WLTGe,ij)

< W WL (ST W || Gl
<V 2AC+CF) W WL T f (VW WE |
— /2(01 + CL)\/Tr ((WlT e WzLVlf&(Sz)VlWlT e WHTW lelf/lf&(SQ)f/lWlT .. WLT>

=/2(C1 + GL)\/Tr (Wier - W WL V(S TW, - W W WiV f4 (52T,
3

where the first inequality is from Fact[C.2]

Let B, = Zl 1(Wk+1Wk+1) (Wka W];Erlwk_s_l)(WkaT)k*i for k < [ and F;, =

SE (Wi WL ) E (W Wy, — Wi W, 1 )(W,] W, )P=F for k > 1. Then we have
(WeW,))k = (WJ+1Wk+1)k + B,

for k <l and
(WTW )L k+1 _ (Wk—lwg_l)L7k+1 +Ek

for k£ > [. Thus,
Tr (Wz_l---Wlwf'--Wlilvle(;(SQ)Vzvvf---WEWL~--Wszg<SQ>%)

((WTW[)Z 1va <52>W(WTWZ)L l-‘erT )‘ +Z|TI' gk (9)
k#l

= |Tr (V7 (f(82)28%00) | + 30 ITe(&),
k#l
where
E =Wy Wi EyW)ly - WLV FL(SHVW, - W] W WV T FL(S)V
for k < [ and
& = (W W)W RSP VW WL By W WV (%)Y,
for k > 1.

Second term in (9). Denote & = C; V' f/ (52)‘7l We define an operator S(A) equals to the sum

of all singular values of A. Then by Fact|C.4 \Tr Er)| < S(&). Since ||[Ws]|2 < H
[Eklls < kerCP ' for k < land ||Epfla < (L — Kk + 1)eiC*F for k > 1 b Slnce
IViT£2.(5%)]12Vi < Tr(f7,(S?)), we have ||Ck||2 < Tr(f/ 52))CL lkey for k < 1 and ||Ck||2 <
Tr(f, (52))CL Y(L — k + 1)e, for k > I. Thus, by Fact[C.3

D ITe(E)] < S(£2(5%) D lICk

k£l k£l

< S(FLISP)T(fL(S%)C ey (Zk+ZL ’f+1> (10)
k<l k>1
! (Zf&(5$)> :
=1
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First term in (9). By Fact[C.4]and Fact[C.3] we have

Te (V)7 (fa(S9)2524W2) | < 8 (VT (fa(8%)252W) < i(fa )2t < Zfa

Then we have that

\/Tr (VVIA"'W1W1T"'WZT_lffzf,;(S%f/lW/lT"'W;WL"'Wszf&(Sz)Vl)
\J Zf/ —|—CL 17&2]“

<Zf 5+C2L\/>Zf

We  denote (5 = S ASL(s V2(C1+ CE)fl(s?)sk and & =
V2(Ci ¥ Chyc™ = L\FZ fl(s ).Then
Fpoo (Wi(t+1)TWy(t+1)) Zfa ) — 206 + 2nE + B.

When Y00, fo(s?) > r + £2/2, we have —216 + 2n€ + 8 < 0 by Lemma and when
Sl fal(s?) < 7+ e2/2, we have —210 + 2n€ + 3 < £2/2 by Lemma [D.8| Then F, o
o (Wit+1)TWi(t+1)) <r+es. O

D.3 BOUNDS ON ERROR TERMS

Note that we have f,(z) € [0,1], f4(z) € [0, 2] and f(z) < 0.
Lemma D.6. With same conditions and notations in Theorem- D.5| the O(n?) term

B <P (2(Cr+ CHCE 4+ 320) Zf

Proof. As defined in Theorem[D.3]
B = (V(Fo o 0) (W W), *(Ty + AW1) " (T, + AWh))

: ; an
+ VA (Fy 0 0) (W, Wi +nA)[nA, nAl.
We bound the two terms in (TT)) separately.
First term in (TT). By Fact|C.3|and the proof of Proposition[D.2} we have
(V(Ey 0 0)(W,"W0), n*(Ty + AW)) T (T) + AW))
<P Tr(fL,(S*)IT7 + AW |13
< Tr(fo (ST iz (12)

Tl

<2P(2(Cy + CHCET 4 220) Y f(s?)

i=1
Second term in (TT). By Lemma[C.2]
V2(Fo 0 0) (W, Wi +mA) A, nAl
=’ [sza(a(Wle +nA))[diagA, diagA] + (A(c (W' W, + ynA)), Ao A)
where A = V;AV,T and

f&’(éj) . if 4 # j but 512 = 5?,
Aij (c(W," Wy +ynA)) = % if 57 # 57,
0 otherwise,
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where 31,...35,, are the eigenvalues of W," W, + ynA. Since V2F,(ac(W,"W, + 6nA))
diag{f//(51),..., f/(52,)} with all entries non-positive, we have

V2Fo (o (W," Wi + ynA))[diagA, diagA] < 0.
Moreover, since f,(z) is concave, all entries of A(a(W," W;)) are non-positive. Thus,
(A(e(W," Wi +yn4)),A0 A) <0

Overall, B < 2n?(2(Cy + CH)CE=L 4+ N2C) Y001 fL(s?) O

Lemma D.7. With same conditions and notations in Theorem@ whenr+e5/2 < Y0 fo(s?)
r + &9, we have —2n6 + 2n€ + B < 0.

IN

Proof. Define g(z) = f/(x) ()\m— 2(C4 +CL)xL/2) on z > 0. Then since L > 3, for

2(C1+CEL)
Thus, g(z) > 0 for any z > 0. Since § = ", g(s?), we have § > 0.

_1
a < (L) "7 f(xz) = 0 when z > avand Az — 1/2(Cy + CT)z2/2 > 0 when = < o

Note that there are at most 7 s;’s such that f,,(s?) > 22(:1%) =: M,. Otherwise,

& 2r + 1
2 _
Zfa(si)Z(r—i—l)Q(TJrl) =r+1/2>r+e,.

Specifically, when >_" | fo(s3) > r + £2/2, we have

2) > )y > 22,
> fa<sz)_Zfa(sz> r> o (13)
i fo (s2)< M, i=1
Since fo(z)(a — ) > 1 — f,(x) by concavity, we have
1— fa 1— fo
a—x !
We also have f,(x fo fh(s)ds < K”L according to f,(z) < % Then we have
> faT(x)a (15)

Moreover, by L > 3 and the concavity of f,(z), we have

L—-2
L-2 1— n
1= (2) T 212z folw) > L fel@) (16)
e o 2
By equation Eq. (T4), (T3) and (T6), we have

o) =A@ (1 (2) ) 2 Frehal@i - )2 22U )
Thus, we have
§= Zlg(sf) > g(sz —i%) > Z fual(s2) A > AS2 5, (18)

K 1)2 16K 1
i=1 i:fa(s2)<M, i:f(s2)< M, 8 (r—i— ) 6 (T+ )

where the last inequality is by (I3). Note that /', f/(s;) < 2t < 2o Then

since /g1 < >‘°‘52 , we have £ < =222 _ and since <
N (el = 32K(r+1)? =
Ao A
64nK(r+1)2(2(CliCL)CL Tyecys We have § < 7716K(ii1)2~ Thus,
)\52 /\62 )\62
—2n6 + 2n€ < — =0. 19
no 2 +B—”< SK(r+ 12 | 16K(r+ 1) | 16K(r + 1)2 (19)
O
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Lemma D.8. With same conditions and notations in Theorem@ when YL fa(s?) <71 +e2/2
we have —2n0 + 2n€ + B < 2/2.

PrOOf Note that ¢ Z 0, £ S 32&%1)2 andﬁ S 7]161{}%1)2 Sincen S M’ we have
Aeg Aeg €2
—2nd + 2n& < < =, 20
10+ 2 +ﬂ_n<16K(r+1)2+16K(r+1)2)_ 2 0)
O

E PROOF OF THEOREM

In Theorem[B.2] T = Tj, + T}. The following statements explain the change of 6, during first T
iterations and last 77 iterations respectively.

Theorem E.l. For any initialization 6y, denote Cy = maxi<<y |[Wi||% if n <
: (&1 ey 1 i
mm{4(2(01+C§)C§*1+>\2CO)’ 4(Cl+CL)CL*1+2>\2C} and C > 2, then for any time T >
71%(2"6;?/61) we have
O0r € BC,51
.. . C C
< L > =1

Proof. Similar to the proofof ifn < 1313 CE) CETTaCy) and C' > L, we have

Wt + D)lI% < (1= 2n) Wi F + nCi.
If |W,(t)]|% > C, then ||[W;(t +1)||2 < (1 —nA\)||WL(t)||%. Otherwise, |W;(t+1)||% < C. Thus,
there exists ¢t < T such that || W;||% < C for any [ when T, > mg;(g# > log (C%) /log (1 —nA).

After all weights satisfy |[W;||%. < C, [WiW," — W}, W11 ]|z < 2C. Similar to the proof of |D.3}|
we have

Wit + DW(t+1) T = Wi (E+ 1) T Wiy (¢ + 1)
< (1= )2(IWiW," = Wi Wiga ||z + 49*(Cr + CF)CE ! 2D
< (1 =29\ [WiW," = WL Wisa|la + 20°N2C + 49 (Cy + CF)CF !

When 5 < 4(Cl+CL))\CE*1L—1+2>\2C’ we have |Wi(t + D)Wi(t + 1)T — Wi (t + )T Wi (t +

Dl < (1= n\) max{[WiW," — Wi}, Wiga]l2.1} for any I Then for Ty > =GR >

log (£%) /log (1= n\), On,47, € Boe, .
Theorem E.2. For any parameter 0; € B., ¢ satisfying € < Wm, then for any T >

log((2K (n—r)C)/(as2))

TN we have

T
r
P(6;yr € B, br € Bevc) 2\ Sinfdom dont )
( t+T € 751,52,C| t € El’C) - (min{din,dout})

Proof. For the true matrix A*, the number of columns is d;,, and the number of rows is d,,;. Let
n = min{d;,, doy: }. Without loss of generality we can assume that n = d;,, i.e. there are n columns.
We consider the r columns with most observed entries and denote the the set of these entries by J.
Then |J| > Z|I| and for each step s, the probability of sampling from J is P((is, js) € J) > =.
Then the event that all steps s from ¢ to ¢ + T' — 1, random entries (i, js) are all sampled from J has
probability at least (%)T Under this event, we consider the weight of first layer ;. We have
Wi(s+1) = (1 =\ Wi(s) —nWa(s) T - - Wr(s)  Go, i
Then
T
Wl (T) = (1 - n/\)TWI (t) + Z(l - n/\)T_SWQ(t + S)T e WL(t + S)TG9t+s,it+sjt+s'

s=1
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Since (i¢+s,ji+s) € J, the non-zero entry of Gig, . _ s, ;... is located on the r columns supporting .J,
forany s =1,...,T. Thus, Wa(t + )" --- Wr(t + s) " Go,,. i, .j... only has non-zero entries on
those 7 columns. Then the r+1’s singular value of W, (t+T) satisfies o; (W1 (t+T)) < (1—n\)TV/C
forany i > 7.

For [ > 1, we have |[W,_1W,", — W,"W,||a < 1. Then |o;(W, W) — o;(W,_1W," )| < &1 for
any i, i.e. |o;(W;)? — o;(W;_1)?|. Then for any I, we have o;(W;(T))? < (1 —n\)?TC+ (1 —1)e;.

o o n—r)C)/(«a o

When ¢; < WE)Q(L—U and T > ! g((2K( 277/2 )/(ae2)) > log (m) /21og(1 —nA), we

have o;(W,(T))? < Tn—y forany i > r. Then for any i > r,

€2

Fale(WT)) < o (WH(T)?) <

n-—rTr
since f! < K/o. Thus,

Fooo(Wi(T) WD) <7+ Y falos(Wi(T)?) <7+ e
i=r+1

If n = dyue, the proof is the same by selecting r rows with most observed entries.
F Low RANK PROPERTY OF Ay
In Proposition 4, we show that for any minimizer 0 in B¢, e,,c, it is approximate rank-r. In fact,

any general parameter 0 € B, ., ., ¢ is approximate rank-r or less:
Proposition F.1. For any parameter 6 € B, ., ., c, we have

Rank Ag K?’LL
Y. Jalsi(AgAg) St e+ — —CF e
i=1
Moreover, if e1 < % we have
Rank Ay

7 falsi(Ag Ag)) <7+ 2.

i=1
Proof. Since (WxW,[)* = (W[, Wii1)* + By and By = S5 (W, Wie) LW, —
Wl i Wiea1) (Wi W, )5~ we have
AgAg =Wp - WiW, - W] = (W W) +Zsk,

where &, = Wy, -+« Wy 1 E,W,[,, - W/ . Then by Taylor’s expansion, we have

Zfa (Ag Ag)) = Fu 0 0(4gAyg)

= F,oo((W,WH)E+¢€)) (22)
= Fo 0 o(WLWL)5) +(V(Fa 0 o) (WL W[)F), €)
+ V2 (Fa 0 a)(WLWp)E + 7€), €],

where v € (0,1) and £ = Zk 1 ! £,.. Note that the Rank Ay < rz, so we can let s; i(Ag Ag) = 0 for
7 > Rank Ay.

First term in 22). F, o o(W W/ )E) = 3775, fa(s?E), where {sl, ..., 8y, } are the singular

values of W;. Then since f, is non-decreasing, fa( 2L) < fals?) for s; < 1 and f,(s?F) =
fa(s2) =1fors; > 1> a. Thus, F, oo (W W )L) < F, oa(WLTWL) <r+es.
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Second term in 22). By Lemma V(Fpo0) (W W)E) = Urdiag{f’ (s2"),..., FL(sH Y.
Then by Fact[C.3|and[C.4] we have

(V(Faoo)(WLW[)F),€) < S (V(Faoo)(WLWL)")) €],

€N > " Fh(s?h)
=1

KT‘L
o

Since || Ex||r < kC*~ ey, we have ||E||r < kCT~1e;. Then

IN

IN

Kn
[€]]2 < —I€]|2
«

L-1 L-1 12
I€]l2 < ll€lF < kz_l 1Ekllr < CF ey ; k< 701‘_151,

Thus, (V(Fa 0 o) (W W[ )P),€) < KR CL- ey,

Third term in (22). By Lemma|C.2]
V2(Faoo)(WLWL ) +4E)E, €]
= V2F, (c(WW[)E +4€)) [diagé, diagf] + (A(a(WL W, )E +1E)),E 0 E),

where £ = ULEU/ . Since the entries of V2F, (c(WLW/)E +~E)) and A(a (WL W[ )E+7E))
are all non-positive (follows the proof in[D.6)), we have

V2 (Fo 0 0)(WLW/)F +4E)E,€] <0.

Therefore, we can add the three terms up and have

Rank Ag

D falsi(Af Ag)) <7 +ex+

i=1

KnL?
2

L-1
C €1.
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