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ABSTRACT

To analyze deep ReLU network, we adopt a student-teacher setting in which an
over-parameterized student network learns from the output of a fixed teacher net-
work of the same depth, with Stochastic Gradient Descent (SGD). Our contri-
butions are two-fold. First, we prove that when the gradient is small at every
training sample, student node specializes to teacher nodes in the lowest layer un-
der mild conditions. Second, analysis of noisy recovery and training dynamics in
2-layer network shows that strong teacher nodes (with large fan-out weights) are
learned first and subtle teacher nodes are left unlearned until late stage of train-
ing. As a result, it could take a long time to converge into these small-gradient
critical points. Our analysis shows that over-parameterization is a necessary con-
dition for specialization to happen at the critical points, and helps student nodes
cover more teacher nodes with fewer iterations. Both improve generalization. Dif-
ferent from Neural Tangent Kernel (Jacot et al., 2018)) and statistical mechanics
approach (Goldt et al., [2019), our approach operates on finite width, mild over-
parameterization (as long as there are more student nodes than teacher) and finite
input dimension. Experiments justify our finding.

1 INTRODUCTION

Deep Learning has achieved great success in the recent years (Silver et al., 2016, He et al., 2016
Devlin et al., 2018)). Although networks with even one-hidden layer can fit any function (Hornik
et al} |1989), it remains an open question how such networks can generalize to new data. Different
from what traditional machine learning theory predicts, empirical evidence (Zhang et al.l [2017)
shows more parameters in neural network lead to better generalization. How over-parameterization
yields strong generalization is an important question for understanding how deep learning works.

In this paper, we analyze deep ReLU networks with teacher-student setting: a fixed teacher network
provides the output for a student to learn via SGD. Both teacher and student are deep ReLU net-
works. Similar to (Goldt et al., [2019)), the student is over-realized compared to the teacher: at each
layer [, the number n; of student nodes is larger than the number m; of teacher (n; > my;). Al-
though over-realization is different from over-parameterization, i.e., the total number of parameters
in the student model is larger than the training set size IV, over-realization directly correlates with
the width of networks and is a measure of over-parameterization.

The student-teacher setting has a long history (Saad & Solla} |1996; |1995;; [Freeman & Saad, [1997;
Mace & Coolen, |1998) and recently gains increasing interest (Goldt et al., [2019;|Aubin et al., [2018])
in analyzing 2-layered network. While worst-case performance on arbitrary data distributions may
not be a good model for real structured dataset and can be hard to analyze, using a teacher network
implicitly enforces an inductive bias and could potentially lead to better generalization bound.

Specialization, that is, a student node becomes increasingly correlated with a teacher node during
training (Saad & Sollal [1996)), is one of the important topic in this setup. If all student nodes are
specialized to the teacher, then student tends to output the same as the teacher and generalization
performance can be expected. Empirically, it has been observed in 2-layer networks (Saad & Sollal
1996;|Goldt et al.| 2019) and multi-layer networks (Tian et al., 2019} Li et al.,|2016), in both synthetic
and real dataset. In contrast, theoretical analysis is limited with strong assumptions (e.g., Gaussian
inputs, infinite input dimension, local convergence, 2-layer setting, small number of hidden nodes).
In this paper, with arbitrary training distribution and finite input dimension, we show rigorously that
when gradient at each training sample is small (i.e., the interpolation setting as suggested in (Ma
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et al., [2017; |Liu & Belkin, |2018; Bassily et al., |2018)), the student node at the lowest layer can be
proven to specialize to the teacher nodes: each teacher node is aligned with at least one student
node in the lowest layer. This explains one-to-many mapping between teacher and student nodes
and the existence of un-specialized student nodes, as observed empirically in (Saad & Solla, |1996).
Furthermore, from the proof condition, more over-realization encourages specialization.

Our setting is different from previous works. (1) While statistical mechanics approaches (Saad
& Sollal [1996; |Goldt et al.| 2019} |Gardner & Derrida, |1989; [Aubin et al.| 2018)) assume both the
training set size N and the input dimension d goes to infinite (i.e., the thermodynamics limits) and
assume Gaussian inputs, our analysis allows finite d and impose no parametric constraints on the
input data distribution. (2) While Neural Tangent Kernel (Jacot et al.l |2018; |Du et al., 2018b) and
mean-field approaches (Mei et al.,|2018)) requires infinite (or very large) width, our setting applies to
finite width as long as student is slightly over-realized (n; > m;). In this paper we study the infinite
training sample case (the training set is a region), and leave finite sample analysis as the future work.

In addition, we further analyze the training dynamics and show that most student nodes converge
first towards strong teacher nodes with large fan-out weights in magnitude. While this makes train-
ing robust to dataset noise and naturally explains implicit regularization, the same mechanism also
leaves weak teacher nodes unexplained until very late stage of training, yielding high generalization
error with finite iterations. In this situation, we show that over-realization plays another important
role: once the strong teacher nodes have been covered, there are always spare student nodes ready
to switch to weak teacher nodes quickly. Empirically, we show more teacher nodes are covered with
the same number of iterations, and generalization is also improved.

We verify our findings with numerical experiments. Starting with 2-layer setting, we justify Theo-
rem 2] and Theorem [3| with Gaussian inputs, showing one-to-many specialization and existence of
un-specialized nodes. For deep ReLU networks, we show specialization happens not only in the
lowest layer, as suggested by Theorem [4] but also in other hidden layers, on both Gaussian inputs
and CIFAR10. We also perform ablation studies about the effect of student over-realization. For
training dynamics, we show the strong/weak teacher effects in 2-layer settings and over-realization
could improve specialization and generalization.

2 RELATED WORKS

Student-teacher setting. This setting has a long history (Engel & Van den Broeck, 2001} |Gard-
ner & Derrida, [1989). The seminar works (Saad & Solla, [1996f [1995) studies 1-hidden layer case
from statistical mechanics point of view in which the input dimension goes to infinity, or so-called
thermodynamics limits. They study symmetric solutions and locally analyze the symmetric break-
ing behavior and onset of specialization of the student nodes towards the teacher. Recent follow-up
works (Goldt et al.l [2019) makes the analysis rigorous and empirically shows that random initial-
ization and training with SGD indeed gives student specialization in 1-hidden layer case, which is
consistent with our experiments. With the same assumption, (Aubin et al.,[2018]) studies phase tran-
sition property of specialization in 2-layer networks with small number of hidden nodes using replica
formula. In these works, inputs are assumed to be Gaussian and step or Gauss error function is used
as nonlinearity. Few works study teacher-student setting with more than two layers. (Allen-Zhu
et al., 2019a) shows the recovery results for 2 and 3 layer networks, with modified SGD, batchsize
1 and heavy over-parameterization.

In comparison, our work shows that specialization happens around the SGD critical points in the
lowest layer for deep ReLLU networks, without any parametric assumptions of input distribution.

Local minima is Global. While in deep linear network, all local minima are global (Laurent &
Brecht, [2018; [Kawaguchil, 2016), situations are quite complicated with nonlinear activations. While
local minima is global when the network has invertible activation function and distinct training sam-
ples (Nguyen & Hein, [2017; Yun et al.l 2018)) or Leaky ReLU with linear separate input data (Lau-
rent & von Brecht, [2017)), multiple works (Du et al.,[2018a} |Ge et al.,[2017; |Safran & Shamir} 2017
Yun et al.l 2019) show that in GD case with population or empirical loss, spurious local minima
can happen even in two-layered network. Many are specific to two-layer and hard to generalize to
multi-layer setting. In contrast, our work brings about a generic formulation for deep ReLU network
and gives recovery properties in the student-teacher setting.
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Figure 1: Problem Setup. (a) Student-teacher setting. The student network learns from the output of a fixed
teacher network via stochastic gradient descent (SGD). (b) Notations. All low cases are scalar, bolds are column
vectors and upper cases are matrices.

Learning wild networks. Recent works on Neural Tangent Kernel (Jacot et al., 2018} Du et al.,
2018b; |Allen-Zhu et al., 2019b) show the global convergence of GD for multi-layer networks with
infinite width. (L1 & Liang| 2018) shows the convergence in one-hidden layer ReLU network us-
ing GD/SGD to solution with good generalization, when the input data are assumed to be clustered
into classes. Both lines of work assume heavily over-parameterized network, requiring polynomial
growth of number of nodes with respect to the number of samples. (Chizat & Bachl [2018) shows
global convergence of over-parameterized network with optimal transport. (Tian et al.| [2019) as-
sumes mild over-realization and gives convergence results for 2-layer network when a subset of the
student network is close to the teacher. Our work extends it with much weaker assumptions.

Deep Linear networks. For deep linear networks, multiple works (Lampinen & Ganguli, 2019
Saxe et al., 2013} |Arora et al., 2019; |Advani & Saxe} 2017) have shown interesting training dynam-
ics. One common assumption is that the singular spaces of weights at nearby layers are aligned
at initialization, which decouples the training dynamics. Such a nice property would not hold for
nonlinear network. (Lampinen & Ganguli, [2019) shows that under this assumption, weight compo-
nents with large singular value are learned first, while we analyze and observe empirically similar
behaviors on the student node level. Generalization property of linear networks can also be analyzed
in the limit of infinite input dimension with teacher-student setting (Lampinen & Gangulil [2019).
However, deep linear networks lack specialization which plays a crucial role in the nonlinear case.
To our knowledge, we are the first to analyze specialization rigorously in deep ReLU networks.

3 MATHEMATICAL FRAMEWORK

Notation. Consider a student network and its associated teacher network (Fig. Eka)). Denote the
input as x. We focus on multi-layered networks with o(-) as ReLU nonlinearity. We use the follow-
ing equality extensively: o(x) = I[x > 0]z, where I[-] is the indicator function. For node j, f;(x),
zj(x) and g;(x) are its activation, gating function and backpropagated gradient after the gating.

Both teacher and student networks have L layers. The input layer is layer O and the topmost layer
(layer that is closest to the output) is layer L. For layer [, let m; be the number of teacher node
while n; be the number of student node. The weights W; € R™~-1*™ refers to the weight matrix
that connects layer [ — 1 to layer [ on the student side. W; = [wy 1, W, 2,..., W, ,,] where each
w € R™-1 is the weight vector. Similarly we have teacher weight W;* € R -1*"_ Denote
W = {W;y, Wa,..., W} as the collection of all trainable parameters.

Let fi(x) = [fi1(x),..., fin,(X)]T € R™ be the activation vector of layer I, D;(x) =
diag[z;1(%),...,2in,(x)] € R™*™ be the diagonal matrix of gating function (for ReLU it is
either 0 or 1), and g;(x) = [g1.1(X), ..., g1.n, (X)]T € R™ be the backpropated gradient vector. By
definition, the input layer has fy(x) = x € R™ and my = ng. Note that f;(x), g;(x) and D, (x) are
all dependent on W. For brevity, we often use f;(x) rather than f;(x; W).

All notations with superscript * are from the teacher, only dependent on the teacher and remains the
same throughout the training. D} (x) = Dy (x) = Icx¢ since there is no ReLU gating. Note that
C is the dimension of output for both teacher and student. With the notation, gradient descent is:

Wi = Ex [fi—1(x)g] (x)] (1)

In SGD, the expectation Ey [-] is taken over a batch. In GD, it is over the entire dataset.
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Bias term. With the same notation we can also include the bias term. In this case, W; €
Ru—1HDX0 yy = [W;b] € R+ f; € R+ (last column is all one), g € R™*! and
D; € RUut1)x(m+1) (Jast diagonal element is always 1).

Objective. We assume that both the teacher and the student output a vector. We use the output of
teacher as the input of the student and the objective is:

. 1 «
mv\ljnJ(W) = §Ex [||fL(x) —fL(X)||2] 2)
We want to ask the following qeustion:
Are student nodes specialized to teacher nodes at the same layers after training?  (¥)

One might wonder this is hard since the student’s intermediate layer receives no direct supervision
from the corresponding teacher layer, but relies only on backpropagated gradient. Surprisingly, the
following theorem shows that it is possible for every intermediate layer:

Lemma 1 (Recursive Gradient Rule). At layer [, the backpropagated g;(x) satisfies
g(x) = Di(x) [Ai(x)f} (x) — Bi(x)fi(x)], 3)

where the mixture coefficient Aj(x) = V,T(x)V*(x) € R™*™ and Bi(x) = V"(x)Vi(x) €
R™>" The matrices Vi(x) € RE*™ and V;*(x) € RE*™ are defined in a top-down manner:

Viei(x) = Vi) Di(x)W)T, V2, (x) = V" (x) Df (x) W) )
In particular, Vi, (x) = Vi (x) = Icxc.

For convenience, we can write Vi(x) = [v;1(x), v 2(X),..., Vi, (x)], then we have each ele-
ment of A;, oy j;(x) = v[ ;(x)v] ;,(x) and element of By, 81,55/ (x) = v] ;(x)vy j(x). Note that
Lemma |l| applies to arbitrarily deep ReLU networks and allows different number of nodes for the
teacher and student. In particular, student can be over-parameterized (or over-realized).

Let Ry = {x : p(x) > 0} be the infinite training set, where p(x) is the input data distribution. Let
R, = {fi(x) : x € Ry}, which is the image of the training set at the output of layer [, and also a
convex polytope. Then the mixture coefficient A;(x) and B;(x) have the following property:

Corollary 1 (Piecewise constant). Ry can be decomposed into a finite (but potentially exponential)
set of regions Ry—1 = {R}_,,R? |,...,R{_,}. A(x)and Bi(x) are constant in R]_,.

4 CRITICAL POINT ANALYSIS

We first show that due to property of ReLU node and subset sampling in SGD, at SGD critical point,
under mild condition, the teacher node aligns with at least one student node and the goal (*) can be
reached in the lowest layer.

Definition 1 (SGD critical point). W is a SGD critical point if for any batch, W, =0 for1 <[ < L.
Theorem 1 (Interpolation). Denote D = {x;} as a dataset of N samples. If W is a critical point

for SGD, then either g;(x;; W) = 0 or f;_1(x;; W) = 0.

Such critical points exist since over-realized student can mimic teacher perfectly. Note that critical
points in SGD is much stronger than those in GD, where the gradient is always averaged at a fixed

data distribution. If f;_; has a bias term (and f;_; # 0 always), then g;(x;; V) = 0. For topmost

layer, immediately we have g, (x;; W) = £3 (x;) — f1.(x;) = 0, which is global optimum with zero
training loss. In the following, we want to check whether this condition leads to specialization, i.e.,
whether the teacher’s weights are recovered/aligned by the student, i.e., whether for teacher j, there
exists a student k at the same layer so that wj, = yw; for some v > 0.

Note that g;(x;; V) = 0 might be a strong assumption since in practice the gradient is small but
never zero. A weaker assumption is that ||g;(x;; W)|so < € or even E; |||g;(xi; W)||oo| < €. For
this, Theorem [5]shows (approximate) alignment/specialization still holds for noisy case.



Under review as a conference paper at ICLR 2020

Iteration 0 Iteration 2 Iteration 10 Iteration 29

\ == 0.03 / ’ ) -= 173 - 227 - 227
06 AN 0.04 / s 061 7 0.78 06 / 067 06 0.66

AN —-= 0.04/ S0 N /7 —= 024 N ¥ —= 001 A /

0.4 Noo== 008 0 e 041 N/ -- 018 0.4 W) -= 001 0.4 Ny

N == 004 7 L7 ¥ -= 212 R -= 219 A

02 ) . 003//,’ 0.2 v N -= 178 02 7N == 183 0.2 /0
N ¥yl 5 L N

004 7 7/ NN 0.0 / SN 0.0 ’ g

-0.6 0.4 -0.2 00 02 04 0.6 -0.6 0.4 -02 0.0 02 04 06 -0.6 0.4 -0.2 00 02 04 0.6 -0.6 0.4 -02 0.0 02 04 06

Figure 2: Convergence (2 dimension) for 2 teachers (solid line) and 6 students (dashed line). Legend shows
|vi|| for student node k. ||vi|| — O for nodes that are not aligned with teacher.

4.1 ASSUMPTION OF TEACHER NETWORK

Obviously, an arbitrary teacher network won’t be reconstructed. A trivial example is that a teacher
network always output O since all the training samples lie in the inactive halfspace of its ReLU
nodes. Therefore, we need to impose condition on the teacher network.

Let E; = {x: f;j(x) > 0} be the activation region of node j. Note that the halfspace E; is an open
set. Let 0E; = {x : f;(x) = 0} be the decision boundary of node j.

Definition 2 (Observer). Node k is an observer of node j if E, N OE; # 0.

Assumption 1 (Teacher Network). For each layer l, we require that (1) the teacher weights wy ;
are not co-linear. and (2) the boundary of wy ; is visible in the training set: 8El*7j NR_1 #0.

Assumption [T)is our assumption of the teacher. The first requirement is trivial. The second one is
reasonable since two teacher nodes who behaves linearly in the training set are indistinguishable.

4.2 ALIGNMENT OF TEACHER WITH STUDENT, 2-LAYER CASE

We first start with 2-layer case, in which A;(x) and Bj(x) are constant with respect to x, since
there is no ReLU gating at the top layer [ = 2. In this case, from the SGD critical point at [ = 1,
g1(x) = D1(x) [A1f] (x) — B1f1(x)] = 0, alignment between teacher and student can be achieved:

Theorem 2 (Student-teacher Alignment, 2-layers). With Assumption (I} at SGD critical point, if a
teacher node j is observed by a student node k and oy,; # 0, then there exists at least one student
node k' aligned with j.

The intuition is that if the input x takes sufficiently diverse values, ReLU activations o(w]x) can
be proven to be mutually linear independent. On the other hand, the gradient of each student node
k when active, is a[f1(x) — b[fi(x) = 0, a linear combination of teacher and student nodes (note
az and ,6'; are k-th rows of A; and Bj). Therefore, zero gradient means that the summation of
coefficients of co-linear ReLU nodes is zero. Since teachers are not co-linear, any teacher node is
co-linear with at least one student node. Alignment with multiple student nodes is also possible. If
there is no nonlinearity (e.g., deep linear models), alignment won’t happen since a linear subspace
has many representations.

Note that a necessary condition of a reconstructed teacher node is that its boundary is in the ac-
tive region of student, or is observed (Definition |Z|) This is intuitive since a teacher node which
behaves like a linear node is partly indistinguishable from a bias term. This also suggests that over-
parameterization (more student nodes) are important. More student nodes mean more observers,
and the existence argument in Theorem [] is more likely to happen and more teacher nodes can be
covered by student, yielding better generalization.

For student nodes that are not aligned with the teacher, if they are observed by other student nodes,
then following a similar logic, we have the following:

Theorem 3 (Prunable Un-specialized Student Nodes). With Assumption[l| at SGD critical point,
if an unaligned student k has C independent observers (concatenating v yields a full rank matrix),
then Ek,ECO_hnear(k) vir ||wir || = 0. If node k is not co-linear with any other student, then vy, = 0.

Corollary 2. With sufficient observers, the contribution of all unaligned student nodes is zero.
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Theorem [3] and Corollary [2] open the way of network pruning (LeCun et al., 1990} [Hassibi et al.l
1993; Hu et al., [2016). This is consistent with Theorem 5 in (Tian et al., 2019) which also shows
the fan-out weights are zero up on convergence in 2-layer networks, if the initialization is close. In
contrast, Theorem [3] analyzes the critical point rather than the dynamics.

Note that a relate theorem (Theorem 6) in (Laurent & von Brecht, |2017) studies 2-layer network
with scalar output and linear separable input, and discusses characteristics of individual data point
contributing loss in a local minima of GD. Here no linear separable condition is imposed.

4.3 MULTI-LAYER CASE

Thanks to Lemmal[T|which holds for deep ReLU networks, we can use similar intuition to analyze the
behavior of the lowest layer (I = 1) in the multiple layer case. The difference here is that A; (x) and
B (x) are no longer constant over x. Fortunately, using Corollary|l} we know that A; (x) and By (x)
are piece-wise constant that separate the input region Ry into a finite (but potentially exponential)
set of constant regions Ry = {R}, R2,..., RJ} plus a zero-measure set. This suggests that we
could check each region separately. If the boundary of a teacher j and a student £ lies in the region,
similar logic applies (here ay; is the (k, j) entry of A;(x) and is constant in a region R € Ry).

Theorem 4 (Student-teacher Alignment, Multiple Layers). With Assumption [} at SGD critical
points, for any teacher node j atl = 1, if there exists a region R € R and a student observer k so
that OEF N Ey, N R # 0 and ayj(R) # 0, then node j aligns with at least one student node k'.

Note that even with random V; (x) (e.g., at initialization), Theorem[d]still holds with high probability
(when ay; # 0) and teacher ff(x) can still align with student f; (x). This suggests a picture of
bottom-up training in backpropagation: After the alignment of activations at layer 1, we just treat
layer 1 as the low-level features and the procedure repeats until the student matches with the teacher
at all layers. This is consistent with many previous works that empirically show the network is
learned in a bottom-up manner (Li et al., 2018].

Note that the alignment may happen concurrently across layers: if the activations of layer 1 start
to align, then activations of layer 2, which depends on activations of layer 1, will also start to align
since there now exists a Wy that yields strong alignments, and so on. This creates a critical path
from important student nodes at the lowest layer all the way to the output, and this critical path
accelerates the convergence of that student node. We leave a formal analysis to the future work.

Small Gradient Case. In practice, stochastic gradient (or its expectation over time) fluctuates
around zero (]|g1(X)]|cc < € or E;[||g1(x)]lc] < €), but never zero. In this case, Theorem
shows that a rough specialization still follows. The ratio of recovery is also shown for weights/biases
separately, as a function of . Note 6,/ is the angle of two weights w; and w /.

Theorem 5 (Noisy Recovery). If Assumption Aholds and any two teachers w7, w7, satisfy éjj/ >
0o > 0 or [b5, —bj| > bo > 0. Suppose ||g1(x, W)||oc < €foranyx € Ro with e < e, then for any
teacher j atl = 1, if there exists a region R € R and a student observer k so that OE; N ExNR # 0,

and ayj(R) # 0, then j is roughly aligned with a student k': sin 6, = O (£> and |b; —byr| =

ok

@ (%) forany 6 > 0. The hidden constants depends on d, €o and the size of region OE; NExNR.

Note that E; [||g1(x)]|cc] < € leads to ||g1(x)||cc < € at least for some iteration ¢. Therefore,

Theorem [3] still applies since it does not rely on past history of the weight/gradient. Note that
Theorem [5| assumes infinite number of data points and leave finite sample case to future work.

5 ANALYSIS ON TRAINING DYNAMICS

Our analysis so far shows student specialization happens at SGD critical points under mild condi-
tions. A natural question arises: is running SGD long enough sufficient to achieve these critical
points? Some previous works (Ge et al., [2017; [Livni et al.,[2014) show that empirically SGD does
not recover the parameters of a teacher network up to permutation, while other works (Saad & Sollal
19965 |Goldt et al.,[2019) show specialization happens. Why there is a discrepancy? There are several
reasons. First, from Theorem [3] there exist un-specialized student nodes, so a simple permutation
test on student weights might fail. Second, as suggested by Theorem [3] it can take a long time to
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recover a teacher node k& with small ||v}|| (since ay; = v;Tv;). In fact, if vi = O then it has no
contribution to the output and recovery never happens. This is particularly problematic if the output
dimension is 1 (scalar output), since a single small teacher weight v;; would block the recovery of
the entire teacher node k. Previous works (Lampinen & Gangulil |2019) shows similar behaviors
in the dynamics of singular values in deep linear networks in teacher-student setting, which lack
student specialization. Here we study these behaviors in deep ReLU networks.

In the following, we analyze various local dynamic behaviors of 2-layer ReLU network. Due to the
complexity, we leave a formal characterization of the entire training procedure for future work.

Definition 3. A teacher node j is strong (or weak), if ||v;|| is large (or small).

In this case, the dynamics can be written as the following:
Wi = Ex [fi_120[f Tar — £ 8,]] = Ex [fi_126 [V — Vifi]Tvy] = Ex [f_1zer™vi],  (5)

where V7 and V;* are constant, oy, = V;"Tvy,, B;, = VT v, and residue r; = V*f — V/f; € R.

5.1 WEIGHT MAGNITUDE
From Eqn. [5| we know that for both ReLU and linear network (since fj(x) = zx(x)w]fi_1(x)):

1 dl|ws|? .
LA i, = B v ©

When there is only a single output, r; is a scalar and Eqn. [6]is simply an inner product between the
residue and the activation of node k, over the batch. So if the node & has activation which aligns
well with the residual, the inner product is larger and || wy || grows faster.

5.2 ANGLES BETWEEN TEACHER AND STUDENT WEIGHTS

Note that Eqn. [6|only tell that the weight norm would increase, but didn’t tell whether wy, converges
to any teacher node w7 . It could be the case that ||wy|| goes up but doesn’t move towards the teacher.
To see that, let’s check the quantity:

Ex [fi12f]] = Ex [fio1202 1] W) = Giyw) @

where G; = Ex [fl,lzk z; le1] . Putting it in another way, we want to check the spectrum property
of the PSD matrix Gy;. Intuitively, the direction of Ey [f;_1 2 f;] should lie between w;, and w,
and the magnitude is large when wy, and w7 are close to each other. This means that if r is dominated

by a teacher j (i.e., [|[v}| is large), then Wj, would push w, towards w7. This also shows that SGD
will first try fitting strong teacher nodes, then weak teacher nodes.

Theorem@conﬁrms this intuition if f;_; follows spherical symmetric distribution (e.g., N (0, I)).

Theorem 6. If f;_y follows spherical symmetric distribution, then Eyx [fl,lzk f;] x

I lwec
el

T — G)W;f + sin OWk}, where 0 is the angle between w’ and w,.

J

As aresult, forall § € [0, 7], Ex [fl_lzkf;] is always between wi and wy, since m — 6 and sin 6 are
always non-negative. Without such symmetry, we assume the following holds:

Assumption 2. Ey [f;_1 25 f;] = ©(0;5)W; + ¢’ (0j1)Wg, where p(m) = 0.

Note that critical point analysis is applicable to any batch size, including 1. On the other hand,
Assumption 2] holds when a moderately large batchsize leads to a decent estimation of the terms.

With this assumption, we can write the dynamics as W = ||w||rx, where the time-varying residue
r, of node & is defined as the following (v is a scalar related to ¢’):
rp =Y ap(O)W; — Y Burth(Opr)wir — vwy, (8)
J k!

5.3 SYMMETRIC BREAKING, WINNERS-TAKE-ALL AND FOCUS SHIFTING

We could show that for two nodes k # k', regardless of the form of rj, we have (note that w is the
length-normalized version of w):
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Figure 3: Student specialization of a 2-layered network with 10 teacher nodes and 1x/2x/5x/10x student
nodes. p is teacher polarity factor (Eqn.[J). For a student node %, we plot its normalized correlation (in terms of
activation vector evaluated in a separate evaluation set) to its best correlated teacher as the = coordinate and the
fan-out weight norm || vy || as the y coordinate. We plot results from 32 random seed. Student nodes of different
seeds are in different color. An un-specialized student node has low fan-out weight norm (Theorem.

(W |l
llwl

Theorem 7. For dynamics Wy, = ||wy||ri, we have £ In =Wry, — Wl,rp.

We consider a special (and symmetric) case: r, = r = w* — ), apwy, with all a, > 0, where w*
is a joint contribution of all teacher nodes. In this case, we could show that when v’v,lrk > v’v,i,rk/,
% (v’vgrk — v’v;,rk/) < 0 and vice versa. So the system provides negative feedback until wi = Wy
and according to Eqn.[7} the ratio between ||wy|| and ||wy- || remains constant, after initial transition.
We can also show that w, will align with w* and every student node goes to w™.

However, due to Theorem@ the net effect w* can be different for different students and thus rj, are
different. This opens the door for complicated dynamic behavior of neural network training.

Symmetry breaking. As one example, if we add a very small delta to some node, say k£ = 1 so that
ri = r+ew*. Then to make %(v‘vlrk —w],ry) =0, we have W] ry, > W], r) and thus according
to Theorem [7| ||wy||/||wx|| grows exponentially. This symmetric breaking behavior provides a
potential winners-take-all mechanism, since according to Theorem|[6] the coefficient of w* depends
critically on the initial angle between wy, and w*.

Strong teacher nodes are learned first. If ||v7|| is the largest among teacher nodes, then the joint
w* heavily biases towards teacher j and all student nodes move towards teacher j. As a result,
strong teacher learns first and is often covered by multiple co-linear students (Fig.[6] teacher-0).

Focus shifting to weak teacher nodes. The process above continues until residual along the direc-
tion of w’ quickly shrinks and residual corresponding to other teacher node (e.g., w7, for i # 9
becomes dominant. Since each ry is different, student node k& whose direction is closer to W;‘,
(' # 7) will shift their focus towards w7, as shown in the green (shift to teacher-2) and magenta
(shift to teacher-5) curves in Fig. [6]

Possible slow convergence to weak teacher nodes. While expected angle between two weights
from initialization is /2, shifting a student node wy, from chasing after a strong teacher node W
to a weaker one w, could yield a large initial angle (e.g., close to 7) between wj, and w ;. For
example, all student nodes have been attracted to the opposite direction of a weak teacher node. In

this case, the convergence can be arbitrarily slow. In fact, if there is only one teacher node and 6
is the angle between teacher and student, then from Eqn. |8 we arrive at 0 —(0)sin@. Since
() sin§ ~ (m —6)? around § = , the time spent from § = 7 — ¢ to some by is tg ~ ¢ — =4
400 when € — 0. In this case, over-realization helps by having more student nodes that are possibly
ready for shifting towards weaker teachers, and thus accelerate convergence (Fig.[7). Alternatively,
we could reinitialize those student nodes (Prakash et al., 2019)).

6 EXPERIMENTS

We first verify our theoretical finding on synthetic dataset. We generate the input using A/ (0, o21)
with 0 = 10 and we sample 10k as training and another 10k as evaluation. For deep ReLU net-
works, we regenerate the dataset after every epoch to mimic infinite sample setting. The details of
teacher/student construction is in Appendix (Sec.[8.16). The normalized correlation between nodes
is computed in terms of activation vectors evaluated on a separate evaluation set.

Two layer networks. First we verify Theorem [2Jand Theorem [3]in the 2-layer setting. Fig. [6]shows
student nodes correlate with different teacher nodes over time. Fig. 3| shows for different degrees of



Under review as a conference paper at ICLR 2020

0s Epoch 0 Epoch 10 Epoch 20 Epoch 30 Epoch 39
7 0.4 2
Layer4 =
Foz "y e L ek i
oo o s o o a— lo  eufmtemes. <7 | |1 copiiemee o |

.0 Ly e LEEE - il
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10

Layer3 4010 %

0.00 1%
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10

0100

0.075

Layer 2 < 0050 9
“ 0025 & & £ o
£ ks j 2
_ ,_.#—_ﬁ s a— . . -‘L-«.-

0.000 LEES e
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10

0100

0.075
ES ]

Layer 1 & 0.050 §
—

0.000

)

t

06 08 10
n among teacher

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00
Max cor Max cort

04 06 08 10 00 02
rrelation among teacher relation among teacher Max correlation among teacher Max correlation a Max corr

mong teacher
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over-realization (1x/2x/5x/10x), for nodes with weak specialization (i.e., its normalized correla-
tion to the most correlated teacher is low), their magnitudes of fan-out weights are small. Otherwise
the nodes with strong specialization have high fan-out weights.

Deep Networks. For deep ReLU networks, we observe specialization not only at the lowest layer, as
suggested by Theorem[] but also at multiple hidden layers. This is shown in Fig.[] For each student
node k, the x-axis is its best normalized correlation to teacher nodes, and y-axis is \/Ex [Bxx(X)],
which is equivalent to ||v]| in 2-layer case. In the plot, we can also see the lowest layer learns first
(the “L-shape” curve was established at epoch 10), then the top layers follow.

Ablation on the effect of over-realization. To further understand the role of over-realization, we
plot the average rate of a teacher node that is matched with at least one student node successfully
(i.e., correlation > 0.95). Fig. 5] shows that stronger teacher nodes are more likely to be matched,
while weaker ones may not be explained well, in particular when the strength of the teacher nodes
are polarized (p is large). Over-realized student can explain more teacher nodes, while a student
with 1x nodes has sufficient capacity to fit the teacher perfectly, it gets stuck despite long training.

In addition, the evaluation loss (Appendix Fig.[TT)) shows that over-realization yields better general-
ization, in particular with large teacher node polarity (p is large), where weak teacher nodes are hard
to capture. For good performance on real datasets, getting weak teacher nodes can be important.

Training Dynamics. We set up a diverse strength of teacher node by constructing the fanout weights
of teacher node j as follows:

Vil ~1/5%, ©
where p is the feacher polarity factor that controls how strong the energy decays across different
teacher nodes. p = 0 means all teacher nodes are symmetric, and large p means that the strength of
teacher nodes are more polarized.
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Fig.[6] and Fig. [7] show that many student nodes specialize to a strong teacher node first. Once the
strong teacher node was covered well, weaker teacher nodes are covered after many epochs.

CIFAR-10. We also experiment on CIFAR-10. We first pre-train a teacher network with 64-64-64-
64 ConvNet (64 are channel sizes of the hidden layers, L = 5) on CIFAR-10 training set. Then
the teacher network is pruned in a structured manner to keep strong teacher nodes. The student is
over-realized based on teacher’s remaining channels.

The convergence and specialization behaviors of student network is shown in Fig. 8]  Spe-
cialization happens at all layers for different degree of over-realization. Over-realization
boosts student specialization, measured by mean of maximal normalized correlation ppyean

~*T~ o . . . .
meanje teacher MaXj’c student fj f; at each layer (f; is the normalized activation of node j over
N evaluation samples), and improves generalization, evaluated on CIFAR-10 evaluation set.

7 CONCLUSION AND FUTURE WORK

In this paper, we use student-teacher setting to analyze how an (over-parameterized) deep ReLU
student network trained with SGD learns from the output of a teacher. When the magnitude of gra-
dient per sample is small (student weights are near the critical points), the teacher can be proven to
be covered by (possibly multiple) students and thus the teacher network is recovered in the lowest
layer. By analyzing training dynamics, we also show that strong teacher node with large ||v*|| is
reconstructed first, while weak teacher node is reconstructed slowly. This reveals one important rea-
son why the training takes long to reconstruct all teacher weights and why generalization improves
with more training. As the next step, we would like to extend our analysis to finite sample case, and
analyze the training dynamics in a more formal way. Verifying the insights from theoretical analysis
on a large dataset (e.g., ImageNet) is also the next step.

1x, Avg/Max eval accuracy: 79.67% / 80.15% 2x, Avg/Max eval accuracy: 83.09% / 83.48% 5x, Avg/Max eval accuracy: 83.85% / 84.18%

— layer0

Mean of max teacher correlation with students

correlation with students
correlation with students

Figure 8: Mean of the max teacher correlation pmean With student nodes over epochs in CIFAR10. More
over-realization gives better student specialization across all layers and achieves strong generalization (higher
evaluation accuracy on CIFAR-10 evaluation set).
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8 APPENDIX

8.1 LeEMMAI[I

Proof. We prove by induction. When [ = L we know that g, (x) = f;(x) — fL(x), by setting
Vi (x) = Vi(x) = Icxc and the fact that D, (x) = Icxc (no ReLU gating in the last layer), the
condition holds.

Now suppose for layer [, we have:

gi(x) = Di(x)[Ax)f (x) — Bi(x)fi(x)] (10)
= Di(x)V"(x) [V" () (x) — Vi(x)fi(x)] (1)
Using
fl(X) = DZ(X)VVlelfl(X) (12)
ff(x) = Di(x)WTf () (13)
g-1(x) = Dii(x)Wigi(x) (14)
we have:
gi-1(x) = Dia(x)Wigi(x) (15)
= Di1(x) WiDi(x)V]" (x) [V" (30)f] (x) — Vi(x)fi (x)] (16)
VT (%)

— D (VL () |V (0D W (%) — Vi) Dy Wy £ima(x) | (17)

—_————— —————
Vit (%) Vie1(x)
= Dia()ViL (%) V2 (0f 4 (x) = Viea (x)fi-1(x)] (18)
= Dia(x) [A1 ()1 (x) = Bioa(x)fi—1(x)] 19)
O
8.2 THEOREM[I]

Proof. By definition of SGD critical point, we know that for any batch B;, Eqn. vanishes:

Wi = Ex [ WL, ()| = - silxis WL, (xis W) = S Ui =0 (20)

1€B; i€B;

where U; = gi(x;; VAV)flT_l(xi ; W) Note that B; can be any subset of samples from the data
distribution. Therefore, for a dataset of size N, Eqn. holds for all (IIK\”] ‘) batches, but there are only

N data samples. With simple Gaussian elimination we know that for any i1 # i2, U;, = U;, = U.
Plug that into Eqn. 20| we know U = 0 and thus for any 4, U; = 0. Since U is an outer product, the
theorem follows.

Note that if ||W;||ec < €, which is || > ien, Uilloo < €, then with simple Gaussian elimination for

two batches B; and By with only two sample difference, we will have for any iy # o, ||U;, —
Ui, Hoo = || ZieBl Ui — ZieBz Ui”oo < || EieBl Ui”oo + H ZieBz UiHoo = 2e¢. Plug things back
in and we have |B|||U; [l < [2(|B] — 1) + 1]e, which is ||U;[|oe < 2e. If f;_; (x; V) has the bias
term, then immediately we have ||g; (x; W)||o0 < €. O
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Figure 9: Proof illustration for (a) Lemma (b) Lemma and (¢) Theorem

8.3 COROLLARYII

Proof. The base case is that Vi (x) = V/(x) = Icxc, which is constant (and thus piece-wise
constant) over the entire input space. If for layer I, V;(x) and V;*(x) are piece-wise constant, then
by Eqn. [ (rewrite it here):

Viea(x) = Vix) Di(x)W/T, - V2 (%) = Vi (x) D7 ()W) @21
since D;(x) and Dj (x) are piece-wise constant and W;T and W7 are constant, we know that for

layer I — 1, Vj_1(x) and V;* | (x) are piece-wise constant. Therefore, forall { = 1,... L, V;(x) and
V;*(x) are piece-wise constant.

Therefore, A;(x) and B;(x) are piece-wise constant with respect to input x. They separate the
region Ry into constant regions with boundary points in a zero-measured set. O

8.4 LEMMA[Z

Lemma 2. Consider K ReLU activation functions f;(x) = o(wjix) forj = 1... K. Ifw; # 0
and no two weights are co-linear, then ij ¢ fi(x) =0 forallx € R suggests that all c; = 0.

Proof. Suppose there exists some ¢; # 0 so that ), ¢; f;(x) = 0 for all x. Pick a point xo € 0E;
so that wixo = 0 but all wi,xo # 0 for j* # j, which is possible due to the distinct weight
conditions. Consider an e-ball Bx, . = {x : |[|x — Xo|| < €}. We pick € so that sign(w],x) for
all j' # j remains the same within By, . (Fig. Eka)). Denote [j] as the indices of activated ReLU
functions in By, . except j.

Then for all x € By, N Ej;, we have:

h(x) = chrfjr(x) = cjwix + Z ciwix =0 (22)
J’ J'ElT]
Since By, ¢ is a d-dimensional object rather than a subspace, for xo and x¢ + e, € B(xg,€), we
have
h(xo + eey) — h(x0) = e(cjwjr + Z cjwig) =0 (23)
J'EliT]
where ey, is axis-aligned unit vector (1 < k£ < d). This yields
cjw; + Z cjwjr = 0g (24)
J'elit]
Plug it back to Eqn. [22]yields
cibi+ Y by =0 (25)
J'elit]
where means that for the (augmented) d + 1 dimensional weight:
CjW; + Z ciwir = 0g41 (26)
Jelit]
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However, if we pick x’ = x¢ — EH;’W € Byxy.c N EL, then f;(x') = 0 but ey [ (x) =

—c.wWIx = ec;
¢;w;x' = ec; and thus

> eifp(x) =ec; #£0 27)
j/
which is a contradiction. O

8.5 LEMMA[]

Lemma 3 (Local ReLU Independence). Let R be an open set. Consider K ReLU nodes f;(x) =
o(wix), j=1,....,K. w; #0, w; #ywj for j # j" with any v > 0.

If there exists cy, . . ., Cx, C. SO that the following is true:

Z ¢ifi(x) +ewlx=0, VxeR (28)
J

and for node j, OE; N R # 0, then c¢; = 0.

Proof. We can apply the same logic as Lemma[2]to the region R (Fig.[9(b)). For any node j, since
its boundary OF; is in R, we can find a similar x, so that xo € 0E; N R and x¢ ¢ OE for any
j' # j. We construct By, .. Since R is an open set, we can always find € > 0 so that By, . C R
and no other boundary is in this e-ball. Following similar logic of Lemma c; = 0. O

8.6 LEMMA[
Lemma 4 (Relation between Hyperplanes). Let w; and w j: two distinct hyperplanes with ||W;|| =

IW;|| = 1. Denote 6;; as the angle between the two vectors w; and w .. Then there exists
flj/ 1 V~Vj and W;,flj/ = sin ij/.

Proof. Note that the projection of W onto W is:

1 1
uy = Ps Wi 29
J sin 9]]/ w; ] ( )
It is easy to verify that ||| = 1 and w},G; = sin 6. O

8.7 LEMMA[Y

Lemma 5 (Evidence of Data points on Misalignment). Let R C R? be an open set. Consider K
ReLU nodes f;j(x) = o(wjx), j = 1,..., K. ||W;| = 1, w; are not co-linear. Then for a node j
with OF; N R # (0, and € < €, either of the conditions holds:

(1) There exists node j' # j so that sin0;; < MKe' =9 /|c;| and |bjr — b;| < Mae'=2°/|c;.

(2) There exists x; € OE; N R so that for any j' # j,

wix;| > be/lejl.

where 8;;: is the angle between w; and Wj, 6 > 0, r is the radius of a d — 1 dimensional ball
s
contained in OE; N R, M = 10% %, My = maxxcop,nr ||x|| and My = 2MoM K €} + 5¢2°.

Proof. Define g; = 5¢/|c;|. For each j’ # j, define I;» = {x : [w],x| < ¢;, x € OF;}. We prove

by contradiction. Suppose for any j’ # 7, sin6;;; > KMe'=°/|c;| or [bj — b;| > Mael =22 /|c;|.
Otherwise the theorem already holds.

Case 1. When sin6,;; > KMe'~°/|c;| holds.

From Lemma we know that for any x € 9Ej, if wj,x = —g;, with a;s < 2q;|c;| /M Ke' =% =
10¢° /M K, we have x’' = x + a;/uj € OF; and wix' = +g;.

16



Under review as a conference paper at ICLR 2020

Consider a d — 1-dimensional sphere B C €2; and its intersection of I;; N B for j' # j. Suppose
the sphere has radius 7. For each I;» N B, its d — 1-dimensional volume is upper bounded by:

10

V(I;; NB) <a;jVy_a(r) <€ e Va2 (r) (30)
where V_5(r) is the d — 2-dimensional volume of a sphere of radius r. Intuitively, the intersection
between WJT,x = —q; and B is at most a d — 2-dimensional sphere of radius r, and the “height” is

at most a;r-
Case 2. When sin 6, < KMe*=°/|c;| but |bjs — b;| > Mae'=2°/|c;| holds.

In this case, we want to show that for any x € {2, W]T,x\ > gjand thus Iy N B = (0. If this is not
the case, then there exists x € €2; so that [w},x| < g;. Then since x € OF}, we have:

(W] = |(wyr = wy)Tx| = [(W; — W;)T% + (0 — by)| < g G31)
Therefore, from Cauchy inequality and triangle inequality, we have:
W = sl = (% = W) T%| > [b) = by| — [w] x| (32)

From the condition, we have | w;, — W, || = 2sin 91'2’" < 2sinf;;; <2KMe'~°/|c;|. Then

2MoMKe' ™0 [|ej| > [(Wjr —W;)TX| > |bjr = bj| — ¢; > Mae' = [|ej| = Be/le;|  (33)
which is equivalent to:
IMoMK€® > M, — 5¢? (34)
which means that
My < 2MoMK€e® + 5¢% < 2MoM K€ 4 5¢2° (35)
for € < €y. This is a contradiction. Therefore, I; N B = () and thus V' (I;; N B) = 0.

Volume argument. Therefore, from the definition of M, we have V(B) = Vy_1(r) >

r 27”‘/(1_2(1“) = le—?egvd_g(r), then for € < €, we have:

10
V(B) = yr€Vaa(r) > > V{IynB) (36)
j3'#34,5’ in case 1
This means that there exists x; € B C Q; sothat x; ¢ I;; N B for any j' # j and j’ in case 1. That
is,
wixj| > q; 37)

On the other hand, for 5/ in case 2, the above condition holds for entire €24, and thus hold for the
chosen x;. L]
8.8 LEMMAI6

Lemma 6 (Local ReLLU Independence, Noisy case). Let R be an open set. Consider K ReLU nodes

fi(x) =o(wix), j=1,.... K. |W,| = 1, w; are not co-linear. If there exists c1, ..., cr, c. and
€ < €q so that the following is true:

<e¢ VxER (38)

Z cifi(x) + ewlx
J

and for a node j, OE; N R # (. Then there exists node j' # j so that sin0;;; < MKe'~°/|c;| and
bjr — b;| < Ma€'=20/|c;|, where 1,8, M, My are defined in Lemmabut withr' =1 — 5e/|c;|.

Proof. Let q; = 5¢/|c;| and Q; = {x : x € 9E; N R, B(x,q;) C R}. If situation (1) in Lemmal3]
happens then the theorem holds. Otherwise, applying Lemmawith R ={x:x€R, B(x,q;) C
R} and there exists x; € {2; so that

(wiix;| > q; = 5e/|c;] 39)
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Figure 10: (a) Lemmal5] (b) Lemmal6}

Let two points x;t = x; £ ¢;w; € R. In the following we show that the three points x; and

x;t are on the same side of OE;/ for any j' # j. This can be achieved by checking whether

(Wlx;)(wlx) >0 (Fig.:
(w},xj)(w},x;t) = (w]x;) [WJT (x; £ q;W;) (40)
= (W;r ) +qj (WJ Xa)w;- J (41)
= ‘W ijw ’XJ| + %WT w;) (42)

T

X5 £) > 0. Therefore the three points x; and xji are

Since |w},W;| < 1, itis clear that (w x;) (W],
on the same side of OE; for any j' # j.

Let h(x) = 3_; ¢j fj(x) + c.wIx, then |h(x)| < eforx € R. Slncex++x = 2x;, we know that

all terms related to w. and w; with j # j will cancel out (they are in the same side of the boundary
OF);:) and thus:

de > |h(x]) + h(x}) = 2h(x;)| = |ejq;w]w;| = |¢jlg; = 5e (43)

which is a contradiction. O

8.9 THEOREM[2]

Proof. In this situation, because Dy(x) = D3(x) = I, according to Eqn. 4] Vi(x) = WY and
V¥ (x) = W{T are independent of input x. Therefore, both A; and B are mdependent of input x.

From Assumptlon since p(x) > 0 in Ry, from Theorem. []] I we know that the SGD critical points
gives g1(x) = D;(x) [4A1f5(x) — B1f1(x)] = 0. Picking node k, the following holds for every
node k and every x € Ry N Ey:

ot (x) — Bif(x) = (44)

Here o] is the k-th row of A1, Ay = [a,..., 0, ]T and s1m11ar1y for B]. Note here layer index
I = 1 is omitted for brevity.

For teacher j, suppose it is observed by student , i.e., 0E7 N Ej, # (). Given all teacher and student
nodes, note that co-linearity is a equivalent relation, we could partition these nodes into disjoint
groups. Suppose node j is in group s. In Eqn. 4] if we combine all coefficients in group s together
into one term c;w (with [[w7 || = 1), we have:

co=arg— > |lw B (45)

k’ Eco-linear(j)

18
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“At most” because from Assumption all teacher weights are not co-linear. Note that co-linear(7)
might be an empty set.

By Assumption OE; N Ry # () and by observation property, OE; N Ey # (), we know that for
R = RoN Ex, OE; N R # (. Applying Lemma we know that ¢, = 0. Since ay,; # 0, we know
co-linear(j) # () and there exists at least one student &’ that is aligned with the teacher j. O

8.10 THEOREM[]]

Proof. We basically apply the same logic as in Theorem Consider the colinear group
co-linear(k). If for all ¥’ € co-linear(k), Bypr = [|[vi/||* = 0, then vi» = 0 and the proof is
complete.

Otherwise, if there exists some student k so that v # 0. By the condition, it is observed by some
student node k,, then with the same logic we will have

Yo Brwlwil =0 (46)
k’€co-linear(k)
which is

v] > willwk] =0 (47)

o

k'’ €co-linear(k)

Since k is observed by C students k!, k2 k7, then we have:

o0y Vor Vg
v Y vi|we] =0 (48)
o
k’€co-linear(k)

By the condition, all the C' vectors vzj € R are linear independent, then we know that

o

Z Vk/HWk/H =0 (49)

k’€co-linear(k)

8.11 COROLLARY[

Proof. We can write the contribution of all student nodes which are not aligned with any teacher
nodes as follows:

Sy vk = > Y vilwillo(w!™x) (50)

5 ke&co-linear(s) s ké&co-linear(s)
/T
= ZO’(WS X) Z Vi ||[wl (51)
s k€&co-linear(s)

where w’, is the unit vector that represents the common direction of the co-linear group s. From
Theorem , for group s that is not aligned with any teacher, } - c .o-tincar(s) V&||Wk [ = 0 and thus
the net contribution is zero. O

8.12 THEOREM[]

Proof. In multi-layer case, A;(x) and B;(x) are no longer constant over input x. Fortunately, thanks
to the recursive definition (Eqn.[d) which only contains input-independent terms (weights) and gating
function, A;(x) and B;(x) are piece-wise constant function over the input Ry.

Note that R can be partitioned into R = {R(l), R%, e R()’ } and a zero-measure set. Each of them
is constant region for A;(x) and By(x). Since R is an intersection of finite open half-planes (from
k’s parent nodes), Rﬁ is still an open set.

From the condition, there exists open set R € R and a student observer node £ so that 8E;k NERLN
R # 0 ((Fig. Ekc)). Let Hg and similarly Hy, be the student and teacher nodes whose boundary
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intersects with R. Therefore j € Hp. For other teacher/student nodes, they are linear functions
within R and thus can be combined together into wTx. For all weights in Hg, Hf, and w., applying
Lemma 3|on R N Ej, we know that the SGD critical point ap, , ff'(x) — BF 1 f1(x) = 0 leads to
alignment between Hp and HF,. Let group s be the one that contains all weights that are co-linear to
teacher node j (note that no other teacher nodes are involved), and c; its coefficient. Since j € Hp,
¢s = 0. Since ay;(R) # 0, there exists at least one student node £’ that is co-linear to teacher node

3.
O

8.13 THEOREM[3]

Proof. We follow the logic of Theorem[d] Instead of applying Lemma|[3] for gradient that is not zero
but bounded within €, we pick the student observer k£ and we have for E N R:

laff*(x) — BIf(x)| <e, (52)

we use Lemma |§I and know that there exists a node k’ # j so that sinf; = O (¢!7?/|¢;|) and

b — b5| = O (e!7%°/|c;]) for any § > 0. Under the observation of student k, the teacher j
has coef7ﬁcient ¢j = ag;. Since all teacher weights are distant to each other with positive constant
by > 0 and 6y > 0, with sufficiently small ¢ and € < ¢, this node &’ has to be a student node and
the bound follows. O

8.14 THEOREM

Proof. From the expression we can see that it is positive homogeneous with respect to ||w|| and
[Wi||. So we can assume |[w}|| = [|[wy | = 1. Without loss of generality, we set up the coordinate
system so that w} = [1,0]T and wy, = [cos ¢, sin 0]T. Then

Ex [fi1anf;] = Ex[fiazzfl,]w) = > fi1 £ wj (53)
£ W20, £ wi>0
+o00 z ’
= / r2p(r)/2 { C.Osg, } cos 0'p(0'|r)dd’ + € (54)
0 _zig | S0

where € is the term reflecting the asymmetry of the data distribution p(f;_;) with respect to the plane
spanned by the vectors wy, and w.

If the data distribution p(f;_1) is scale invariant (rescaling the data point won’t change the angular
distribution), then p(6’|r) = p(#’) and we only need to check the angular integral:

- z cos ' LN
1(0) = /g+0 [ sin 0/ ] cos @'p(0")do (55)

Note that cos? § = £ (1 + cos 26) and sin 6 cos § = 3 sin 26, so we have:

LI o [? 20/ :
2(0) = ( / G )d9’> Wi+ / 0 [ Y } p(0')do (56)
-+ -z
_ % N, L1 P cosd” 0" 7 9
= </72,+9 p(G )d9 ) Wj + 5 . sin 0" P ? - 5 de (57)
1
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where 0" = 20’ 4+ 7 and

L) = /_ p(0)d0" (59)

27
- LlzE)(s
0 : 5
260 "
59" 0 T
ne) = [ (G- 5) e
2 0 sin 0" 2 9

2
o )da” (60)

+

6 / /
(FbE oot Yoo w

where wé‘ is the unit vector that is perpendicular to wy, but still in the plane spanned by w; and
w;. Note I is the fixed integral of unit vectors weighted by angular distribution of input data on
activated half-plane EF of teacher node ;.

If p(f;_1) is rotational symmetric, then € = 0, p(d’) = Qi then we can compute these terms
analytically: Iy = 0, I; () = 5 (7 — 6) and I() = L sinfw O
8.15 THEOREM[]|

Proof. Note that we have:
d 2W’:V.Vk 1

d
_ I 2 — — " xwTvw — T 62
dt”Wk” dt ”WkH 2||Wk|| ||W/€||Wka Wi Tk (62)
Therefore, we have
d
T In ||wi| = W]ry (63)
e d [ Jwill | _ d
Wi _ _
T (ln ||ch'||) = a(ln Wil — In||wi|]) = Wiry — W], ry (64)
Note that we have:
Q= (™) e YR () Wy = P (65)
TN A VA T

Let hy, = v‘v;rk. We assume all i, > 0 (positive correlation), then we have:

M= r] Py v + Wity = |re|® — b + Wity (66)
Ifry =r=w"—), apwy, then we have:
d
g/ = [l — b = Shy, (67)
where S = (>, ag||wg]||) > 0 is independent of k. So
d
n —(hg, — har) = (h3) — h3) + S(h — hg) = (hr — hg)(hae + hy + 5) (68)
if hy — hir > 0, then (hk hir) < 0 and vice versa. This means that Eqn. is zero when the
system enters the stable region. On the other hand, if ||rg||? = ||rx||* + € (e.g., ri has stronger
teacher component), then we have:
d
dt(hk —hi) = (hy — h)(hp + hiy +5) + € (69)
which is only zero when hy, > hy. This yields exponential growth of || w || compared to ||wg/||. O
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Figure 11: Evaluation loss convergence curve.

8.16 DETAILS IN TEACHER/STUDENT CONSTRUCTION AND TRAINING

We construct teacher networks in the following manner. For two-layered network, the output di-
mension C' = 50 and input dimension d = mg = ng = 100. For multi-layered network, we use
50-75-100-125 (i.e, m; = 50,mg = 75,m3g = 100,mq4 = 125, L = 5,d = mg = ny = 100
and C' = ms = ns = 50). The teacher network is constructed to satisfy Assumption [T} at each
layer, teacher filters are distinct from each other and their bias is set so that ~ 50% of the input data
activate the nodes. This makes their boundary (maximally) visible in the dataset.

To train the model, we use vanilla SGD with learning rate 0.01 and batchsize 16.

8.17 ADDITIONAL FIGURES

Fig. [[T]shows how the loss changes over iterations. With high teacher polarity (Eqn.[9), it becomes
harder to learn the weak teacher nodes and over-realization helps in getting low evaluation loss (in
particular for p = 2.5).

Besides Gaussian distribution we also test on uniform distribution x ~ U[—15, 15]. For training,
we sample 100k data points in each epoch. Fig.[12]shows that the results on 4 layer ReLU network
(50-75-100-125) are similar. Note that in multi-layer setting, Theorem |§| might not hold since it is
for 2-layer so there could be un-specialized student nodes with large Sx(x).
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Figure 12: Strength of student specialization for 4 layer network (50-75-100-125) when each entry
of the input dimension is uniform distributed in U[—15, 15]. For all teacher nodes, the normalized
correlations are all close to 1.0 (pmean > 0.998 at all layers).
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