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ABSTRACT

This paper investigates the fundamental regression task of learning k& neurons
(a.k.a. teachers) from Gaussian input, using two-layer ReLU neural networks
with width m (a.k.a. students) and m,k = O(1), trained via gradient descent
under proper initialization and a small step-size. Our analysis follows a three-
phase structure: alignment after weak recovery, tangential growth, and local
convergence, providing deeper insights into the learning dynamics of gradient
descent (GD). We prove the global convergence at the rate of O(T~3) for the zero
loss of excess risk. Additionally, our results show that GD automatically groups
and balances student neurons, revealing an implicit bias toward achieving the
minimum “balanced” ¢>-norm in the solution. Our work extends beyond previous
studies in exact-parameterization setting (m = k = 1, (Yehudai and Ohad, 2020))
and single-neuron setting (m > k = 1, (Xu and Du, |2023))). The key technical
challenge lies in handling the interactions between multiple teachers and students
during training, which we address by refining the alignment analysis in Phase 1 and
introducing a new dynamic system analysis for tangential components in Phase 2.
Our results pave the way for further research on optimizing neural network training
dynamics and understanding implicit biases in more complex architectures.

1 INTRODUCTION

Learning a target function f* : R? — R via neural networks through gradient descent or flow has
received significant attention in machine learning theory. Research in this area primarily focuses on
understanding the learnability and dynamics, aiming to theoretically explain the advantage of feature
learning in neural networks. This problem is often studied under various assumptions about f*. For
instance, f* is frequently (implicitly) assumed to be smooth in a kernel regime (Jacot et al.} 2018},
Allen-Zhu et al., 2019; |Arora et al.,[2019). Additionally, f* might possess further structures, such as
being located on a low-dimensional subspace (Mousavi-Hosseini et al., [2023)) or a manifold (Arora
et al.| [2022). A typical example is assuming f* is a sparse polynomial (Abbe et al.l 2022)). In this
setting, the separation between kernel methods and neural networks is well studied through metrics
like the information exponent (Arous et al., 2021), leap complexity (Abbe et al.,|2023)), and generative
exponent (Damian et al.|[2024).

In contrast to smooth functions, another research direction focuses on non-smooth target functions,
such as ReLU. This non-smoothness naturally highlights the difference between kernel methods and
neural networks in terms of approximation ability (Bach, [2017). As a result, researchers have turned
their attention to studying the learning dynamics to gain a deeper understanding of convergence. For
instance, they investigate learning with a single ReLU neuron (Wu et al.| 2023; Xu and Du, [2023) or
multiple ReLU neurons (Zhou et al.} 2021} |Akiyama and Suzuki, [2023).

We consider the problem of learning one-hidden-layer ReLLU networks under the Gaussian measure.
The target function f* is a sum of multiple ReLU neurons f*(x) := Zle o((vy, ac>)|zl with the

"We assume that teacher neurons are positive. However, if both the student and teacher networks contain
at least one negative ReLU neuron, our proof techniques can address such cases with minor modifications,
requiring no significant changes to the overall analysis.
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parameters {v;}¥_,, which can be learned from n i.i.d. samples {(z;, f*(z;))}"; via a two-layer
neural network with m (student) neurons with random Gaussian initialization {w; }!™; ~ N(0,0%1,)
under the expected squared loss:

2
1 - T *
LW) = i]EwNN(o,Id) (Zl d(w; z) — f (a:)) ; ()
which aims to find a good approximation of f* from the student network. To ensure learning
performance, m > k is needed.

This problem is identified as an additive model in statistics (Stone, |19835;|Hastie and Tibshiranil, [1987)),
and it receives great attention in theoretical computer science (Chen et al.,2023) and machine learning
theory, especially on sample/time complexity as well as training dynamics (Boursier and Flammarion,
2024; Bietti et al.| 2023)). However, understanding how gradient-based training algorithms recover
the teacher network and analyzing the entire training dynamics are still challenging. Therefore, most
current analyses are limited to non-gradient-based algorithms (Chen et al., 2023), or local analysis
for gradient-based algorithms, which assumes that the loss has already been minimized below a
very small threshold, or the angles between teacher neurons and their nearest student neurons are
already small (called strong recovery), e.g., (Zhou et al.,[2021). If we go beyond the local analysis,
previous result on GD training can only handle specific cases, such as (Yehudai and Ohad, [2020)
form = k = 1,(Wu et al., 2018) for m = k = 2, and(Xu and Du, 2023} |Chistikov et al., 2023|) for
m > k = 1. In fact, studying more general cases, such as m, k = O(1), remains unresolved, even in
local analysis. Accordingly, we aim to address the following question:

How can gradient descent recover teacher neurons and balance features beyond local analysis?

1)

To better understand the learning dynamics in the above question, we follow the “align then fit
framework (Maennel et al., 2018 |Boursier and Flammarion} [2024)), which also helps to explain the
implicit bias of the learned solution. In this study, we run the gradient descent (GD) over [Eq. (T)]
Since analyzing the entire training dynamics is still challenging and is an open problem, so we assume
the weak recovery, where for each student neuron, exactly one teacher neuron exists that is not nearly
perpendicular to it. Note that the weak recovery condition is still much weaker than the condition
with local analysis and strong recovery that will be proved in our analysis. An informal version of
our theoretical results is given as below.

Theorem 1 (Global Convergence after Weak Recovery: Informal). Under proper assumptions
(e.g., teacher neurons are with same length ||v||, and orthogonal to each other), sufficiently small

initialization with o = o(poly(d~ z ), and trained via gradient descent with sufficiently small step-size
1 = o(1) to minimize|Eq. (1)| after time T* = Q(%),for any T € N, we have:

2
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) , and |Jw,(T*+T)||=06 <k|mv||) Vi € [m],w.h.p.

Our result demonstrates that the [Eq. (T)] can be solved by GD in the polynomial time to find the
global minima and achieves the global convergence rate at O(1/T3). We admit that the derived
sample/time complexit is not optimal, but to our knowledge, this is the first polynomial-time result
of GD training beyond the local analysis for [Eq. ()] with m, k = O(1). Besides, our results also
indicate that the obtained solution will converge to a minimum “balanced” /5 solution, where the
“balanced” is determined by student neurons and their respective nearest teacher neurons.

Technical challenges. We employ the similar proof framework of |[Xu and Du|(2023) on m > k£ = 1.
The main challenge of this paper is how to address the coupling of different teacher neurons’ influences
on the student neurons, even though the teacher neurons are orthogonal to each other. For instance:

* In phase 1, single teacher neuron (k = 1) (Xu and Du} |2023) allows for monotonic convergence
on the angular difference between the teacher and student neurons. However, this does not hold
for £ > 1. In this case, we use approximations of sine and cosine values for decoupling when the
angle is very small or near perpendicular. Hence we can simplify the training dynamics and prove
that the sine of the minimum angle converges linearly to a tiny neighborhood.

’In our setting, the number of training iterations T corresponds to the sample size n, and the sample
complexity to achieve an e expected risk is O(e /3 poly(m, k)).
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* In phase 2, during the analysis of neuron growth, the tangential components of the student neurons
at each teacher neuron (and for more teacher neurons) are quite complex. Classical recursive
relationship in (Xu and Du, [2023) can not handle this. Instead, we develop a new technical tool by
building a dynamical system: we formulate the matrix iteration form, estimate the eigenvalues of
the transition matrix, and establish the upper and lower bounds of such a dynamical system.

2 RELATED WORK

Dynamics of gradient descent in the teacher-student setting: [Li and Yuan| (2017)) studied the
exact-parameterized setting and proved convergence for SGD with initialization near identity. The
separation between kernel methods and two-layer neural networks is further described in|Li et al.
(2020). To further understand the convergence and generalization of regression tasks using non-linear
networks, it is essential to thoroughly analyze the dynamics throughout gradient-based training,
commonly described as "align then fit" (Maennel et al.l 2018; Boursier and Flammarion, [2024)) in a
three-phase analysis framework. |[Xu and Du|(2023) provide a global convergence of learning with a
single ReLU neuron, where the proof for the local convergence (i.e., the third phase) is given by [Zhou
et al.| (2021). This analysis framework is also used in various settings, e.g., binary classification (Min
et al.; |2023) and matrix sensing (Xiong et al., |2024). Additionally, Zhou and Ge| (2024)) propose
an algorithm combining gradient descent with convex optimization, achieving strong recovery in a
single gradient step through specific initialization. Our work also analyzes the dynamics from weak
recovery to strong recovery.

Besides, our problem can be cast as a special case of learning with multi-index model (Bietti et al.|
2023)) where the link function (i.e., the activation function used in this work) is unknown. However,
the techniques are different and our three-phase analysis framework allows for a better understanding
of global convergence. Some statistical physics studies work have explored related topics but differ
from our work (Goldt et al.,2020; |Arnaboldi et al.,[2023) by focusing on generalization errors without
providing convergence rates or detailed analyses of training dynamics and convergence phases.

Implicit bias: Recent studies suggest that gradient descent is implicitly biased towards a low-rank
hidden weight matrix or a sparse number of directions represented by the neurons (Safran et al.|
2022; Shevchenko et al.| 2022} |Chizat and Bach| [2020). This implicit bias is often characterized by
the minimal norm interpolator, which is closely related to sparsely represented directions (Lyu and
L1,2020). These findings indicate that the early alignment phase enforces the alignment of weights
towards a small number of directions, even with omnidirectional initialization, leading to implicit
regularization at convergence (Boursier and Flammarion| [2023).

3 NOTATIONS, PROBLEM SETTING, AND ASSUMPTIONS

In this section, we give notations that are needed in this paper and then introduce our problem setting
as well as the required assumptions in our proof.

3.1 NOTATIONS

Basic notations: We use the shorthand [n] := {1,2,...,n} for a positive integer n. We denote by
a(n) 2 b(n): the inequality a(n) > cb(n) that hides a positive constant ¢ that is independent of n.
Vectors (matrices) are denoted by boldface, lower-case (upper-case) letters. The used norm || - || in
this paper is /5 norm if we do not specify. We follow the standard Bachmann-Landau notation in
complexity theory e.g., O, o, €0, and O for order notation.

Notations on angle: The angle between any two non-zero vectors w and v is denoted as /(w, v) :=
(w,v)

-1
COSs T -
lwlll[v]l

Then we use the following notations for any 4, j € [m],l € [k]

¢ 9, & Z(w;,v;): the angle between a student neuron w); and a teacher neuron v;.

* ;j = Z(w;, w;): the angle between two neurons w; and w; for student model.

e 7; £ argmin; Z(w;(0),v;(0)): the index of the teacher neuron with the smallest angle to

the w; at initialization, in which the smallest angle is denoted as 0;+ = 0;,, = Z(w;, v,).

er; =Y i:r,— Wi — v the difference of the teacher neuron v; and the sum of the student
neurons around v;.
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For notational simplicity, by denoting @ £ ”%:”, we denote the tangential part h;; = (w;, ;) as the

projection of w; along with the direction of v;; and a similar notation for h;« £ (w;, r,). Besides,
we denote w; (t) as the vector w; at time ¢, which also adapts to 6,;(¢), etc.

Notations on loss: The standard Gaussian distribution is A/(0, 1) with zero-mean and unit variance.
We denote E,ar(0,1) by E for simplicity. By defining the residuals of the neural network as:

m k

R(z):=_ ¢((wi,z)) — Y ¢((vix)),

i=1 =1

then the loss can be written as L(W) = JE, R(x)%.

3.2 CLOSED FORM EXPRESSIONS OF GRADIENT OF LOSS: VL
To make our paper self-contained, we present the closed-form expressions for VL when the input data
follows a Gaussian distribution, as given by [Safran and Shamir| (2018), see the details in

We denote V; £ 8L(W) as the gradient of loss to the w;, when w; # 0. Then for any i € [m ] the
loss functlon is dlfferentlable with gradient given by:

1 1 1 -
T2 ij—§ Z”ﬁ% [Hw I (D singi; ”wJ”_Zsmeﬂ loll) Z ‘wa7+z Hmul]
j=1 =1 Jj=1,j#1¢ =1 j=1,j#i
2

We use random Gaussian initialization for neural network training, i.e., Vi € [m],w;(0) ~
N(0,0%1,) with the variance o2. Then we can prove that ||w;|| has bounded norm with high
probability if the dimension d is not small, see[Lemma I|in[Appendix D}

3.3 ASSUMPTIONS

We state the used assumptions in this paper.

Assumption 1 (Weak recovery). Regarding the angle 6;;(0) defined before for any i € [m], j € [k],
at initialization, denote 0;+(0) as the smallest angle between w; and its closet teacher neuron. The
weak recovery assumes 0;« (0) < 6,;(0) with j € [k] and j # T,. We mathematically formulate this
as below.

* 0;(0) is acute: 0 < I — 0;:(0) £ ¢; = O(1), and ¢; € (0, 5]
* 0;5(0) is close to orthogonal: |3 — 6;;(0)| < ¢ = o(1) with j € [k] and j # ;.

Remark: The weak recovery assumption requires that a student neuron is not orthogonal to its closet
teacher neuron but is nearly orthogonal to the remaining teacher neurons (Dandi et al., [2024). If
we focus on the single ReLLU case like Xu and Du! (2023)), this assumption can be directly removed
because there is only one teacher neuron. With only one teacher neuron, there are no competing
neurons for alignment, and thus the angle between the student and teacher neuron is naturally the
smallest.

Assumption 2 (Orthogonal and same norm for teacher neurons). The teacher neurons are given by
{v;}F_,, and are assumed to be orthogonal to each other with the same norm, i.e., (v;,v;) = 0 and
[lvil| = [Jvj]| = ||v||, Vi # j, i,j € [m]. Clearly, we have k < d due to the orthogonality of k
teacher neurons.

Remark: This assumption requires all teacher neurons pointing to different (orthogonal) directions,
which is important for identifiability or recovery. It aligns with practical considerations by allowing
diverse tasks such that the target feature directions do not significantly overlap. This assumption
as well as its variant (e.g., separation among teacher neurons) has been widely used in previous
theoretical results,e.g., (Zhou et al., 2021} |Oko et al.l 2024; |[Simsek et al.,[2023). We can relax this
assumption where the teacher neurons are nearly orthogonal and have similar norms. However, such
relaxation would require additional computations in our analysis. On the other hand, extending the
analysis to the fully non-orthogonal case (arbitrary angles between teacher neurons) remains an open
problem under our setting and would likely require new techniques. To avoid unnecessary complexity
and focus on the core analysis, we concentrate on the basic assumptions.
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Assumption 3 (Balance condition at initialization). At initialization, we record the number of student
neurons w; with 7; = [ as m;. Then we assume 3 < m; < ST’",W € [k].

Remark: This is a balance condition such that the number of merged student neurons among each
teacher neuron is not extremely small or large. It is motivated by [Boursier et al.| (2022, Assumption
3) and (Wojtowytschi [2020) that requires the student neurons to cover all directions of the teacher
neurons. Our assumption requires student neurons coincide with teacher neurons in a balanced way.

4 MAIN RESULTS

In this section, we will provide the main theoretical results. First, in we provide the
primary result on global convergence. Then, in we summarize the training dynamics
across the three phases, highlighting their durations, key processes, and contributions to global
convergence in a unified framework. Then, in the following subsections, we discuss the training
dynamics of the three phases and provide proof sketches. In we provide the main
dynamics and final state results of the alignment process in the first phase. In we
provide the main dynamics and final state results of the tangential growth process in the second phase.
In[Section 4.3.3] we provide the results of the local convergence in the third phase and then achieve
the final global convergence result.

4.1 MAIN THEOREM

Theorem 2. Assume d = Q(log(m/6)) with § € (0,1), under Assumptions [I|[2] and [3| let
o= o(poly(m_kz,d_%)) = o(poly(d_% , and trained via gradient descent with step-size, 1 =
o(poly(m*kz)) = o(poly(1)) to minimize|Eq. (1)} then there exists a T* = Q(%j}ogm) = Q(%)
such that with probability at least 1 — § over the initialization, for any T € N, we have:

k'? ||U||2 [[v] 4]l
* < PR | It L 20 <« (T* < 07 ; X
LWIT™+T)) <0 ( 373 , and ||lw; (T* + T m Vi € [m]

T4 Ti

Remark: provides a convergence rate of 7~3, which is consistent with previous results
(Xu and Dul 2023). Moreover, it indicates that the more teacher neurons and the larger their norms,
the slower the convergence rate. This aligns with our intuition that when the initialization is very
small, a larger norm and more teacher neurons require student neurons to take more time to align and
converge to the teacher neurons. Unlike (Xu and Dul 2023)), our results appear to be independent of
the number of student neurons m, but rely on the choice of the initialization that implicitly depends
on m. Furthermore, our results indicate that the student neurons will implicitly converge to a specific
teacher neuron and maintain a balance among themselves.

4.2 SUMMARY OF MAIN RESULTS WITH PHASE ANALYSIS

We summarize the three training phases and associated dynamics in a unified framework to provide
a clear overview of our findings. This structure highlights the processes that occur in each phase,
their respective contributions to the global convergence result, and key observations. For a concise
summary of the duration and key results, see Table[T]at the end of this section:

* Phase 1 - Alignment: In this phase, each student neuron aligns with a specific teacher neuron
by minimizing the angle between their vectors. This process depends on the initialization
scale (o) and the learning rate (7). By the end of this phase, the angle between student and
teacher neurons is reduced to O(e; ), ensuring proper alignment while maintaining bounded
norms.

* Phase 2 - Tangential Growth: Following alignment, the student neurons grow tangentially
along the direction of their aligned teacher neurons. During this phase, the projection
strength between student neurons and teacher neurons balances, leading to a linear decrease
in the loss. This phase ensures that the norms of student neurons become comparable to
those of teacher neurons.

* Phase 3 - Local Convergence: In the final phase, the training achieves global convergence
as the loss becomes sufficiently small. The loss decreases at a rate of O(T~3), and the
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student neurons converge implicitly to the directions of their corresponding teacher neurons.
This phase solidifies the final convergence result.

Table 1: Summary of Training Phases and Dynamics

Phase Duration Key Results
2
Phase 1: Alignment T = © <%) Angle reduced to O (€7 ); norms remain bounded.
Phase 2: Tangential Growth Ty =© (%} In (é )) Projection strength balanced; loss decreases linearly.
Phase 3: Local Convergence T3 = O(Tﬁa) Loss decreases at O (T73); neurons converge to teacher directions.

4.3 PROOF OVERVIEW

In this section, we provide a sketch of the The complete proof can be found in the
appendix. Our proof is primarily divided into three phases: alignment (Section 4.3.1), tangential
growth (Section 4.3.2), and global convergence (Section 4.3.3). Finally we can summarize the results

in these three phases for the main result.

4.3.1 PHASE 1 - ALIGNMENT

During this phase, each student neuron individually aligns with a specific teacher neuron. The
outcomes of this section are divided into two main parts: i) the upper and lower bounds on the
lengths of the student neurons, as well as the angle between student and teacher neurons during the
time ii) the upper bound on the angle between student and teacher neurons at the end of
phase 1, as well as the balance of projection strength from different student neurons onto the teacher

neuron [Corollary 1| The detailed derivation can be found in[Appendix
Theorem 3 (Phase 1: Alignment Process). Assume d = Q(log(m/§)) withé € (0, 1), forany e; > 0,

underwith 10k¢ < € = o(1) and Assumptions such that o = o(p”ly(ei\/lg)”v”)

o de?
vl

T = @(%),for 0 <t < Ty, the following statements hold with probability at least 1 — §:

in our random Gaussian initialization, and the stepsize satisfies 1 = o( ), then there exist a

1
s1 < |Jw; ()|l < s +2kn|v|t, Vie[m], withs := 50\/&, 59 = 20Vd, 3)

sin? <9i*(t)) - < <1 + 77k||v||t>8k (51112 (W> - 6%) , Viem]. “4)
2 S9 2

Remark: Our theorem implies that, during phase 1 of the training, the norm of each student
neuron always has an immutable lower bound, while the upper bound increases linearly over time.
Additionally, for each student neuron, the angle with its nearest teacher neuron converges linearly
within an error range of e%. Compared to the results of Xu and Du|(2023)), the upper bound of our
neuron norm increases k times faster because we have £ different teacher neurons, which naturally
leads to this outcome. Taking k£ = 1, our convergence rate is faster by a constant factor compared to
the results of [ Xu and Dul(2023)), and our condition for ¢ is weaker. When the same o is selected, the
total duration of phase 1, denoted as 77, they are the same.

and

Then, we briefly introduce our proof technique, due to the presence of multiple teacher neurons, the
gradient expression in[Eq. (15)|contains 2(k — 1) cross terms including 6;; with detailed interactions,
which do not exist in | Xu and Du|(2023). To handle this challenge, we provide additional analysis on
alignment related to these cross terms in phase 1. Specifically, we prove these results by induction.

Proof of This formula provides the upper and lower bounds of ||w || during the training. For
the lower bound, based on the gradient expression V; in[Eq. (2)} we prove (w;(t), V;(¢)) < 0, which
ensures that the norm ||w|| increases monotonically such that ||w;(t)|| > s1. For the upper bound,
we need to bound the norm of gradient using Then, applying the triangle inequality, we can
obtain the desired result.

Proof of This formula illustrates the angle dynamics (i.e., the alignment process) between
the student neuron and its closest teacher neuron during phase 1. For larger 6;«, it is easy to prove
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that the ;- decreases monotonically. However, when 6;- is very small, we cannot guarantee the
monotonic decreasing property of 6;+. To this end, we build the connection between sin®(6;- (t)/2)
and the following angle difference

cos(O;+ (t+1)) —cos(0; (1)) := Is + I3, the first-order term /5 and the second-order term /3 .

By estimating /5 and I3, we can track the dynamics of the angle difference and then prove that sin 6;+
converges linearly to a very small neighborhood (i.e., €2).

At the end of phase 1, we conclude the following result:

Corollary 1 (Final State of Phase 1). Under the same conditions as at time T4, the
Sfollowing statements hold with probability at least 1 — §:

0i«(Th) < 4er, and hy(Th) < 2hj«(Ty), Vi,je[m]. 3)

Remark: By the end of phase 1, each student neuron will align with its nearest teacher neuron with
the residual angle at the order of O(e;). Additionally, the projection lengths of these student neurons
in the direction of their corresponding teacher neurons are relatively balanced, with a rough upper
bound of 2.

Proof of [Eq. (5)} For the first part, substituting the parameters from [Theorem 3into [Eq. (4)] will yield
the result. For the second part, firstly, we derive the upper and lower bounds for h;« (t + 1) — hy« ()
and then accumulate these bounds. Next, we prove that before a certain time (e.g., t := 77/50),
the upper bound of h;« (t) is relatively small compared to this accumulated value. This allows us to
establish the upper and lower bounds for all &« (77) and thereby determine the maximum ratio of
h;«(T1) among different student neurons.

4.3.2 PHASE 2 - TANGENTIAL GROWTH

In this section, we present the results of the second phase, in which each student neuron grows along
the tangential direction of the teacher neuron aligned in phase 1 as below.The detailed derivation can

be found in

Theorem 4 (Phase 2: Tangential Growth Process). Assume d = Q(log(m/d)) with § €

for any €1 > 0,€x > 0, under[Assumption 1|with ex = o(1), €2 = o(poly(ez)), Assumptlonsi
such that o = o(p”ly(ei\})”v”) in our random Gaussian initialization, and the stepsize satisfies 11 =

o(aﬂ{l‘el) then by setting there exist a Ty = Ty + @( n ( 12)), then VIy < t < T, we define

Hi(t) := |jv|| = it L —ihy (¢) for L € [k], thefollowmg statements hold with probability at least
1—4:

2
his () < 2hj.(t), and 2lloll .. ()2%1, Vi, j € [m] and 7; = ;. ©)
mTt
nm\ 3pm "
(1-22) Jolesnea ol 2 it = 3 ol (1= ) ~smea ol > 2umea ol v € [,
(7
and
0;+ (t) < GQ,Vi € [m] . 8)

Remark: This theorem tells us that during phase 2:

1). The norm of student neurons close to the same teacher neuron remains relatively balanced, with
each neuron having strict upper and lower bounds (Eq. (6)). It is worth noting that, unlike in phase
one, see[Eq. (5)] this balance is not maintained for all neurons.

2). The projections of the student neurons near each teacher neuron will gradually increase, and the
difference from ||v|| will approach zero at a linear convergence rate (Eq. (7)). This result implies that
as training progresses, the loss gradually decreases. We will further prove that by the end of phase 2,
the loss has decreased to a sufficiently small value.

3). The angle between each student neuron and its nearest teacher neuron stays within a small range
(Eq. (8)). However, the angle is slightly larger than that of Phase 1 because additional cost/movement
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is required to handle the convergence for tangential difference and the decrease of loss. For example,
we have ||V;(t)|| < 2k||v]| in Phase 1 but it changes to | V;(t)|| < 15k||v|| in Phase 2.

4). Taking k = 1, our condition for € is similar to that of Xu and Du| (2023, but we have relaxed the
learning rate condition by a factor of m. And the total duration of phase 2, is reduced by a constant
factor of L.

2

Then, we briefly introduce our proof technique. Compared to one teacher setting (Xu and Du,
2023)), the tangential analysis requires a new dynamical system analysis regarding the dynamics
of {H,(t)} le due to the coupling tangential components among student/teacher neurons. Besides,
the loss function becomes more complex [Eq. (14)|and we have to control the loss below a certain
threshold in the presence of these interactions, which requires additional quantities to estimate.
Specifically, we prove these results by induction.

Proof of For the first part, we follow the proof of to build the connection between
hi=(t 4+ 1) — hi«(t) and H; in a weighted sum relationship, with an additional constant term Q.
For two different student neurons close to the same teacher neuron, these weights are the same. By
studying the changes of 6;» and 6;; during this phase, |Q;(¢)| will be bounded by a small quantity.
Then we conclude the result by summing and combining the results with[Eq. (5)] For the second
part, based on[Eq. (7)] we can derive H; > 0 and finish the upper bound by combining the results
from the first part. For the lower bound, we derive h;s (t + 1) — h;«(t) > 0, which implies that h;» is
monotonic increasing. Combining this with and[(3)} the proof is complete.

Proof of Using the above analysis about h;« (¢ + 1) — h;+(t) > 0 and the relationship
between h;» and H,,, we can establish a recursive relationship between H (¢ 4+ 1) and H (t) as well.
Note that there is a coupling between different H and interference from small quantities );, so we
express the iterative formula in matrix form. To be specific, by denoting H := {H;}}_, (we write it
in a matrix formulation), it admits the following recursive relationship:

H({t+1)=AH(t)+ Q(t) for a certain transition matrix A and Q(t) depends on Q;(t) .

By analyzing the eigenvalues of the transition matrix A, we estimate the upper and lower bounds
of such a dynamic system. For the small quantities (J;, we adopt the same approach used in
proving|Eq. (4)| Finally, we prove that H converges to a small value at a linear convergence rate.

Proof of The proof here is similar to as it also analyzes the dynamics of cos 6;«.
However, the difficulty lies in that at this phase, the influence of w in the gradient is no longer
negligible compared to v, making the iterative relationship between angles more complex. First, by
proving

[[wi (@)l »

— =0(1),V: m], Ty <t <T

||wj(t)|| ( )v a.]e[ ]a 1>0> 412,
we are able to analyse the dynamics of cos @« (i.e., I and I3 in based on two cases
T; = (). First, we use some properties of trigonometric functions to decouple this relationship so
that it only involves the coupling between each student neuron and its nearest teacher neuron. Then,

2 [ 0+ s 2 [ 0 (1)
2

we estimate the difference sin 5 sin for the final sin 6;« (). Unlike in phase

1, here we obtain an upper bound for the linear growth of the angle ;. However, we can still prove
that within the range of 75, the angle remains small.

At the end of phase 2, we can draw the following results:

Corollary 2 (Final state of Phase 2). Under the same conditions as at time T, the
following statements hold with probability at least 1 — §:

DL < sy < 20 i ), ana powmy)) <

3m,, — My,

k230 ||v? . ©)

N =

Remark: After phase 2, the norms of each student neuron have balanced, and the loss has decreased
to a very small value. This provides the foundation for proving local convergence in phase three.

Proof of first part of [Eq. (9)} We use the results in to prove this result. For the lower
bound, we first observe from [Eq. (7)|that H; is very small at time 75, meaning the sum of 7 among

student neurons near each teacher neuron is close to ||v||, i.e., H;(T2) < @ Using the balance
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of them in[Eq. (6)} we can then establish a lower bound for A« (||w;]| cos 6;+), which further allows
us to derive a lower bound for ||w;||. Similarly, for the upper bound, we first observe from
that at time 75, the sum of i among student neurons near each teacher neuron is close to but still
less than ||v||. Using the balance of them in we can then establish an upper bound for
hi=(JJw;|| cos 6;+). Given that the angle between each student neuron and its nearest teacher neuron
is very small (second part in[Eq. (8)), we can further derive a lower bound for [|w;||.

Proof of second part of The key point of this proof involves introducing an auxiliary function
g to help decompose the L. The loss L can be expressed in the summation of g, see[Appendix D|for
details. First, based on the upper bound of the angle in phase 2 (second part in[Eq. (8)), we know that
there are two scenarios for the angle in the closed form of the loss: close to 0 and nearly orthogonal.
We discuss the upper and lower bounds of auxiliary function g in these two cases. Then, according
to we find that at time 75, the sum of the norms of the student neurons near each teacher
neuron close to the norm of teacher neurons, i.e. >, I, —h;+ (T>) > (1 — o(1)) ||v||. Combining
these two results, we can derive an upper bound for the loss L.

4.3.3 PHASE 3 - LOCAL CONVERGENCE

In this section, we present the results of phase 3 - local convergence. Specifically, we show that when
the loss is already small enough, the loss function converges to zero at a rate of O(%) Theorem SI
Our results build upon the previous works of [Xu and Du| (2023)); [Zhou et al.| (2021)); [Safran et al.
(2021)). The detailed derivation can be found in

Theorem 5 (Local convergence). Suppose the initial condition in|Lemma I|and|Assumption 1|2|and
holds. If we set e; = o(poly(1)) and ) = o(1) in|Theorem 4} then VT € N, the following statements
hold with probability at least 1 — 6:

LW(T + 1)) < ! - (10)
(L(W(Tmé + Q(k—4 ol )nT>
d
" 10 oo+ 7y < L2 i o )
dm,, — " =", '

Remark: This theorem shows that, under the condition that the loss is less than a very small value and
the neurons remain balanced at the end of phase two, GD training can achieve the global minimum
with a convergence rate of % This result is consistent with the previous result in|Xu and Du|(2023)

and is superior to % in|Zhou et al.| (2021). Furthermore, this result also indicates that, without using
regularization during training, every student neuron will implicitly converge to the directions of
specific teacher neurons, and there is a balance among student neurons that converge to the direction
of the same teacher neuron.

Proof of The proof framework of is standard based on the local convergence
analysis, e.g., (Zhou et al.| 2021;|Xu and Dul [2023)). The key point is utilizing the result of classic

optimization in and the lower bound of the gradient to satisfy the conditions of (Xu
and Du, 2023, Lemma 24). First, we follow (Zhou et al., 2021) to derive several lemmas related
to the properties of the loss function. Based on these lemmas, we can obtain the lower bound of
the gradient in terms of the loss. Then, similar to Safran et al.| (2021), we deduce that when the
neurons maintain a certain balance, the loss is locally smooth. This allows us to directly apply
the classic optimization theory conclusion regarding the relationship between adjacent iterations of
gradient descent[Appendix H.4] Finally, we build the final convergence result by [Xu and Du] (2023]
Lemma 24). Additionally, our proof requires that the balance condition of the neurons is consistently
maintained [Eq. (TT)} which can be proven using induction and convergence results alternately.

Finally, by combining results from [Sections 4.3.1|to[4.3.3| with the hyper-parameter selection in
pendix B| we obtain the global convergence result in[Theorem 2|

When k = 1, compared to the results of | Xu and Du|(2023)), our paper needs stronger requirements on
o, n and time. This is due to the upper bound of the loss after phase 2 in and its relationship
with e2. Due to multiple teacher neurons, the number of student neurons converging to each teacher
neuron directions are different. This leads to different norms for the student neurons, which makes a
looser upper bound. However, in the case of k£ = 1, such handling is not necessary. Therefore, our
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Figure 1: Convergence curves for different m and k.

results can cover the results of | Xu and Du| (2023)) with only minor modifications and have a better
constant factor in phase 1 discussed before.

5 NUMERICAL VALIDATION

In this section, we empirically validate our theoretical results by plotting the convergence curves
under the following setting: we set ||v|| = 5, data dimension d = 100, batch size of 512, and a total of
5000 batches. The total number of training samples (equivalent to the previously mentioned 7* + T')
is 2.56 x 10°. Besides, we have added a 1/T reference line in the log-log plot for better comparison.
We selected four sets of parameters k and m: k = 2,m =20,k =4,m =12, k = 4,m = 20, and
k = 4, m = 40 with initialization variance o = 10~° and learning rate = 5 x 10~%. The plots in
show the cosine of the angle and norm convergence during training (top row) and the log-log
plot of the loss during training (bottom row) for different values of k£ and m. The results show that
larger k values lead to longer ¢; and ¢5 and slower convergence rates, while larger m values result in
shorter ¢; and 5 but have little effect on the convergence rate. This matches our theoretical results
such that using more (student) neurons decreases the time for alignment. We admit that learning more
(teacher) neurons generally requires more time but this is given under the same initialization strategy.
Instead, our initialization strategy depends on m and k, leading to different learning dynamics.

Regarding the timescale experiments, we divided the training dynamics into three phases for analysis.
We can observe the clear “align then fit” phenomena where in phases 1 and 2, the angle aligns
and the tangential grows until the norm of neurons’ weights is unchanged. In phase 3, the loss
function decreases for fitting data. The phase transition from Phase 1 to 2 is not very clear in the
experiments but can still be observed with a distinct difference in that Phase 2 finishes later than
Phase 1. Nonetheless, we have marked the figure’s approximate endpoints of the first and second
phases.

6 CONCLUSION

Our three-phase analysis framework provides a comprehensive analysis on global convergence, i.e.,
1) alignment: the angle decreases 0;« (T1) < O(e;) satisfying the balance condition but the norm
of student neuron gradually increases with T7; 2) rangential growth: the projection of the student
neurons near teacher neurons gradually increases. The angle is still small but slightly larger than
that of phase 1 due to the additional cost of handling the convergence of tangential difference; 3)
local convergence: the loss is close to zero and the neurons are still well-balanced thus achieving the
global convergence at the rate of O(T~3).

One potential drawback of this work is the weak recovery which simplifies the analysis. However,
without weak recovery, the analysis will be quite complex, remaining unsolved, and thus we leave it
as future work.

10
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APPENDIX INTRODUCTION

The Appendix is organized as follows:

* In[Appendix A] we provide a comprehensive introduction to the notations used in this paper.

e In we discuss the selection of hyperparameters in this paper.
* In[Appendix C] we provide some additional numerical results.

* In[Appendix D] we provide a detailed explanation of the closed-form expression for the loss

and its gradient as mentioned in the main text.
e In we provide a detailed analysis of
e In we present the main results of phase 1 along with detailed proofs.
* In we present the main results of phase 2 along with detailed proofs.
e In we present the main results of phase 3 along with detailed proofs.

A  SYMBOLS AND NOTATION

Table 2: Core symbols and notations used in this paper.

Symbol | Dimension(s) | Definition
N(u,0?) - Gaussian distribution with mean g and variance o2
[n] - Shorthand for {1,2,...,n}
0,0,Q,0 - Bachmann-Landau asymptotic notation
lv]]2 - Euclidean norm of vector v
|| M |2 - Spectral norm of matrix M
| M||r - Frobenius norm of matrix M
v; R? Weight vector of the i-th teacher neuron
w; R Weight vector of the ¢-th student neuron
(u,v) - Dot product of vectors u and v
T,T1,T> - Total training time and durations of different phases
a R Normalized vector: @ = ﬁ
hil R Projection of w; in the direction of v;
() - ReLU activation function
Vi R? Gradient of loss with respect to w;
T - Index of teacher neuron closest to w; at initialization
Gi - Angular offset between w, and nearest teacher neuron
¢ - Angular offset between w; and other teacher neurons
R(x) R Residual of the network output
my - Number of student neurons close to teacher neuron v;
T R? Difference between v; and sum of nearby student neurons
01 - Angle between w; and v;
©ij - Angle between w; and w;
L(W) - Loss function: L(W) = 1E,R(x)*
d - Input dimension of the data
m - Number of student neurons
k - Number of teacher neurons
n - Learning rate for gradient descent
o - Initialization variance of student neurons

B SELECTION OF HYPER-PARAMETERS

* We set €3 = o(m 0k ~109) = o(poly(1)) in as required by
2 (k) _ . .
* Wesetes = o(es ' /m) = o(poly(ez)) 1nas required by
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Figure 2: Convergence curves for different o and 7.

16k+2
* Weseto < 16(1) o OW‘J\”/% = o pOIY(f;E)HUH ) in[Theorem 3|as required by [Theorems 3| andEl

2.2 32k+6

s Wesetn = 0<1$ﬁf||12> < o(glmk ) = o(poly(¢?)) in[Theorem 3|as required by [Theo-
frem 41

e WesetT] =

= @(%) in{Theorem 3

51
100nkm

s WesetTy =14 + Qnimln(%}@) = @(%11162_1) = Q(%)in

C ADDITIONAL NUMERICAL VALIDATION

In this section, we selected four sets of parameters o and 7: 0 = 1074, n = 5x 1074, 0 = 1075, =
5x10740=10%7=5x10"%0=10"",n=5x10"%*and 0 = 1078, = 103 with k = 4
and m = 20. The plots in show the cosine of the angle and norm convergence during training
(top row) and the log-log plot of the loss during training (bottom row) for different values of ¢ and 7.

The results demonstrate that smaller initialization variances are crucial for ensuring the training
dynamics in the first two phases align with theoretical predictions, thereby facilitating faster and more
predictable convergence in the third phase. In contrast, larger initialization variances, while potentially
shortening the duration of the first two phases, disrupt the balance of the student neuron norms by the
end of the second phase, leading to slower convergence rates in the third phase. This underscores
the importance of adopting smaller initialization variances and stepsizes to maintain stable training
dynamics across all phases and achieve consistency with the predicted 73 convergence rate.

D EXPRESSION OF LOSS L AND ITS GRADIENT VL

In this section, we provide a detailed explanation of the closed-form expression for the loss and
its gradient as mentioned in the main text. The main content of this section follows (Safran and
Shamir, 2018, Section 4.1.1). Besides, the bounded norm of ||w;|| for any ¢ € [m] is also given in
this subsection. We include these results here just for completeness.
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For notational simplicity, we introduce the following auxiliary function:

g(a,b) := Em[gﬁ(aTm)gb(bTm)] ||a||7!b|| ( nZ(a,b) + (v — Z(a,b)) cos £(a, b)> , (12)

which implies that

o : — — llalllibll
if @ and b are orthogonal, i.e., (@, b) = 0, then g(a, b) = ==
* Ifa = b, then g(a.b) = ; [|a| o]l = 3 |a|® = 5 [|b]|*.
Then we can derive that the gradient for g(a, b) w.r.t @ as follows:
dg(a,b) 1 . a
"(a,b) = ——"—~ = —| ||b||sin Z(a,b) — —Z(a,b))b) . 13
'(a,b) = T = o { bl sin 2 (a,b) 2+ (x — £(a.b) (13)

Using this auxiliary function, we can rewrite the loss function in[Eq. (T)]as the following form:

m k 2
L(W) = %EmwN(O,l) (Z¢(w Z )
i=1 i=1
S D WEEIEED 3 SOREED 9 oL
i=1j=1 i=1j=1 i=1j=1

OL(W
Vi = ( )
awi
" 9g(w;, w; 1 9g(w;, w; dg(w;,v
_ Z 9( J)+7 9( )_Z g( 1)
- ow; 2 Ow; ow;
j=1,5#1 =1
L 1 i [lw;]| sin i + (7 1 i ||v|| sin @ i + (m—6y)v
- T 5= j T i Py il T (T — 0
T Nl iy (m =gl ) = o0 2 o] e
Jj=1j#i =1
1 m 1 k 1 w; m k
= 3. wj_2zvl+2ﬂ'|:|’u);”(_z _Sin%'j ijH_ZSinaile” Z ‘PszJ+Zelvl:|
j=1 =1 j=1,5#1 =1 j=1,j#t

15)

The bounded norm ||w;|| at initialization can be given as below.

Lemma 1 (Adapted from Lemma 3 in (Xu and Du, [2023)). Let s; := %a d. s9 = 20/d, if
d = Q(log(m/4)), with probability at least 1 — 0, the following properties hold at the initialization:

51 < wi(0)]| < 55, Vi € [m].

Remark: This is a standard fact in high-dimensional statistics, and on this basis, our result only
involves this randomness. In the rest of the analysis in this paper is deterministic.

E DETAILED ANALYSIS FOR[ASSUMPTION 1]

Here we prove the following lemma:

Lemma 2. When d = Q(log(’?% with ( = o(poly(m*krz, k*kZ)), then with probability at least
1 — 6, the following property hold at the initialization:

g—cseij(())sgﬂ. Vi € [m],j € [K].
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Proof. According to[Lemma 1} we have for Vi € [m], j € [k], we have:

1
{wi(0),2,)] < SoVAN [wi0)] > oV = Jeos 05 (0) < § = 5~ ¢ < 6;(0) < 5 +€
By concentration inequality of Gaussian, we have:
s 6 (GoVd)?*\ _ ¢
]P’<|<wi(0),vj>|>40\/g <2exp (-~ <o
Then: 5 5 0
™ 7r
P(0,:(0) > — (0) < = — (V5 < — =

(913(0)_ 2—i—(:\/é’”(O)_ 5 (V]E[k:}) < 3mk*k+3m T

Applying the union bound for Vi € [m], which finishes the proof. O

F GLOBAL CONVERGENCE: PHASE 1 (ALIGNMENT)

In Phase 1, we are interested in the dynamics of 6;. as well as the angle difference between the student
neuron and its closest teacher neuron. The theorem we prove below is a combination of

and [Corollary T|from the main text.

Theorem 6 (Phase 1: Alignment). Assume d = Q(log(m ‘Ef Ywith § € (0,1), for any €1 > 0, under
2

16k‘,+2
such that o <

vl
10000mf

2
Gaussian initialization, and the stepsize satisfies n < 10%2”1)”, then by setting T := w(;m’for
0 <t < T, the following statements hold with probability at least 1 — §:

Assumption I|with 10k¢ < €3 = o(¢}) and Assumpttons in our random

1
s1 < JJw; ()| < 82+ 2kn||v||t, Vie[m], withsy = 50\/(37 S9 1= 20\/(37 (16)

and

L

sin? <01*(t)) —e2< (1 + 77k||v”t>_8k (sin2 (W> — 6%) , Yie[m]. (A7)
2 S92 2

After Phase 1, we have:

and
hi=(T1) < 2hj«(Th), Vi, j € [m]. (19)

Proof. The proof is given by induction. We firstly prove [Egs. (16)] and [(17)] and then
and [(T9)}

At the initialization time ¢ = 0, |Eq. (16)|and [Eq. (17)|directly hold according to Note
that the probability in this work only relates to the random initialization as given b For
description simplicity, we do not include this probability during the derivation but just mention it in
our theorem.

Before proving[Eqs. (16)|and [(17)] we first analyse the learning dynamics of 6;+. For any Vi € [m)]
and 0 < t < T1, according to the inductive hypothesis, we have:

sin? (9’2®> < max {sin2 <9"*2(0)>,e§} — sin? <9"*2(0)) — sin? (Z - C;) ,

where the right part of the above inequality is given by the following fact with[Assumption I}
. ‘91‘* (0) . ™ Cz 1 1 . ;
sin? (2> = sin? <4 -35)=3 + 3 sin(¢;) = O(1) > €2 = o(¢?) = o(1),

which means:

17
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0ir(t) < 5 — G- (20)

71'
2
Then we assume[Egs. (16)|and [(17)]hold for any 0 < ¢ < T} to prove[Egs. (16)|and[(17)|for ¢ + 1.
Proof of right part of[Eq. (16)}

According to the inductive hypothesis and so := 20v/d in we have:

16k+2 2 2
e ol el _ el ol o Mol
(D) < 2k T < -t < = < , Vie .
o)) < 53 + 2k o 7y < T W0y ATl vl (oY ol
(21

That means the teacher neuron’s norm controls all of the student neurons’ norm at ¢ € [0,77]. Then
by triangle inequality and[Eq. (21)] the gradient norm can be upper bounded by

V()]
1 & 1<
< izwj(t) + 52”1
j=1 =1
1 'w(t) m m k
+ 27 |:| (t)” ( Z Singpl] |w] || - Zblnezl |'U|> Z QOZJ ](t) + Zell(t)vl(t):|
Jj=1,j#1i J=1,j#i =1
” H || ||_~_7 M—l—k”v”—&—mﬂx +k7r||'vH
- 2 3m 3m

L2k|jvll, Vi€ [m].
(22)

One can see that, the gradient norm is upper bounded by all of the teacher neuron’s norm. Accordingly,

based on the gradient iteration, by the above results, we have:

Jwi(t + D = [lwi(t) = nVi@®)]] < [lwi@)[| + [[nVi(®)] < 52+ 2kn[lv]| (E+1), Vie @2’3)
which concludes the proof.

Proof of left part of [Eq. (16);
Here we need to prove the lower bound, we have:

lwi(t + DI = wi(®)]| = 51, Vi€ lm].

According to the gradient iteration:

Jlwi(t + DI~ i ()1* = llwi(t) = nVa(t)|*~llwi(6)II* = =20 (wi(t), Vi(t))+a IVat)|* Vi € [m],

we only need to prove Vi € [m], (w;(t), V;(t)) < 0. To be specific, we split (w;(t), V;(t)) into two
parts:

18
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1 & 1<
j=1 =1
(), — wi(t) 3 sin — sin — 3 ij
1 & 1<
=3 D (wilt), w;(t)) - 3 > (wilt),v)
7j=1 =1
+%Hwi(t)|| > sinwg()llwg()ll—* stm% ) o]l
J=1,j#i
1 & 1 &
5 > eit) <wi(t)7wj(t)>+%z9u(t) (wi(t), v)
j=1,5#i 1=1
k
L |(Z||wj o pis(t) — 3" ol cos (1
=1
1 m . 1 k .
+— > ij(t)\lsmwj(t)—;ZHvllsm@z(t)
j=1,j#i =
1 m
LS )l cos e (g0 Zuvucosed o)
J=1,5#i
\w, HUHZ< — cos 0 (¢ —sin&il(t)+cos€il(t)0il(t))
Iy
(D e 1) (w iy (£) + sin 01y (1) — cosgoijumj(t)) ,

1 M
Jj= I

where the last equality holds by including the additional term related to ¢;; = 0 for any ¢ € [m).

One hand, for Iy, by[Eq. (17)] I; is a monotonically increase function of 6;;(t) on the interval [0, 7].

Then by [Eq. (20)|, we have 0;(t) < 0;-(t) + § < m — (;, which implies that:

I = —mcosb;(t) —sin by (t) + cos 0;;(¢)0;(t)
< —mceos(m — () —sin(m — ) + cos(m — ;) (m — ;)
= (i cos((;) — sin(¢;)

Cd

< -2
where the last inequality holds by the fact that ¢; cos(¢;) — sin(¢;) < 7% is always true on the
interval [0, 7.

On the other hand, to estimate I}, recall ||Jw;(t)|| < ezg:;” = 0(1) in[Eq. (21)|and the fact |I;| < ,
we have:

IIZ lw; ()] L <5 II’wz il Z lw; ()] 111] < %sz( et
Jj=1

19
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Accordingly, combining the above derivation over /; and I, we have:

k¢
4

(w0, V(0 < - i)l ol (- 5 + e <0,

due to €2 = o((?), we conclude that ||w; (¢ + 1) > |Jw;(t)|| > s1 and finish the proof for[Eq. (16)
Proof of[Eq. A7)}

We analyze the learning dynamics of cos #;+ by splitting it into two parts (first-order term and the
second-order term) as follows:

cos 0;«(t + 1) — cos6;(t)
_(wit+1),0,)  (wi(t),v)
[wit+ DI ol Twi @] [l]
i ()| (wi(t + 1), v7,) — [wilt + D] (wi(t), vr,)
[[w: (¢ + D)[[ i (O] 0]
_llwi®)] (wi(t) = nVi(t), vr,) — [[wit + ]| (wi(#), vr,)
[[w: (@ + D] [lwi (5] o]
(lwi(@®)]] = lwi(t + D)) (wi(t), vr,) = [lwit)]| (1Vi(t), vr,)
[[wi (¢ + D] [lwi @) o]
(Leell ettt o) (wi (1), vr,) — [lwi ()| (Vi (8), 07,) (24)
[[wi (& + D] [lw: ()] o]
(S ) (wi(t), vr) — n|wi(0)] (Vi(t). vr)
[[w: (& + D] Tlw: ()] o]

((wi(t), vr,) wi(t) — o7, Vi(t))

I

1 (wi(t), or,) <<@i(t)7vi(t)> (Jwi @I = llwit + D) =7 IIVz'(t)Hz)
[Jwi(t +1)]| Jwi(t + 1| + [[wi(t)]| '

I3

- "
[[wi(t+ 1)

One can see that we need to estimate the respective two parts Io and Is. For term I, note that
({(w;(t), 0r,) w;i(t) — U, w;(t)) = 0, then we have:

20
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I = m (i (1), D) 3 (1) — By, V(1)
_ U N I 1<
RED] (<<’”"(t)’"”>wi(t) BRED R ;vl>
m k
n < (i), 0 wi0) 0o = D el + Y bult)o] >)
j=1,j7i =1
m k
- (5 <<wi<t>,vn> i(t) - vn,lej<t>> -5 <<wi<t>,vﬂ> i(t) - ’Umlz:vl>
1 ™ 1 k
-5 <<wi<t>7ﬁn> wi(t) — o, Y soij<t>wj<t>> + o <<wi<t>,f:n> w;(t) — v, Z9z‘j(t)vl>>
Jj=1,j#i =1
T] m k
— m ( <cos O« (t)w; (t) — 'DWZ(W — ©ij (t))wj(t)> — <cos 0« (t)w; (t) — '67“2(7r — Hil(t))vl> )
2 j=1 =1
= S T D ( < O (tya(t), D_(m = 5 (1) <t>> - <v D — i (0)w; <t>>
k " k "
— <COS 91'* (t)wl(t), Z(’IT — eil(t))’l)l> + <’U‘ri, Z(ﬂ' — Oil(t))vl >
=1 =1
= S T D ( D (g (D] (= i (6)) cos B (1) cos g (1) = S (s (1) (x — pi5(1)) cos -, ()
k
- (llo]l (7 = 0:1(t)) cos 0;+ (t) cos 0 (t)) + [|[v]| sin® O+ () (7w — 6; (t)))
I=1,l%#7;
> vl <sm2 e (O(m— () = 3 (7 — Bu(t) cosh £) cosBu(t) — ”e%) E )
27 |w;(t + 1) e 12
nlol (7, m
> w1 (2 sin® 0;+ () — 2km( — 126%)
7] - 17
> wit+ 1] <sm 0+ (t) — 3()6%) ,
(25)
which builds the connection between I, and sin® 6;. (¢). For term I5:
PRI OR) <<wi<t>,vi<t>> (i ()] = [|wi(t + D)[)) = 7 ||vz-<t>|2>
lwi(t + 1)] Jlwi(t + DII + i (D]
o IV @I VOl +n I VoI
2 T s o ) (wine BT
.- ”wi(tﬁ - (nvz-(m ||nvi<2ts> J' + Vi)l ) o 06)
el \A10]
st Jwi(t + 1]
4k v o
2w+ D lusing[Eq. 22)]
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Take [Eq. (25)|and [Eq. (26)|into [Eq. (24)] we have:

cos @i (t+1) —cosO;=(t) = o+ I3

1 16k2
s (- g 10l
4Hw2(t+1)|| 30 S1

n ||v]] .9 133 ,
> MO (G20, (¢
= Hwit+ D\ ()~ T30
77||”|| ( .2 2)
> ————— | sin“0;«(t) — €7 ).
i + 1 ) =4

Accordingly, we transform the dynamics analysis on ;- from cos to sin, which allows for estimat-
ing[Eq. (17)|as below. Recall cos 2z = 1 — 2sin? z, the above inequality implies:

sin’ <9“2(t)> — sin? (9“2“))

_cos O+ (t + 1) — cos 0+ (t)

2
anuzm >||(Sm29' (”‘63) @n
_ vl sin2 0+ () cos? 0+ (t) _¢2
= SJwi(t + >||(4 (5 7) e’ (557) )
0, ()

nlol [ i
2 o (7 (5 )

which implies:

st (2455 ) = < (1= gy ) (0 (5D - <)
(- v ey (#°(3D -4) v
~ g (57 - 4)

2
n vl )( .2 0ix(0) 2) L .
du || sin —€ usingl —z <e
/u:l 1oz 7 20k [0 ) () md) i
so + 20k ||lv]| (t +2) ) ( 2(01*(0 )_62)

B) 1

IA

IN

= e gghn w2+ 2k o] )
. (1+ ok o] (¢ + 1>> <Sm (0 0), _63> |
S92 2

Accordingly, we finish the proof of [Eq. (I17)]

Proof of [Eq. (I8)}

Lettg := % € N, for any ¢ € [to, T1], using [Eq. (17)|and definitions of s3, o, we have:
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1
0, (t nk||v||t\ ®* 92* 0
sm2< 2( ))e%§<l+ o] > (sm 2( ))ef>
1
~ 8k
< (1+ nkllvll
_ 1
< (nk|v|t0> 8k
82
_ (nkIUITl)_Sl’“
1000v/d
_ 1
< < v €f ) s
~ \10000movd

IN
m
N

That means: sin? gi*T(t)) < 268 SoVt € [L1,Th] and Vi € [m], we have 0;«(t) < de;.
Consequently, each student neuron has aligned to a teacher neuron by the end of phase 1.

Proof of [Eq. (19); For any ¢ € [T /50,T1], we study the dynamics of h; (i.e., the inner product
between the projection of gradient and teacher neuron) admitting the following formulation:

hix(t + 1) — h (2)
<wz(t+1) 7)) — (wi(t), or,)

=—n(Vi(t),vr,)
_ .
=3 <ij(t) - uﬂ.7v,i>
j=1
n [ wi(t) L - _
- sin p;;(t) [|w; — sin 6;;(t) ||v i )+ 0;s (t)v,,, U,
2,]_( <||w1(t)|| (]zg#z J || ] || Z || H j:1z7j¢l J

2ol - ihﬁi(w)

77 m ) m
—mr(coseﬁ(t)( D singy(t) fuoy ||—Zsm0u Mol = > soz-j<t>hm<t>+0z«<t>||v).
Jj=1,5#i Jj=1,j#i
(28)

To analyse this dynamics, we need to study the sin 6;;(¢) at first. According to we
have:

™

5 — 0ir(t) < Ou(t) < g F0.(t), Vie[mlmAle k.
So we have:
That is:

1> siné;(t) = cos (g — Gil(t)) > cos 0+ (1) > cos(4e1) > 1 —8¢2, Viec [m],r A1 [k].
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Then taking it back to[Eq. (28)] we have:

(cos@

n

hi«(t+1) — 5

n
his(0) <2 1ol -

m
Z @i (t)hjr, (1)

J=1,j#i

Z sin 6;; (¢

) vl

)

k
2o + ”(Zsmed Mol + Y st >)[ cos 01 (1) < 1
Jj=1,j#i
<Q lv|l + i kvl + (m— 1)7TM [using[Eq. @T)]and ¢;; < 7]
- 48m o v
k O 5
<ol Vi m).
Similarly, we can derive that:
k - 1.5
hi (E+ 1) = hov () > %nllvll . Vie[m].
Then, we accumulate over the time:
49(k + 7 — 1.5) Ti,  49(k + 7 — 0.5) ,
Ty [0|| < R (T)) — o (22) < T o, Vv . (9
L ol < A (1) — e (1) < 2T 200 e ). @9)
The remaining thing left is to bound h« (£1):
T T k
hi < < 2k T Vi . 30
()| < )| < o2+ 2ol B < il il G0
Combine[Egs. (29)and[(30)] we have:
49k 4 497 — bk — 73.5 49k + 497 + bk —
Ty || < R (T)) < T Vi :
TR o < e (1) SRS ol vi €
(31)
Hence we finish the proof of [Eq. (19)] O

G GLOBAL CONVERGENCE: PHASE 2 (BEHAVIORS ON THE TANGENTIAL

GROWTH)

In Phase 2, we are interested in the dynamics of h} as well as the tangential difference between the

student neuron and its closest teacher neuron.

G.1

GLOBAL CONVERGENCE: PHASE 2 (TANGENTIAL GROWTH PROCESS)

In this section, we will restate and prove
Theorem 7 (Phase 2: Tangential Growth, restate version of [Theorem 4). Assume d = Q(log(m/d))
with § € (0,1), for any €1 > 0,e3 > 0, under with 10k¢ < € = o(¢P) =

0(6?(k)/m), €a = o(1), Assumptions

melsl

such that o <

Ll

- in our random Gaussian initial-
10000 Vd G

2

and

ization, and the stepsize satisfies n = 0<

(75r

k2[lv]|?

TQ = T1 Q:m In

_ &
< 10%2” T then by setting Ty = 007 Tm

) then VT; < t < Ty, we define H(t) := |[v|| — Y1 Lr,=ihys (t) for

[ € [k], the following statements hold with probability at least 1 — §:
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hi* (t) < 2hj* (t)7Vi,j € [m] and Ty = Tj - (32)
nm t—T4 9 377m t—T4
1=K lvll+8mez vl = Hi(t) > 3 vl { 1=~ —8mez [[v]| = 24mes [[v]|, VI € [K].

(33)

2|jv|| 51 .
> R« > = 4
my 2 hi« (1) 5 Vi€ [m], (34)

and

0; (t) < e€,Vi € [m} . (35)

Proof. We use induction to prove this theorem.
First, for t = 11, according to[Eq. (19)|and[Eq. (18)} we have[Eq. (32)|and [Eq. (35)|hold directly.
For[Eq. (33)] by [Eq. (21)] we have:

lv|| > H/(T1) = ||Jv]| — Zﬂﬂ_lhﬂ Hv|| Vi € [K]. (36)

or[Eq. (34)] for the left part, by we have:

2llvll 2]l
m m;

hi«(T1) < [Jwi(T1)]| < Vi € [m],

and for the right part, by [Eq. (18)|and [Cemma 1] we have:

hie (T1) = [[wi (T2 cos 03+ (T1) = (1 — 8¢3) [wi (Th)]| = 2, Vi € [m].

Next step, we assume [Egs. (32)| to[(35)] hold for Ty, Ty + 1,...,t forany T} < t < T, and then
prove[Eqs. (32)|to[(35)|for ¢ + 1.

Proof of [Eq. 32)}

By |Eq. (28)} for any i € [m], we decompose the tangential difference h;« (¢ + 1) — h;« (t) as below:
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Ris (t 4 1) — his (£)
17 m
(ol = Y- hr))
j=1
n m ) m
oL (eostie 0 3 singy(0) st ||—Zsmezz Mol = 3 ey
J=1,j#i J=1,j#i
n
2( 2]17'17&71 .77'1 )
n k
g, cos b (t ) D (ZL —sin (1) ||w; ()] — sin 0 (t) ||'v||>
I1=1,l#7; =1

m

— L 0059 (Z]Iszn sin @, (t) [|Jw; (t)]| — sin 0+ (¢) ||| )

+273T( D eu®hyn(t) + 00 (1) ||v|>

J=1,5#i
k
( Z]Ifﬂfﬂ i )+cos€ Z (Slnezl l())
1=1,l#7;
n k
— 5, o8 0in (t ~ %ﬁ (2_:]1 — |Jw;(t) {sm%(t)_coseﬂ(t)smei,(t)D

m

~5- 0089 (ZHT,—n sin i (2) [Jw; (8)]| — sin ;- (¢) [[v]] )

n =
+2w( > (Ol 0+ 0 () o] )
j=1j#i
n n .
=—H —
9 i (t) + o Z Hl(t>
I=1,l#7;
m k
,g Z L, 2r jr, (1) 21 Z <[cosc9 sin 0 (t) — 1} H, (t)>
j=1 =1,
k
_27 cos B;» Z (Z]IT =1 ||w; (1) {sin ©ij(t) — cosBj;(t) sin Gil(t)})
7T
l Li#m Sj=1

- cosé’ (Z]IT —7, sin;;(t) ||lw;(t)| — sin b« (t) |’U||)

+% (Z Lritr, i (D ey (8) D Lo 035 (D), () + 03 (1) ||| )

j=1 j=1

where the Q;(¢) is defined as:
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m k
t) = —g Z]IT].;éTithl 21 Z ([0059 )sin @ (t) — 1} Hl(t)>
j=1 =1,l

k m
n . .
—5, €0 0 - 1%# ( Eﬁ Ly, = [Jw; () {sm ©;;(t) — cosbj(t) sin Hil(t)}>

m

L cos (ZL,—T, sin iy (8) [w; (8) | — sin B (1) |v||)

m

Ui
tor (Z Lryr, 03 (Dhjr, (8) + > Tri—r, 03 (DB, (1) + 05 (2) ]| > ~
j=1

j=1

To bound ();, we need to estimate ¢;; and 6;; at first. By Eq. (35)|and [Assumption ZL we have that
for7; =land 7; # [:

And for a similar reason, we have:
T
- <0;(t) < - +e, and —e <0;(t) <e,

which implies that for a sufficient small e5:

sin ;;(t) — cos 8;;(t) sin 0 () < |sinp;;(t) — 1| + |1 — cos 0 (t) sin 8, ()|

= (1 — cos (;T - <p,,»(t))> + (1 — cos;u(t) cos (72T - eil(t)»

(1 — cos2ez) + (1 — cos? e2)
262 + 62

1%

IN

Then using this result as well as[Egs. (34)|and |(35)|to bound |Q;(¢)|, for Vi € [m], we have:
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n & 2 ||v|| sin 0« (¢) n L
<7 TiET A 7o\ - k — 1 91’* t
N ; 37T M., cos 0« (t) + 271-( ) sin” 0, (t) ||v||

k m
2|Jv| >
—— €08 0; Loy—————=3
+ 7 P 12 (; I lmTj cos 8« (t) E

m

1 2||v||sing;(t) | 7 sin20;(t)
00 (8) 3T Nt o ol

o 008 , T mg, cosBy () 27 2
Jj=1 ‘
IR T 2||”\|Sm9 IR 2||v||
— Lzr (= 4 26) ———F 2 + — i —Gi*t
+27rjz=; "#1(2_‘_ 62)m . 08 0« 2 z:: i=7i2 Mo, +27r ®) [l
- [vlle2(0+€3) | n, 5
< Em¢nf“‘;ﬁ:f“"+'§;kaHUH
Jj=1 7
U - 2ol (1 +63)
S (Sl
1=1,l#T; =
N — 2 ||lv]| 2e2(1 + €3) n 262
Nty Zivisell Te)
L 31, 22l ol
Jj=1 ’
IR m 2|jollex(1+€) . n 2|l ,
N (B poe) 22T D) L TN o a
I RS DMLY S

o
Il
=

<1.1nkes ||v]| + nke3 ||v]| + 2nke; [|v]| + 0.7nes [0l + 0.2n€z |v]| + 0.6nkez [[v] +0.7nez [v]| + 0.2nez ||v||
Sdnkey [|v]|

(o 3 mo).

(3%)

where the last inequality use[Eq. (33)}

Then Vi, j € [m] and 7; = 7;, we have:

k
his (¢4 1) =hie (8) + DHo (8 + o5 Y Hi(t) + Qilt)

2 27T =1 l#Ti
n n -
<ony. 0+ 2( e 0+ LR a0)
=1, TJ

Sth* (f + 1) ,

which finishes the proof of [Eq. (32)]

Proof of [Eq. 33)}

Then we derive the dynamics of H,(¢), for any [ € [k], we have:
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J=1,4#7i

For ease of description, we write the recursive iteration in a matrix form

H(it+1)= (I - %Diag(m)(llT + (m— 1)I))H(t) +Q(t).

by defining the following quantities
H(t) := [Hi(t), Ha(t),..., Hi(t)] T € R,

Diag(m) := Diag(my,ma,...,m;) € RFXF
Q1) := [ In=1 Qi(t), 207, =0 Qi(t), -+, 2000 L=k Q1)) T € RF.

In the next, we aim to derive the upper and lower bound of H(¢ + 1). Denote A :=

[SZTISHQ{” , SZTEHUH e, 8”{16,3“”“] € R¥, according to |Eq (38)| and IAssumptlon 31 we have:

H(t+1) I- —Dzag (m)(117 + (7 — 1)I))H(t) + 4nke, ||v|| Diag(m)1 — A.

as(
= (I Dzag (m)(117 + (7 — 1)1)) (H(t) — A>
(

< (1- Lo 1)I)H(t)
< (1—”mg;k_ 1)>H(t)-

Here < means that all elements of the previous vector are smaller than the following vector. Then for
[ € [k], we have:

t+1—-T1
nm(m —1) 8mkes ||v]|
Ht+1)<(1-1M0—2 Hy(Ty) + ——2 100
l(+)( 6k ) T+
e pm(r — 1)\ T ol + 8rkes ||v]|
- 67k T+ k—1
nm t+1-T7
<(1-%2) ol +seelol
Similarly, we have
3
H(t+1)+ A (I - g?m(llT + (- 1)1)) (H(t) + A)
iy

3nm
<I -5 (1 4 (- 1)I)>H(t) :
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Here = means that all elements of the previous vector are greater than the following vector. The

eigenvalues of matrix I — 32"T7Z (11—r + (m — 1)I) is calculated to be one 1 — W and the
restk —larel — %7;—1) Then according to [Eq. (36)\for [ € [k], we have:

_ 377m(l<:+7r—1—|—(k—1)(7r—1)) HHeh -8 HU”
2mk? e

2 3pm\ T
il (1-3) —sme ol

2
Hi(e+ 1) > 3ol 1

Based on the above results, for [ € [k], we have:

t1-T) t+1-T4
2 3
@_g) nwwmwmmwzﬂﬂ@—gﬁ —sre ol . (39)

Due to nm < 1, we have (1 — x) > exp(—1.52) with « := pm. Using this fact, for any ¢ < T, the
last inequality can be further lower bounded by:

2 3pm\
5 ol (1—;7;”) ~ Sres

2 2nm  k 1
>_ — 1 -8
-3 lvll exp ( k 2nm . <487r62)> mez[|vll

=247es ||| .

Proof of [Eq. (34)}

To prove the left part, by [Eq. (33)l we have: H;(t + 1) = ||v|| — > L, —;h= (¢t + 1) > 0. Then
we have:

"% e (¢ + 1), Vi € [m].

ol = Trmihis (4 1) > 5

=1

For the right part, we have:

k
k
hio(E+1) = hie(8) = THA (0 + 5= D Hi(t) + Qult) > I -24mes [[v]| — dmhes 0] > 0.

Proof of [Eq. 35)}

First, we prove that for Vi, j € [m], Th <t < Ts, we have ”38” =0(1).

When ¢ = T3, according to[Eq. (31)] we have:

1 hi(Ty) .
< <2, Vi, j € lm],
27 hy(Th) — 7 € ml
which implies:
lwiTOI _ hie(t) c0s 0 (Th) g4y vy i g ] (40)

[w; (TOIl Ry (2) cos 6+ (Th)

’lll"hen by defining t, = %252) + Ty, when T7 < t < tg, according to|Eq. (33)} for any [ € [k], we
ave:
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=Ty
2 3nm
= 2ol (1-28) " sres ol
2 2 9k 1In(2
> ol exp (- 20D gy o
> 2(1)" o - s o]
=3\ v TEY ||V]| -

So for Vi, s € [k], we have Hllgg =0(1).

Then for Vi, j € [m], according to|Eq. (37)} for T1 < ¢y < t, we have
h; *(t)
Then consider [Eq. (31)] we have (D) = O(1).
That means for Vi, j € [m], when T} <t < t,, we have:
lwi(®)|l _ hix(t) cos 05 (1) 01).
lw; ()| Ry (t) cos 0+ ()
When t; <t < Th, according to[Eq. (33)| for VI € [k], we have:
nm t—T4
Hy(t) < (1- [v]| + 8mex [
9k
k1n(2
< exp < %TIZQT];()) |v|| + 8mez ||v]] [using (1 — x) < exp(—

1
5 vl + 8mez o] -

Then we have:

T 1 1
> Trmihis () = o]l = Hi(t) > 3 lvll = 8mez [|v]| = 3 o]l -

Then for Vi, j € [m], we have:

2o Lri=r Fu- (1)

hi- (t) >

v

- 108

That means for Vi, j € [m], when t; < ¢ < T, we have:

[lw; ()|l _ his (t) cos 0;+ (t)
[w; () Ry (t) cos 0 (t)
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—hjx(to) —

—o(1).

x),Vo >0

o(1).

]

(41)
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So combine [Egs. (40)|to[(42)} for Vi, j € [m], when T} < t < Ty, we have:

[lew; ()| _ his (t) cos 0;+ (t)
lw; () Ry« (t) cos 0 (t)

=0(1). (43)

Then, we analyze the change in angle, recall the dynamics of cos ;- in[Eq. (24)]is given by:

cosBi+(t+1) —cosb;s(t) = [+ I3

For I, we have:

= e (Wi (1), B7,) (1) — -,V
= o (), 00) @) — 01, 94(0)
7’} m
= w1 <; (lw; @) (7 = @35 (t))(cos ix (t) cos i (t) — cos Or,(¢)))
k
— Z (llv]l (r = 0:(t)) cos O;« (t) cos () + ||v]| sin® O« () (7 — 0+ (t))> .
I=1,1#£7;

To bound I, we need handle cos 0;+ (t) cos ¢;;(t) — cos 8, (t) at first. For 7, # 1;, without loss of
generality, we assume that: o, = [1,0,0,...,0]" € R and v, = [0,1,0,0,...,0]" € R% Let
w; = [UJ“, Wi,y .- - ,wid]T S R4 and 'li)j = [wjl, W2,y -, w_]'d]T S Rd, then we have:

cos 0+ (t) cos p;;(t) — cos b, (t)
= <w7§7 Q_;Ti> <w7§7 wj> - <wj’/l_77'i>
=win (1) ) wa(t)yws(t) — wi(t)
=1
:w“(t) <’U}¢1(t)w]‘1( ) + wzg wjg —|— Z wzl ’LUjl > — w]'l(t)

:wﬂ(t) (wlg U)jg + Z wll U.)jl ) — sin2 91'* (t)wjl (t)

> — wz? wj? + Z w’Ll w]l - SiIl2 O« (t) |wjl(t)|
d
— [wia ()wya ()] = D war(t)wju(t)| — sin® O (¢) [w;a (¢)|
1=3
boa :
— |wig (t)wja (¢ (Z wy (t ) (Z wjl(t)2> — sin? 0;+ (¢) |wj1(t)|  [Cauchy-Schwarz inequality]
1=3

— |wia(H)wjo(t)| — sin O+ (t) sin O+ (t) — sin® O+ (¢) |wj1(2)]
> —sin @« () sin 0+ (¢) — 2¢.

For 7; = 7;, without loss of generality, we assume that: v,, = v, = [1,0,0,...,0]" € R® Then,
we let w; = [wi1, Wiz, ..., wiq)| € R and w; = [wj1,wja, ..., w;q)" € R Then we have:
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cos 8« (t) cos ;i (t) — cos 04, (t)

= <1Di767' > <1Di7ﬁ}j> - <1Dj’/67'i>

:wzl Z wzl w;l — Wj1 (t)
=1
=w;1 (1) ( twji(t) + Z wir () wji (¢ > — wj1(t)
d
=W;1 (t) ( Z Wi (t)wjl (t)) — SiIl2 91»* (t)wjl (t)
=2
d
=cos0;(t) ( Z wi (H)wj (t)) — sin? 0+ (t) cos 0, ()
=2

d 3
> = ( Z wi(t > (Z w;i(t ) —sin? 0;+(t) [Cauchy—Schwarz inequality]
1=2

= — sin 6 () sin 6 (t) — sin® O+ (t) .

Then we have:

Iy = m <]§—:1 l[w; (0)]] (7 — 35 (£))(cos ;- (t) cos @i (t) — cos b7, ()))
k
- Z (llv]l (m — 03 (t)) cos O+ () cos 0 (t)) + [|v] sin? O+ () (7 — O;+ (t)))
I=1,1£7;
> — Twil t+ Twt £ 1] <]_1 [|w; ()] (2¢ + sin O;+ () sin 6+ (£)) ] + ZI[TJ_TZ |w; (t)|| sin® 6;« (1))

+ (k= Dol w¢ = (7 = 0+ (1)) ||v] sin® 9i*(t)>

* g o 6knC ||v
> —Cnsinfie(1) 3 sin ;- (1) ~ M L))
j=1 i
S 12
> —Cysinge ()Y sindye (1) — ot I ey
j=1 1

(44)

In the next, we aim to bound I3, which requires the estimation of the gradient. Similar to[Eq. (22)}
we have:
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(0]
1 k
ez

IN
DN | =
'M

m m k
1 w; t .
; [ () ( S singy (1) fluy (1) ||—Zsmeu ||v|)— S w0+ 3 dutywi(t)
R G S -
NE J=1,5#i =1
m 9kl 1 9k|| || ok [[v]|
<5 X H I+ 5-(m + k[lv|| + mm x + km |[v]]
m m
<15k ||v]| .
(45)
Combining with this result, we can derive the lower bound for I3:
I — 1 (w;(t), v-,) ((wi(t),Vi(t» ([lwi ()] = lwi(t +1)[]) —n IIVz-(t)|2>
|wi(t+ 1)l |wi(t+ 1) + [l @)l
o n (IIVz-(t)I Vi)l +n IIVi(t)IQ)
T Jwit + 1) 51
2 2 (46)
4 VL)
s
~ 900k%n? ||v|®

2 [ 0+ (t+1) 0, (t)
2 2

Subsequently, we need to estimate the difference sin — sin? for our final

estimation for sin ;+. Hence, similar to[Eq. (27)} combining|Eq. (44)| for Vi € [m], we have:
Gin? (ei* (t+ 1)) i <01-* (t)>
2 2
1
=-3 (cos 0+ (t +1) — cosb;« (t))

1 T -
<= 2o 3 sna 0

12kn¢ o] 90022 ||v|®

> [using [Eq. (49)]and [Eq. (46)]

81 52
o (OO S~ (0 (), BknClv]| | 450K ||v]|?
<2C*nsin (2> Zsm ( j2 + . + 52

Jj=1

Summing over all student neurons yields:

S (52) S (42)

Tl 0\ <N . [0\ 6kCnllv|  450k%02 |v])?
<3 {20 nsin (2()> Zsm( 12( >) N glll I 450k%r2 o]
i i=1

51

J
" 0 (1) o 0. ( k 450k2mn? ||v||*
—2C*n2sin< 2() Zsm( j ()>+6 m¢n ||v|| n 50k*mn” ||v||

2
— 2 $1 s1

m

J
0i- (t 6k 450k2mn? ||v|?
§2C’*77mZSin2 < ( )) + mén |lvl + mir” o] . [using AM-GM ineugqality]

2 S 52
i—1 1 1

(47)
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Then we have:

iSmQ (91-* (t2+ 1))

o O+ (t+1) 3kC ||lv||  225k%n ||v||2
Z 2
=2 sm < 2 ) C*sq C*s?

o (G (1) 3RC 0]l 225K o]
<(1+2C*nm s1n2( )+ + q. (47)
( 0 )(2 5 st st Bl

_ N o (0i(Th) 3k vl | 225k%n [|v]?
<(1 20* t+1-T4 2
<(1+ m) ;Sm 2 + C*sq + C*s?

o2 e
<1+ 20*nm)t+17T14m6% [by JAssumption 1} choosing ¢ = ()<';]Fm>}
v

k 1 ,
<exp (2C*nm2nm In (487T€2 )>4mef [using 1 + & < exp(z)]
4me?
<1
~ (487eg)Ck
&)
—16”’
: : 2 (48#62)C*ke§
where the last inequality needs e} < ~—7"—=

Finally we finish the proof for[Eq. 35)} i.e.,

Oi(t+1) < e, Vi € [m)].

which finishes the proof.

G.2 GLOBAL CONVERGENCE: PHASE 2 (FINAL STATE)

Here we prove the bounds on the student neurons and the loss function at the end of phase 2.

Lemma 3 (Final state of Phase 2, restate version of [Corollary 2). Under the same conditions
as at time Ty, we have the following statements hold with probability at least 1 — :

v 3llv
L < () < 2
m

3ms, Ti

, Vi€ m],

and

L(W(T3)) < Sk |lo]|” .

DN | =

Proof. Firstly we derive the bound for the ||w;(7%)]|. By|Eq. (33)|in[Theorem 7} for any [ € [k], we
have:
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nm Ty—T1
i) < (1-5) 7 ol + sxea o]

m
<o (= BT~ 1) ol + Src o]

= (4871'62)ﬁ |[v]| 4+ 8mea ||v||

which implies

2 .
3 Il < lvll = Hr, () ZL]_ﬂ ) < 2my hi(T),  Vie[m].

So we have the lower bound ||w;(T%)|| > hi-(T2) > 3 ””” . For the upper bound, for any i € [m],
we have H,,(T5) > 0:

1 1
My, [|wi(T2)]| cos 0+ (To) > 3 |wi(T2)]l ,

i 1
I’U| Z_: Ti= TL T2 > 2mr hi*(T2) = 9

3I|v||

which implies ||w;(T3)]| < and the following estimation which is used for estimating the loss.

To be specific, for any [ € [k] we have:

m m hi* T
Zﬂnzznwi(n)nzzﬂnzzﬂ Zﬂn_zh () < 1+ &) o]l
=1 i=1

cos 0;+ (T
and
Z]Iﬂ_l l|lw; (T2)|| > Z]IT _ihi- (Ty) > (1 = (497€2) 15 [[o]| > (1 — 3%%) |l .

Combine the lower and upper bound, we have:

(1=aP) v <> Tzt llwi(T2)] < (1 +6) [Jo]| - (48)
i=1

Before we bound the loss, we need to analyze g(a, b) defined in|Eq. (12)| If Z(a,b) < 2¢5 we have:

— 26 llall lIb]] || Hbll . o1
2 lall |6l < g(a,b) = sin Z(a, b) + (r — £(a, b)) cos (a, ) | < 7 [la] [1b] ,
(49)
Besides, if —2¢; < § — Z(a, b) < 2¢3, we have:
— 4eq 1+ 4eo
< .
2 Ja 5] < g(a.b) < 12 jal o] (50)

According to|Eq. (35)|in{Theorem 7L then when 7; = 7;, we have ¢;; < 2¢2 and when 7; # 75, we
have —262 < % — Pij < 262.

Then, according to to[(50)} we have:
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1 m m 1 k k m k
L(W(13)) = 5229(%(%) w;(T3)) 5229(%”3‘) =D g(wi(Ty),
i=1 j=1 i=1 j=1 i=1 j=1
k m m m m
1 1 1 1+ 4eg
<5 Y Lat Y Ly T g (Do)l + 5 D2 D i 5 wi(T2) | o (1)
=1 i=1 j=1 =1 5=1
2 2
kol k= 1) o
2 2 2 o
ke — 2¢ —4de
2 2
—ZZHTH [[wi(T2)]| (vl _ZHTHH [[wi(To)]| (vl
=1 i=1
1 kE m m 1 m m
5221&42%_1 Joon (o) 0 (To) + 5 D2 T, o o () oo (T5)|
=1 1=1 = 1=15=1
klol* | k(k —1 |v|| S
t—r "t ZZH'&—I [|w:(T3) || ||Ul||_zz]1n#l [[wi (T2) | vl
=1 i=1 =1 i=1
k m
+ZZH#7J i (L) oy (To)I| + D7D~ Trma 2 llws(To) o
=1 j=1 =1 i=1
k. m %
+30 D L Jwi(T2) | o]l [EE_E)and 50
=1 i=1
2 2 2 2
k(L+e) |lolI” | k(=D +)?|oll” | ElllI” | k(E=1) ||
< + + +
4 4 4 4
k(=) vl k(e — 1)1 = %) [v]?
2 2
k(k —1)(1+ €2)2 2 k(14 €2 2 2k(k—1)(1 + €2 2
L HE- DA @l | KLt e ol | 2= D0+ Salol
™ ™ Vs
1
< S0 ||v|?
2
(51)
which concludes the proof. O

H GLOBAL CONVERGENCE: PHASE 3 (LOCAL CONVERGENCE)

In phase 3, we focus on the local convergence of the network when the loss function has an upper
bound. First, we introduce some structural lemmas related to the loss function of neural network.

H.1 STRUCTURAL LEMMAS

hyx

Lemma 4. We define that w} := mvT and 0,y 1= max;cm| 0;+, then we have:
=177 =T

Z<8wl ) wi —w?> > 2L(W kefnaxanu Ioll).

i=1

Proof. First, we decomposes the residual function R(x) into two terms:
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—2L(W) + E, :R(m) Zm: (qb’(a:TwZ)wTw?) -3 <¢’(wz—T

=2L(W) + Eq R1($)Z(wwa)<¢'(wTwz*) Cb'(ij))]
i=1
Iy
+B, | Ral) 3T wt) (o' @Twt) - o' (w] w>)]
Is

T

For term Iy, note that for Vi € [m], when w;,

1 2
[using L(W) = 5Em R(x)7]

Z (v x) — Z (W(w:w)w—rwi*) )] [using definition of R(x)]

>)] [using definition of R(w])]

x > 0, we have ¢'(w; x) = 1, which means

¢'(w;x)—¢' (v x) > 0. Then we have Ry (z) > 0. Similar, we have > | (z T w}) <¢’(wTwi*)—

qﬁ’(wiTac)) > 0. So we have I, > 0.
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For term I5, we have:

k. m
503 Balr )0/ (0] 2)(a T w0r) (¢ wi) o (w0 @) )

=1 1=1

k. m
=Y > OUmll 67 Jwrl)

=1 i=

Y]

where the last inequality is from the proof of Xu and Du| (2023, Lemma 8).

Thus we have:

d
> <awiL(W),wi - w;> =2L(W) + I, + I

i=1
k. m
>2L(W) =Y Y O(|ri] 6 [[wy])
=1 1i=1
k

> 2L(W) = O(kbia Y 7]l [011)

=1

which finishes the proof. O

Lemma 5 (Bounds of ;- and ||7|)). Given that “”“ < Jlw;| < 3“”“ and LIW) = o(||v||* k°),
then we have:

]| < Ok |Jo||* LE(W)),  Viel]. (52)

v]|? 63 = O(K*L(W)), Vi € [m]. (53)

Proof. The proof technique here heavily depends on (Zhou et al., 2021), so we simplify our proof
here. To be specific, using the same proof method as (Zhou et al., 2021, Lemma C.6), we have:

anm 0% = O(LE(W)).

Similarly, following (Zhou et al., 2021, Lemma 12), we have:
. tu(e)? = Ok ol i)

Based on Zhou et al.| (2021, Lemma 11), we can derive that:

Ir]|”
ExR(x)? = Q( ) Ve k]
Combine the previous results, for any [ € [k], the upper bound of ||7|| is:
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Il - 0@, ro(a)
< O(EzR(x) + EgxRi(x))
= o LHw) + £ ol i)
< (’)(k:i o T LS(W)> [using L(W) = O(k* ||v]|)] .

Accordingly, we finish the proof of [Eq. (52)] Based on this, using the same proof method as |[Zhou

et al] (2021, Lemma 9), we can directly obtain [Eq. (53)} O
Lemma 6 (Bound of ||w; — w}||). Given that 3|7‘WLH < Jw;| < % and L(W) = o ‘L"E ), then
T T 3
for¥i € [m], we have:
. k3im3 L3 (W)
o = i < O FE ) oy
[[v]®
1
Proof. By |[Lemma 5, we have 6;» = O(JCLI?’(|2W)> and |H;| = |(r,o1)] = [m] <
vl 3
O(ks ||lv||* LE(W)) = o(||v]|). Then we have:
|wi —w}|| < [lw; — hivr, || + [[hir D7, — w]||
_ [v]l
:4wr4wmm+hp@—nl
Zj:l HT]:Tihi*
. hix |Hi| . L i
= ||w;|| sin0;» + ————— [using definition of H/]
[vll — |Hi
11 13
ity ol 06 ol i ow))
< g o 07
[[v]|® [0]]
kL3W) ks L¥ (W)
< 0D o+ o
[v]|® [v]|*
kL3 (W ;
< o2 ol fwsing ) = 012,
EE =
O
H.2 GRADIENT LOWER BOUND
In this subsection, we use the structural lemmas in [Appendix H.I|to derive the local gradient lower

bound.

)

||

Theorem 8. Given that ?)UWL” < gl < wfor Vi € [m] and L(W') = o( ‘,Lm ), then we have:

P52 ()

Proof. According to and[5} we have:
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i 0
> (o LW, wi = wf ) > 20 w?naxz Il o))
i=1 ¢
1 2
> 2L(W) - o((“mw)) B ol LE ) o] )
v 3
> 2L(W) — @(W)
EE
> L(W) [using L(W) = O( H”H) ).

Then according to[Lemma 6| we have:

2| O(M(W)) i -

o[

_ O(kng(W) o] > BYi%

‘aL(W)

which concludes the proof.

H.3 LocAL CONDITIONAL SMOOTHNESS OF LOSS

In this subsection, we deal with the non-smoothness of L. We will prove the smoothness of L when
the student neuron has upper and lower bounds
Lemma 7 (Local Conditional Smoothness of L). Given that % < w;|| < 5“1”—1’” foranyi € [m],

define the Hessian matrix of L as A = BZLVE,V!), then we have || A, < O(m?).

Proof. According to |Safran et al.| (2021]), we have that L is twice differentiable and the closed-form

expression of Hessian A = 2 8VE,W) € R™?x™md can be write as:
A - Ay

A= . . N s
Am,l e Al,m

where A; ; € R4 Vi, j € [m], we will discuss below.

For diagonal elements:

m k
1 ;
A= §I+ | 12:#A1(wi,wj) - ZAl(wi,vl), Vi € [m],
J=1.5#

and by defining 1., , = ¥ — cos Z(w, v)w, A; can be rewritten as:

sin Z(w, v) ||v]| _ o
Al(w7v) = W I— wa + nw)vn;rv’v .
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‘We can bound that

[v]l
A (w, <
Then we have:
1 m k
sl < 52+ 30 Il + 3 Il
G=1,j#i =1
m
=0(1)+mOQ1) + k@<k>
=0O(m), Vi€[m].

And non—diagonal elements satisfy that:

1

T

A (7= 260n0 )T+ 0] + ] ). Vi € i and i £ 5.

So we have:

1
HAi,jHST(,’T—’_l_’_l)SL W,je[m],andi#j.
™

Combining the above results, we have:

A<D Al < m(m — 1) +mO(m) = O(m?).

i=1 j=1

H.4 GENERALIZATION ERROR BOUND

In this subsection, we prove the final convergence result, which is also the generalization error bound.

Theorem 9. Suppose the initial condition in|Lemma I|and|Assumption 1|[2|and |3| holds. If we set
€2 = o(m~%k~19) and n = o(L) in|Theorem 7} then VT € N, we have the following statements
hold with probability at least 1 — 0:

LW(T +Ty)) < : 35 9
(2wt + okt oy )ar )
and
ol < 7+ T < L vie . 55)

Proof. We prove [Egs. (34)and [(39)| together inductively.
For T' = 0JEq. (54)|directly hold and by we have [Eq. (55)|holds.

Then we assume [Egs. (34)|and[(35)|hold for 0, 1, ..., ¢ forany 0 < ¢ < T} to prove[Egs. (34)and[(35)
fort + 1.

Proof of [Eq. (54)}
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For Vi € [m)], similar to[Eq. (45)| we have ||V;(¢)|| = O(k ||v]|). Then for V¢ € [0, 1], we have:

o] o]
(1) — ) > : — . > — >
(1) =m0 = re®)]| = [9(0)] = 321 = nOGk ol = 52
and
4||v 5 ||v
Jows(t) — V(o)) < ()] + 95000 < 24 ok gy < 2100

Then, we can use[Lemma 7|for W (t) — tnVw (t) in the following proof.

ForT, <t < T + T, — 1, according to the classic analysis of gradient descent in [Nesterov et al.
(2018)), we have:

LW (t+1)=LW({))+ (Vw(t), —nVw(t))

1 2
+ [ 0= 0nTw @) s (WO - mPw ) nVw ()

< LW (1) —n|[Vw ®)* + /:0(1 — O IVw ()II* O(m?)de  [Emmad .

Then we have:

LW () = LW+ 1) = Vw1 = [ (1= 0 [Tw ()] Ol
=0 [Vw ()~ 5o [V (1) O(m?)

> 0w ()]
WL (W (1)
ZQ( kA ||| 5 )

According to|Xu and Du| (2023, Lemma 24), let C; = Q (k4 ||v||7% ) , then we have:

1

(L—é(W(Tg)) + Q(k4 = )77T>3 .

LW(T +T3)) <

Proof of [Eq. (55)} According to[Lemma 3| we have L(W (b)) < 1k2eg0% [[v]? = o( L31%),

Then for Vi € [m], according to (Xu and Du} 2023| Lemma 24), we have:
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T-1

lwi(T + To)[| = lwi(T2)|| = D 0| Vw(t + T)l|
t=0

o] 1 (PN
3., —8Cs Fol L

Y

1
o] Cap—2\ 7 (Il
> 20 k 5
> g0 = 80(K ol o 5
o ol (kll
— 3mg, m
S Jell
~ dm,,
and
T—1
[wi(T + To)|| < [[wi(To) || + Y 0l Vw (t+To)|
t=0
3|l s (ol \#
< -2
= o +8C5s 0(m3k3)
<3 o (ko t ) o 12
- mag, m3k3

IN

Sl 4121
M, m

_ Aol
<22

)

which finishes the proof.
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