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Abstract

The lottery ticket hypothesis (LTH) [20] states that learning on a properly pruned
network (the winning ticket) improves test accuracy over the original unpruned net-
work. Although LTH has been justified empirically in a broad range of deep neural
network (DNN) involved applications like computer vision and natural language
processing, the theoretical validation of the improved generalization of a winning
ticket remains elusive. To the best of our knowledge, our work, for the first time,
characterizes the performance of training a pruned neural network by analyzing
the geometric structure of the objective function and the sample complexity to
achieve zero generalization error. We show that the convex region near a desirable
model with guaranteed generalization enlarges as the neural network model is
pruned, indicating the structural importance of a winning ticket. Moreover, when
the algorithm for training a pruned neural network is specified as an (accelerated)
stochastic gradient descent algorithm, we theoretically show that the number of
samples required for achieving zero generalization error is proportional to the
number of the non-pruned weights in the hidden layer. With a fixed number of
samples, training a pruned neural network enjoys a faster convergence rate to the
desired model than training the original unpruned one, providing a formal justifica-
tion of the improved generalization of the winning ticket. Our theoretical results
are acquired from learning a pruned neural network of one hidden layer, while
experimental results are further provided to justify the implications in pruning
multi-layer neural networks.

1 Introduction

Neural network pruning can reduce the computational cost of model training and inference signif-
icantly and potentially lessen the chance of overfitting [33, 26, 15, 25, 28, 51, 58, 41]. The recent
Lottery Ticket Hypothesis (LTH) [20] claims that a randomly initialized dense neural network al-
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ways contains a so-called “winning ticket,” which is a sub-network bundled with the corresponding
initialization, such that when trained in isolation, this winning ticket can achieve at least the same
testing accuracy as that of the original network by running at most the same amount of training time.
This so-called “improved generalization of winning tickets” is verified empirically in [20]. LTH has
attracted a significant amount of recent research interests [45, 70, 39]. Despite the empirical success
[19, 63, 55, 11], the theoretical justification of winning tickets remains elusive except for a few recent
works. [39] provides the first theoretical evidence that within a randomly initialized neural network,
there exists a good sub-network that can achieve the same test performance as the original network.
Meanwhile, recent work [42] trains neural network by adding the ¢; regularization term to obtain a
relatively sparse neural network, which has a better performance numerically.

However, the theoretical foundation of network pruning is limited. The existing theoretical works
usually focus on finding a sub-network that achieves a tolerable loss in either expressive power or
training accuracy, compared with the original dense network [2, 71, 61, 43, 4, 3, 35, 5, 59]. To the
best of our knowledge, there exists no theoretical support for the improved generalization achieved
by winning tickets, i.e., pruned networks with faster convergence and better test accuracy.

Contributions: This paper provides the first systematic analysis of learning pruned neural networks
with a finite number of training samples in the oracle-learner setup, where the training data are
generated by a unknown neural network, the oracle, and another network, the learner, is trained on
the dataset. Our analytical results also provide a justification of the LTH from the perspective of
the sample complexity. In particular, we provide the first theoretical justification of the improved
generalization of winning tickets. Specific contributions include:

1. Pruned neural network learning via accelerated gradient descent (AGD): We propose an
AGD algorithm with tensor initialization to learn the pruned model from training samples. Our
algorithm converges to the oracle model linearly, which has guaranteed generalization.

2. First sample complexity analysis for pruned networks: We characterize the required number
of samples for successful convergence, termed as the sample complexity. Our sample complexity
bound depends linearly on the number of the non-pruned weights and is a significant reduction from
directly applying conventional complexity bounds in [69, 66, 67].

3. Characterization of the benign optimization landscape of pruned networks: We show analyt-
ically that the empirical risk function has an enlarged convex region for a pruned network, justifying
the importance of a good sub-network (i.e., the winning ticket).

4. Characterization of the improved generalization of winning tickets: We show that gradient-
descent methods converge faster to the oracle model when the neural network is properly pruned, or
equivalently, learning on a pruned network returns a model closer to the oracle model with the same
number of iterations, indicating the improved generalization of winning tickets.

Notations. Vectors are bold lowercase, matrices and tensors are bold uppercase. Scalars are in
normal font, and sets are in calligraphy and blackboard bold font. I denote the identity matrix. N
and R denote the sets of nature number and real number, respectively. ||z|| denotes the ¢2-norm of a
vector z, and || Z||2, || Z||F and || Z ||~ denote the spectral norm, Frobenius norm and the maximum
value of matrix Z, respectively. [Z] stands for the set of {1,2,--- , Z} for any number Z € N. In
addition, f(r) = O(g(r)) (or f(r) = Qg(r)))if f < C-g(or f > C - g) for some constant
C > 0 when r is large enough. f(r) = ©(g(r)) if both f(r) = O(g(r)) and f(r) = Q(g(r)) holds,
where c¢- g < f < C - g for some constant 0 < ¢ < C when r is large enough.

1.1 Related Work

Network pruning. Network pruning methods seek a compressed model while maintaining the
expressive power. Numerical experiments have shown that over 90% of the parameters can be pruned
without a significant performance loss [10]. Examples of pruning methods include irregular weight
pruning [25], structured weight pruning [57], neuron-based pruning [28], and projecting the weights
to a low-rank subspace [13].

Winning tickets. [20] employs an Iterative Magnitude Pruning (IMP) algorithm to obtain the
proper sub-network and initialization. IMP and its variations [22, 46] succeed in deeper networks
like Residual Networks (Resnet)-50 and Bidirectional Encoder Representations from Transformers
(BERT) network [11]. [21] shows that IMP succeeds in finding the “winning ticket” if the ticket is



stable to stochastic gradient descent noise. In parallel, [36] shows numerically that the “winning
ticket” initialization does not improve over a random initialization once the correct sub-networks are
found, suggesting that the benefit of “winning ticket” mainly comes from the sub-network structures.
[18] analyzes the sample complexity of IMP from the perspective of recovering a sparse vector in a
linear model rather than learning neural networks.

Feature sparsity. High-dimensional data often contains redundant features, and only a subset of
the features is used in training [6, 14, 27, 60, 68]. Conventional approaches like wrapper and filter
methods score the importance of each feature in a certain way and select the ones with highest scores
[24]. Optimization-based methods add variants of the £y norm as a regularization to promote feature
sparsity [68]. Different from network pruning where the feature dimension still remains high during
training, the feature dimension is significantly reduced in training when promoting feature sparsity.

Over-parameterized model. When the number of weights in a neural network is much larger than
the number of training samples, the landscape of the objective function of the learning problem
has no spurious local minima, and first-order algorithms converge to one of the global optima
[37, 44, 64, 50, 9, 49, 38]. However, the global optima is not guaranteed to generalize well on testing
data [62, 64].

Generalization analyses. The existing generalization analyses mostly fall within three categories.
One line of research employs the Mean Field approach to model the training process by a differential
equation assuming infinite network width and infinitesimal training step size [12, 40, 56]. Another
approach is the neural tangent kernel (NTK) [30], which requires strong and probably unpractical
over-parameterization such that the nonlinear neural network model behaves as its linearization
around the initialization [1, 17, 72, 73]. The third line of works follow the oracle-learner setup, where
the data are generated by an unknown oracle model, and the learning objective is to estimate the
oracle model, which has a generalization guarantee on testing data. However, the objective function
has intractably many spurious local minima even for one-hidden-layer neural networks [48, 47, 64].
Assuming an infinite number of training samples, [8, 16, 52] develop learning methods to estimate
the oracle model. [23, 69, 66, 67] extend to the practical case of a finite number of samples and
characterize the sample complexity for recovering the oracle model. Because the analysis complexity
explodes when the number of hidden layers increases, all the analytical results about estimating the
oracle model are limited to one-hidden-layer neural networks, and the input distribution is often
assumed to be the standard Gaussian distribution.

2 Problem Formulation

In an oracle-learner model, given any input & € RY, the corresponding output y is generated by a
pruned one-hidden-layer neural network, called oracle, as shown in Figure 1. The oracle network
is equipped with K neurons where the j-th neuron is connected to any arbitrary 77 (r; < d) input

features. Let W* = [w, - ,w}] € RY*K denotes all the weights (pruned ones are represented by
zero). The number of non-zero entries in wy is at most 7. The oracle network is not unique because
permuting neurons together with the corresponding weights does not change the output. Therefore,
the output label y obtained by the oracle network satisfies !

1 K
y =15 D 0w x) + &= g(a; W) + & = g(a; W'P) +&, (1)
j=1

where £ is arbitrary unknown additive noise bounded by some constant |£|, ¢ is the rectified linear
unit (ReLU) activation function with ¢(z) = max{z,0}, and P € {0, 1}**¥ is any permutation
matrix. M is a mask matrix for the oracle network, such that M, equals to 1 if the weight w? , is
not pruned, and 0 otherwise. Then, M* is an indicator matrix for the non-zero entries of W* with
M*®W?* = W¥*, where ® is entry-wise multiplication.

Based on N pairs of training samples D = {x,, ¥, }_, generated by the oracle, we train on a
learner network equipped with the same number of neurons in the oracle network. However, the j-th
neuron in the learner network is connected to r; input features rather than 7“]*-. Let 7min, Tmax, and

K, respectively. Let M denote the

Tave denote the minimum, maximum, and average value of {rj } i=1>

't is extendable to binary classification, and the output is generated by Prob (yn = 1|mn) = g(xn; W7).
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Figure 1: Illustration of the model

mask matrix with respect to the learner network, and w; is the j-th column of W. The empirical
risk function is defined as

N 1 N 1 at 2
foW) =55 > (e D o(wian) —um)" 2

n=1 j=1

When the mask M is given, the learning objective is to estimate a proper weight matrix W for the
learner network from the training samples D via solving

miny cpaxx  fo(W)  st. MOW =W. 3)

M is called an accurate mask if the support of M covers the support of a permutation of M ™, i.e.,
there exists a permutation matrix P such that (M*P) ® M = M*. When M is accurate, and
& = 0, there exists a permutation matrix P such that W* P is a global optimizer to (3). Hence,
if W™ P can be estimated by solving (3), one can learn the oracle network accurately, which has
guaranteed generalization performance on the testing data.

We assume x,, is independent and identically distributed from the standard Gaussian distribution
N(0, I;44). The Gaussian assumption is motivated by the data whitening [34] and batch normaliza-
tion techniques [29] that are commonly used in practice to improve learning performance. Moreover,
training one-hidden-layer neural network with multiple neurons has intractable many fake minima
[47] without any input distribution assumption. In addition, the theoretical results in Section 3 assume
an accurate mask, and inaccurate mask is evaluated empirically in Section 4.

The questions that this paper addresses include: 1. what algorithm to solve (3)? 2. what is the
sample complexity for the accurate estimate of the weights in the oracle network? 3. what is the
impact of the network pruning on the difficulty of the learning problem and the performance of
the learned model?

3 Algorithm and Theoretical Results

Section 3.1 studies the geometric structure of (3), and the main results are in Section 3.2. Section 3.3
briefly introduces the proof sketch and technical novelty, and the limitations are in Section 3.4.

3.1 Local Geometric Structure

Theorem 1 characterizes the local convexity of fp in (3). It has two important implications.

1. Strictly locally convex near ground truth: fp is strictly convex near W™ P for some permutation

matrix P, and the radius of the convex ball is negatively correlated with \/?, where 7 is in the order
of 4. Thus, the convex ball enlarges as any r; decreases.

2. Importance of the winning ticket architecture: Compared with training on the dense network
directly, training on a properly pruned sub-network has a larger local convex region near W* P,
which may lead to easier estimation of W*P. To some extent, this result can be viewed as a
theoretical validation of the importance of the winning architecture (a good sub-network) in [20].
Formally, we have



Theorem 1 (Local Convexity). Assume the mask M of the learner network is accurate. Suppose
constants g, €1 € (0, 1) and the number of samples satisfies

N = Q(sl_2K47~’log q), ()
for some large constant q > 0, where
- 1 12
= o (T D+ ) + o)) )

0;.x is 1 if the indices of non-pruned weights in the j-th and k-th neurons overlap and 0 otherwise.
Then, there exists a permutation matrix P such that for any W that satisfies

HWfW*PHF:O(%), and M O W =W, (6)
its Hessian of fp, with probability at least 1 — K - ¢~"™i», is bounded as:
1- o — €1 27 1
L ) <0(—=)I.
@( < )I_v fD(W)_@(K)I 7)

Remark 1.1 (Parameter 7): Clearly 7 is a monotonically increasing function of any r; from (5).
Moreover, one can check that %rm < 7 < 1. Hence, 7 is in the order of 7.

Remark 1.2 (Local landscape): Theorem 1 shows that with enough samples as shown in (4), in a
local region of W™ P as shown in (6), all the eigenvalues of the Hessian matrix of the empirical risk
function are lower and upper bounded by two positive constants. This property is useful in designing
efficient algorithms to recover W™ P, as shown in Section 3.2.

Remark 1.3 (Size of the convex region): When the number of samples NV is fixed and r changes, €;
can be ©(4/7/N) while (4) is still met. ¢ in (7) can be arbitrarily close to but smaller than 1 — &,
so that the Hessian matrix is still positive definite. Then from (6), the radius of the convex ball is
©(1) — ©(4/7/N), indicating an enlarged region when 7 decreases. The enlarged convex region
serves as an important component in proving the faster convergence rate, summarized in Theorem
2. Besides this, as Figure 1 shown in [20], the authors claim that the learning is stable if the linear
interpolation of the learned models with SGD noises still remain similar in performance, which is
summarized as the concept “linearly connected region.” Intuitively, we conjecture that the winning
ticket shows a better performance in the stability analysis because it has a larger convex region. In
the other words, a larger convex region indicates that the learning is more likely to be stable in the
linearly connected region.

3.2 Convergence Analysis with Accelerated Gradient Descent

We propose to solve the non-convex problem (3) via the accelerated gradient descent (AGD) algorithm,
summarized in Algorithm 1. Compared with the vanilla gradient descent (GD) algorithm, AGD has
an additional momentum term, denoted by £ (W(t) - W(tfl)), in each iteration. AGD enjoys a
faster convergence rate than vanilla GD in solving optimization problems, including learning neural
networks [65]. Vanilla GD can be viewed as a special case of AGD by letting 8 = 0. The initial point

W can be obtained through a tensor method, and the details are provided in Appendix B.

Algorithm 1 Accelerated Gradient Descent (AGD) Algorithm

1: Input: training data D = {(x,,, y,)}2_;, gradient step size 7, momentum parameter /3, and an
initialization W (©) by the tensor initialization method;
Partition D into T' = log(1/¢) disjoint subsets, denoted as {D; } - ;;
fort=1,2,--- ,Tdo
wirh) — w(® _ n-M® pr,(W(t)) + 5(W(t) _ W(tfl))
end for
Return: W)

AN AN o

The theoretical analyses of our algorithm are summarized in Theorem 2 (convergence) and Lemma 1
(Initialization). The significance of these results can be interpreted from the following aspects.



1. Linear convergence to the oracle model: Theorem 2 implies that if initialized in the local convex
region, the iterates generated by AGD converge linearly to W* P for some P when noiseless. When
there is noise, they converge to a point W) The distance between W ™) and W* P is proportional
to the noise level and scales in terms of O(4/7/N). Moreover, when N is fixed, the convergence rate
of AGD is ©(/7/K). Recall that Algorithm 1 reduces to the vanilla GD by setting 5 = 0. The rate
for the vanilla GD algorithm here is ©(v/7/K) by setting 3 = 0 by Theorem 2, indicating a slower
convergence than AGD. Lemma 1 shows the tensor initialization method indeed returns an initial
point in the convex region.

2. Sample complexity for accurate estimation: We show that the required number of samples
for successful estimation of the oracle model is @(Flogqlog(l /5)) for some large constant ¢
and estimation accuracy €. Our sample complexity is much less than the conventional bound
of O(dlogqlog(1/e)) for one-hidden-layer networks [69, 66, 67]. This is the first theoretical
characterization of learning a pruned network from the perspective of sample complexity.

3. Improved generalization of winning tickets: We prove that with a fixed number of training
samples, training on a properly pruned sub-network converges faster to W* P than training on the
original dense network. Our theoretical analysis justifies that training on the winning ticket can
meet or exceed the same test accuracy within the same number of iterations. To the best of our
knowledge, our result here provides the first theoretical justification for this intriguing empirical
finding of “improved generalization of winning tickets” by [20].

Theorem 2 (Convergence). Assume the mask M of the learner network is accurate. Suppose w©
satisfies (6) and the number of samples satisfies

N = Q(e5*K°Flog qlog(1/e)) (8)
for some ey € (0,1/2). Let ) = K /14 in Algorithm 1. Then, the iterates {W DYL_, returned by
Algorithm 1 converges linearly to W* up to the noise level with probability at least 1 — K2T - g~ i

. . N r;logq
W =W Pr <v(@)[W® - W Plr+ 03/ 272 - lel ©)
J
* * r;ilo
and  [W —W*P|lp <e| W+ 03/ 252) - fel (10)
J

for a fixed permutation matrix P, where v([3) is the rate of convergence that depends on 3 with

v(p*)=1- @(i;%)for some non-zero 3* and v(0) = 1 — ©(1322).

Lemma 1 (Initialization). Assume the noise |(| < ||W™||2 and the number of samples N =
Q(Ea 2 K5 max log q) for g > 0 and large constant q, the tensor initialization method outputs

WO such that (6) holds, i.e., HW(O) —W*||F = O(%) with probability at least 1 — q~"max,

Remark 2.1 (Faster convergence on pruned network): With a fixed number of samples, when 7
decreases, € can increase as O(v/7) while (8) is still met. Then v(0) = ©(v7/K) and v(8*) =
O(y/7/K). Therefore, when 7 decreases, both the stochastic and accelerated gradient descent

converge faster. Note that as long as W s initialized in the local convex region, not necessarily
by the tensor method, Theorem 2 guarantees the accurate recovery. [66, 67] analyze AGD on
convolutional neural networks, while this paper focuses on network pruning.

Remark 2.2 (Sample complexity of initialization): From Lemma 1, the required number of samples
for a proper initialization is (g; > K®rmax log ¢). Because Tmax < Krave and 7 = Q(rye), this
number is no greater than the sample complexity in (8). Thus, provided that (8) is met, Algorithm 1
can estimate the oracle network model accurately.

Remark 2.3 (Inaccurate mask): The above analyses are based on the assumption that the mask of
the learner network is accurate. In practice, a mask can be obtained by an iterative pruning method
such as [20] or a one-shot pruning method such as [55]. In Appendix E, we prove that the magnitude
pruning method can obtain an accurate mask with enough training samples. Moreover, empirical
experiments in Section 4.2 and 4.3 suggest that even if the mask is not accurate, the three properties
(linear convergence, sample complexity with respect to the network size, and improved generalization
of winning tickets) can still hold. Therefore, our theoretical results provide some insight into the
empirical success of network pruning.



3.3 The Sketch of Proofs and Technical Novelty

Our proof outline is inspired by [69] on fully connected neural networks, however, major technical
changes are made in this paper to generalize the analysis to an arbitrarily pruned network. To

characterize the local convex region of fp (Theorem 1), the idea is to bound the Hessian matrix
of the population risk function, which is the expectation of the empirical risk function, locally
and then characterize the distance between the empirical and population risk functions through the
concentration bounds. Then, the convergence of AGD (Theorem 2) is established based on the desired
local curvature, which in turn determines the sample complexity. Finally, to initialize in the local
convex region (Lemma 1), we construct tensors that contain the weights information and apply a
decomposition method to estimate the weights.

Our technical novelties are as follows. First, a direct application of the results in [69] leads to a
sample complexity bound that is linear in the feature dimension d. We develop new techniques to
tighten the sample complexity bound to be linear in 7, which can be significantly smaller than d
for a sufficiently pruned network. Specifically, we develop new concentration bounds (Lemmas
4 and 5 in Appendix) to bound the distance between the population and empirical risk functions
rather than using the bound in [69]. Second, instead of restricting the acitivation to be smooth for
convergence analysis, we study the case of ReLLU function which is non-smooth. Third, new tensors
are constructed for pruned networks (see (21)-(23) in Appendix) in computing the initialization,
and our new concentration bounds are employed to reduce the required number of samples for a
proper initialization. Last, Algorithm 1 employs AGD and is proved to converge faster than the GD
algorithm in [69].

3.4 Limitations

Like most theoretical works based on the oracle-learner setup, limitations of this work include (1)
one hidden layer only; and (2) the input follows the Gaussian distribution. Extension to multi-layer
might be possible if the following technical challenges are addressed. First, when characterizing the
local convex region, one needs to show that the Hessian matrix is positive definite. In multi-layer
networks, the Hessian matrix is more complicated to compute. Second, new concentration bounds
need to be developed because the input feature distributions to the second and third layers depend on
the weights in previous layers. Third, the initialization approach needs to be revised. The team is also
investigating the other input distributions such as Gaussian mixture models.

4 Numerical Experiments

The theoretical results are first verified on synthetic data, and we then analyze the pruning perfor-
mance on both synthetic and real datasets. In Section 4.1, Algorithm 1 is implemented with minor

modification, such that, the initial point is randomly selected as | W ®) — W*||z/|W*||r < A for

some A > 0 to reduce the computation. Algorithm 1 terminates when ||[W Y —wW® || /|[W®) ||
is smaller than 10~® or reaching 10000 iterations. In Sections 4.2 and 4.3, the Gradient Signal Preser-
vation (GraSP) algorithm [55] and IMP algorithm [10, 201? are implemented to prune the neural
networks. As many works like [11, 10, 20] have already verified the faster convergence and better
generalization accuracy of the winning tickets empirically, we only include the results of some
representative experiments, such as training MNIST and CIFAR-10 on Lenet-5 [32] and Resnet-50
[27] networks, to verify our theoretical findings.

The synthetic data are generated using a oracle model in Figure 1. The input x,,’s are randomly
generated from Gaussian distribution A/(0, I 4« 4) independently, and indices of non-pruned weights
of the j-th neuron are obtained by randomly selecting r; numbers without replacement from [d]. For
the convenience of generating specific 7, the indices of non-pruned weights are almost overlapped
(Zj Dok 00k > 0.95K?) except for Figure 5. In Figures 2 and 4, r; is selected uniformly from
[0.97, 1.17] for a given 7, and r; are the same in value for all j in other figures. Each non-zero entry
of W™ is randomly selected from [—0.5, 0.5] independently. The noise &,,’s are i.i.d. from A'(0,0?),
and the noise level is measured by o/ E,, where E,, is the root mean square of the noiseless outputs.

>The source codes used are downloaded from https://github.com/VITA-Group/CV_LTH_Pre-training.



4.1 Evaluation of theoretical findings on synthetic data

Local convexity near W*. We set the number of neurons K = 10, the dimension of the data
d = 500 and the sample size N = 5000. Figure 2 illustrates the success rate of Algorithm 1 when 7
changes. The y-axis is the relative distance of the initialization WO to the ground-truth. For each
pair of 7~ and the initial distance, 100 trails are constructed with the network weights, training data and
the initialization W) are all generated independently in each trail. Each trail is called successful if
the relative error of the solution W returned by Algorithm 1, measured by |W — W*||r/||[W™||F,
is less than 10~#. A black block means Algorithm 1 fails in estimating W* in all trails while a white
block indicates all success. As Algorithm 1 succeeds if W is in the local convex region near W,
we can see that the radius of convex region is indeed linear in —72, as predicted by Theorem 1.

Convergence rate. Figure 3 shows the convergence rate of Algorithm 1 when 7 changes. N = 5000,
d = 300, K = 10, 5 = 0.5, and 8 = 0.2. Figure 3(a) shows that the relative error decreases
exponentially as the number of iterations increases, indicating the linear convergence of Algorithm 1.
As shown in Figure 3(b), the results are averaged over 20 trials with different initial points, and the
areas in low transparency represent the standard deviation errors. We can see that the convergence
rate is almost linear in v/7, as predicted by Theorem 2. We also compare with GD by setting 3 as 0.
One can see that AGD has a smaller convergence rate than GD, indicating faster convergence.
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Sample complexity. Figures 4 and 5 show the success rate of Algorithm 1 when varying N and 7. d
is fixed as 100. In Figure 4, we construct 100 independent trails for each pair of /N and 7, where the
ground-truth model and training data are generated independently in each trail. One can see that the
required number of samples for successful estimation is linear in 7, as predicted by (8). In Figure 5,
r; is fixed as 20 for all neurons, but different network architectures after pruning are considered. One
can see that although the number of remaining weights is the same, 7 can be different in different
architectures. and the sample complexity increases as 7 increases, as predicted by (8).
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when 7 changes 7 72 at different noise level

Performance in noisy case. Figure 6 shows the relative error of the learned model by Algorithm
1 from noisy measurements when 7 changes. N = 1000, K = 10, and d = 300. The results are
averaged over 100 independent trials, and standard deviation is around 2% to 8% of the corresponding
relative errors. The relative error is linear in F%, as predicted by (9). Moreover, the relative error is
proportional to the noise level [£].

4.2 Performance with inaccurate mask on synthetic data

The performance of Algorithm 1 is evaluated when the mask M of the learner network is inaccurate.
The number of neurons K is 5. The dimension of inputs d is 100. 7} of the oracle model is 20 for



all j € [K]. GraSP algorithm [55] is employed to find masks based only on early-trained weights
in 20 iterations of AGD. The mask accuracy is measured by | M™ @ M||o/||M*||o, where M™ is
the mask of the oracle model. The pruning ratio is defined as (1 — 74 /d) x 100%. The number of
training samples N is 200. The model returned by Algorithm 1 is evaluated on Ny = 10 samples,
and the test error is measured by \/ > n [Un — Un|?/Niesi, Where g, is the output of the learned model
with the input x,,, and (x,,, y,,) is the n-th testing sample generated by the oracle network.

Improved generalization by GraSP. Figure 7 shows the test error with different pruning ratios. For
each pruning ratio, we randomly generate 1000 independent trials. Because the mask of the learner
network in each trail is generated independently, we compute the average test error of the learned
models in all the trails with same mask accuracy. If there are less than 10 trails for certain mask
accuracy, the result of that mask accuracy is not reported as it is statistically meaningless. The test
error decreases as the mask accuracy increases. More importantly, at fixed mask accuracy, the test
error decreases as the pruning ratio increases. That means the generalization performance improves
when 7 deceases, even if the mask is not accurate.
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Linear convergence. Figure 8 shows the convergence rate of Algorithm 1 with different pruning
ratios. We show the smallest number of iterations required to achieve a certain test error of the learned
model, and the results are averaged over the independent trials with mask accuracy between 0.85 and
0.90. Even with inaccurate mask, the test error converges linearly. Moreover, as the pruning ratio
increases, Algorithm 1 converges faster.

Sample complexity with respect to the pruning ratio. Figure 9 shows the test error when the
number of training samples N changes. All the other parameters except /N remain the same. The
results are averaged over the trials with mask accuracy between 0.85 and 0.90. We can see the test
error decreases when IV increases. More importantly, as the pruning ratio increases, the required
number of samples to achieve the same test error (no less than 10~?) decreases dramatically. That
means the sample complexity decreases as 7 decreases even if the mask is inaccurate.

4.3 Performance of IMP on synthetic, MNIST and CIFAR-10 datasets

We implement the IMP algorithm to obtain pruned networks on synthetic, MNIST and CIFAR-10
datasets. Figure 10 shows the test performance of a pruned network on synthetic data with different
sample sizes. Here in the oracle network model, K = 5,d = 100, and r} = 20 for all j € [K]. The

noise level o/ E,, = 1073, One observation is that for a fixed sample size N greater than 100, the test
error decreases as the pruning ratio increases. This verifies that the IMP algorithm indeed prunes the
network properly. It also shows that the learned model improves as the pruning progresses, verifying
our theoretical result in Theorem 2 that the difference of the learned model from the oracle model
decreases as 7; decreases. The second observation is that the test error decreases as N increases for
any fixed pruning ratio. This verifies our result in Theorem 2 that the difference of the learned model
from the oracle model decreases as the number of training samples increases. When the pruning ratio
is too large (greater than 80%), the pruned network cannot explain the data properly, and thus the
test error is large for all N. When the number of samples is too small, like N = 100, the test error is
always large, because it does not meet the sample complexity requirement for estimating the oracle
model even though the network is properly pruned.

Figures 11 and 12 show the test performance of learned models by implementing the IMP algorithm
on MNIST and CIFAR-10 using Lenet-5 [32] and Resnet-50 [27] architecture, respectively. The



experiments follow the standard setup in [10] except for the size of the training sets. To demonstrate
the effect of sample complexity, we randomly selected N samples from the original training set
without replacement. As we can see, a properly pruned network (i.e., winning ticket) helps reduce
the sample complexity required to reach the test accuracy of the original dense model. For example,
training on a pruned network returns a model (e.g., P; and Ps in Figures 11 and 12) that has better
testing performance than a dense model (e.g., P» and P, in Figures 11 and 12) trained on a larger
data set. Given the number of samples, we consistently find the characteristic behavior of winning
tickets: That is, the test accuracy could increase when the pruning ratio increases, indicating the
effectiveness of pruning. The test accuracy then drops when the network is overly pruned. The results
show that our theoretical characterization of sample complexity is well aligned with the empirical
performance of pruned neural networks and explains the improved generalization observed in LTH.
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5 Conclusions

This paper provides the first theoretical analysis of learning one-hidden-layer pruned neural networks,
which offers formal justification of the improved generalization of winning ticket observed from
empirical findings in LTH. We characterize analytically the impact of the number of remaining
weights in a pruned network on the required number of samples for training, the convergence rate of
the learning algorithm, and the accuracy of the learned model. We also provide extensive numerical
validations of our theoretical findings.

Broader impacts

We see no ethical or immediate societal consequence of our work. This paper contributes to the
theoretical foundation of both network pruning and generalization guarantee. The former encourages
the development of learning method to reduce the computational cost. The latter increases the public
trust in incorporating Al technology in critical domains.
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Supplementary Materials for:

Why Lottery Ticket Wins? A Theoretical Perspective of Sample Complexity on
Pruned Neural Networks

We first provide an overview about techniques used in proving the landscape (Theorem 1), linear
convergence to the ground truth (Theorem 2) and tensor initialization (Lemma 1).

1. Sample complexity scales in {r;}: To guarantee the theoretical bounds depend on {r;}/<,
instead of d, we define an equivalent emplrlcal risk function as shown in (12) in Appendix A, from
R "5 to R. Existing concentration theorems and landscape analysis built upon (2) can no longer be
used here, and thus we revised or updated the corresponding lemmas, which can be found in Appendix
G to L. In the initialization methods, for estimating a proper weights that match new empirical risk
function, the construction of high-momenta in Appendix B and corresponding proofs in Appendix J
are updated accordingly as well;

2. Local convex region: In proving Theorem 1 (Appendix C), we first bound the Hessian of the
expectation of the new empirical risk function and then obtain the distance of the Hessian of the
new empirical risk function to its expectation by concentration theorem. By triangle inequality, the
Hessian of the new empirical risk function is characterized in terms of sample size NV;

3. Linear Convergence: In proving Theorem 2 (Appendix D), we first characterize the gradient
descent term by Intermediate Value Theorem (IVT). However, since the empirical risk function is
non-smooth due to the ReLU activation function, IVT is applied in the expectation of the empirical
risk function instead, and we later show the gradient generated by finite number of samples is close
to its expectation. Therefore, the iterates still converge to the ground truth with enough samples.
Further, the linear convergence rate are determined by ||W 1) — w* P||/||W®) — W* P, which
turns out to be dependent on [;

4. Initialization via Tensor Method: The major challenge for tensor initialization is to construct the
proper high dimensional momenta. As we mentioned above, if one directly applies the method in
[69], the sample complexity is in O(d). In this paper, we select  (see (20) in Appendix B), which is
the sum of the augmented g, . In proving Lemma 1, the major idea to bound the estimations of the
directions and magnitudes of w o, to the ground values, respectively (see in Appendix F).

A Notations

In this section, we first introduce some important notations that will be used in the following proofs,
and the notations are summarized in Table 1.

First, for the convenience of proofs, some notations in main contexts, namely, €27, 77 and fp will be
re-defined. We emphasize here that the re-definition of these notations will not afjfect the presentation
of theoretical results in Section 3, and the explanations can be found in the following paragraphs.

Next, given a permutation matrix P, we define a group of sets {€25}/<, with [Q}| = 77, and Q7
denotes the indices of non-zero entries in M ™ P, which is also the non -pruned weights of the j- th

neuron in the oracle model with respect to ground truth weights M ™ P, instead of M *. Please note
that the sets {€25}/<, and {7}/, here are just a permutation of these in the main context. Since

the permutation of {r;}%* | will not change the results in Section 3, we abuse the notations for the
convenience of proofs. éorrespondmgly, for the learner model, the indices of non-pruned weights of
the j-th neuron is denoted as €2, and |€2;| = r;. Therefore, we have

T T
W; T = W;0,%0;; (11

where zq; € R"7 is the subvector of z with respect to indices 2; for any vector z € R

Then, recall the empirical risk function defined in (2), it can be re-written as
R 1 M1 K 2
fo(@) = 53" (2 X éwlo,@nn,) —un) - (12)
n=1 j=1
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Table 1: Table of Notations

Notation Description
N The number of training samples; a scalar in Z
K The number of neurons in the neural network; a scalar in R
d The dimension of input data; a scalar in R
x The input data/features; a vector in R4
Y The output label; a scalar in R
fo The empirical risk function defined in (12); a mapping from RZ5" to R
f The population risk function defined as f = Ep fp; a mapping from R 7 to R
P The permutation matrix; a binary matrix in {0, 1}%*X
w* The ground truth weights of oracle network; a matrix in R7<¥
M* The mask matrix of the oracle network; a binary matrix in {0, 1}7¥%
ri The number of non-pruned weights in the j-th neuron of oracle network
w The ground truth weights of learner network; a matrix in R7<¥
M The mask matrix of the learner network; a binary matrix in {0, 1} %
r; The number of non-pruned weights in the j-th neuron of learner network
T'min The minimal value in {r; }JK: 1
T'max The maximal value in {r; }JK:l
0 The indices of non-pruned weights in teacher network; a set with size of 77
Q; The indices of non-pruned weights in learner network; a set with size of r;
w Contains the non-pruned weights of W  and equals to
[wig, wio,, - wha, " avectorin R "
w”* Contains the non-pruned weights of the oracle model; a vector in R2=5 ™
05 A binary scalar, and the value is 1 if €); and ()}, are overlapped and 0 otherwise
T The value of g7r (>, Zj(1+6j,k)(rj+rk)%)2
o The i-th largest singular value of W™ P, and the value equals to the i-th largest

singular value of W*

K The value of 01 /o k
v The value of [~ 0:/0x
) A fixed positive constant in RT
q Some large constant in R
where w = [wlT.,Sh , sz’QQ, e ,w?QK]T € RX; " Here, we abuse the notation of fp to represent

a mapping from R25 " instead of RX %< in (2), to R. In fact, under the constriantof W = M & W,
the degree of freedom of W is actually ; rj instead of Kd, and the definition in (2) is a easier way
for us to present the following proofs. Therefore, the optimization problem in (3) is equivalent as

min:  fp(®). (13)

~k *T *T *T T STy *T 3 :
Let us define w™ = [wi ,whg,,  ,Wkq,] € R=i", where w}" is the j-th column of

W*P. and it is clear that w” is the global optimal to (13). Additionally, the population risk function,
which is the expectation of the empirical risk function over the data D, is defined as

_ . 1 L/l o 2
f(@) = Epfp(®) =Eps > (2 D ¢(w]a,@na,) ~ va)
n=1 Jj=1

« (14)

b (kS otalnen) )’

where = € R? belongs to standard Gaussian distribution, and y = g(W* P*; x).

Moreover, for the convenience of proofs, we use o; to denote the ¢-th largest singular value of
W*P, and it is clear that o;(W*P) = o;(W™) for all i. Then, & is defined as o1 /0, and
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v = H1K:1 0;/ok. Factor p is defined in Property 3.2 [69] and a fixed constant for the ReLU

activation function. In addition, without special descriptions, @ = [aT, al, -+, a%]T stands for

any unit vector that in R25 7 with a j € R; Therefore, we have

K

IV2fpll2 = rnaXHaTVQfDQH2 ~ max (ZaT 3fD)

7w (15

Finally, since we focus on order-wise analysis, some constant number will be ignored in the majority
of the steps. In particular, we use hy(z) 2 (or <,~)ho(2) to denote there exists some positive
constant C' such that hy(z) > (or <,=)C - ha(z ) when z € R is sufficiently large.

B Initialization via tensor method

In this section, we present the revised tensor initialization based on that in [69]. To reduce the
dependency of input dimension from d to the order of ry,,,, we need to define x in (20) instead
of directly using « to generate the high order momentum as shown in (21) to (23). In addition, as
wj o,’s are different in dimensions, we need to define the corresponding augmented weights by
inserting 0 such that augmented w; o, are additive in a sense. The additional notations used in
presenting are summarized in Table 2, and one can skip this part if the focus is only on the local
convexity analysis (Theorem 1) and convergence analysis (Theorem 2). The intuitive reasons for
selecting & mainly lie in two aspects: first, & is much lower dimensional vector considering r; < d;
second, T belongs to zero mean Gaussian distribution, which is rotational invariant and is correlate
with ¢(w"x). Therefore, the magnitude and direction information of {w; o}/, are separable
after tensor decomposition, and the dimension of the tensors are at most in the order of " max-

Table 2: Table of Additional Notations for Tensor method

Notation Description
%g) The argumented vector in R™»»* of &g, by inserting 0; defined in (16)
Fi A linear mapping that generats a augmented vector; defined in (17)
F ,T The pseudo inverse of F. jia linear mapping
T The value of % > i(j)
u; The argumented vector in R ™ax of w? 5.9 by inserting 0; defined in (19)
u; The normalized vector of u; as u/ ||u IES
ﬁ: The estimation of the normalized vector of u}
1, P, Y3 Some fixed constants depends on the distribution of {zq, }JK: 1
M, A vector in R"m=x defined in (21)
M, The estimation of My
M, A matrix in R7max*"max defined in (22)
M, The estimation of Mo
M A tensor in R7maxX"maxXTmax defined in (23)
M The estimation of M3
Vv The orthogonal matrix in RX*% that span the sub-space of the convex hull
of {u; }JK:l
\ %4 The estimation of V'

M(V,V,V) Atensorin REXEXK defined in (29)
M(V,V,V) The estimation of M(V,V V)

s The value of Vu;-‘ ; a vector in R¥

S The estimation of s;

a; The value of [[uj[|2; a scalar in R

Q; The estimation of o

17



First, we define a group of augmented vectors {%g; | based on {zg, }, such that Q; C €
with \QJ\ = Pmax and
~(4) z;, ifi€ Qj
)= ~ ) 16
i {0 leEQj/Qj (16)
For notation convenience, we use J; to denote the mapping from R"7 to R"=>x as
Fi(z) = [z",00,]", (17)
where 0 is a zero vector in R™=x~"7_ Obviously, we have
i%j :.Fj(wﬂj>. (18)
Correspondingly, the augmented weights {u le are defined as
u;‘ = fj(w;’ﬂj) (19)

for j € [K]. The steps above guarantee the augmented weights w;’s are in the same dimension
so that the high order momenta are able to characterize the directions of weights simultaneously.
Additionally, we define

z ) (20)

1 K
-y
VE &0,

and corresponding high order momenta are defined in the following way instead:

M, =E {yxz} € R, 21
M, —E, [y(i: ®F— Emaz:zT)} € RV maxXTmax 22)
M, =E, [y (53®3 _ %@EE:E:ET)] € RV max X Tmax X Tmax (23)
where E,, is the expectation over = and 2®3 := 2 ® z ® z defined as
do
’U®Z:Z(U®2i®zi+zi®’v®zi+zi®Zi®v)7 (24)
i=1

for any vector v € R% and Z € R%*d2,

Following the same calculate formulas in the Claim 5.2 [69], there exist some known constants
¥;,1 = 1,2, 3, such that

K
My =ty |ull2 - @, (25)
j=1
K
My =Y - [|uflls - wjw;”, (26)
j=1
K
My =" [|ujlls - uw;®?, 27)
j=1

—x

where w; = u}/||uj||2 in (21)-(23) is the normalization of u}.

1> and let My, Mo, M
denote the corresponding estimates. First, we will decompose the rank-% tensor Mg and obtain

the {ﬁ; le. By applying the tensor decomposition method [31] to M 3, the outputs, denoted

M, M, and M 3 can be estimated through the samples { (T, yn)}N

by {ﬁj }IC 1, are the estimations of {@}},. Next, we will estimate ||u||2 through solving the
following optimization problem:

K
Q = arg min : ‘Ml - Zduajﬁ; ) (28)
j=1

acRE
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Subroutine 1 Tensor Initialization Method

Input: training data D = {(x,,, yn)}N_1;

Generate augmented inputs and weights through F; as shown in (17) and (19);
Partition D into three disjoint subsets Dy, Ds, Ds;

Calculate ]\7 1, ]/\Z o following (21), (22) using D;, Do, respectively;
Obtain the estimate subspace V of ]\//:f 2

Calculate M 3(V,V, V) through Ds;

Obtain {8, }/<, via tensor decomposition method [31] on M, (‘7, Vv, ‘7)
Obtain & by solving optimization problem (28);

Return: wﬁ%j = F;(|&j|‘7§j),j =1,..K.

—_

R AN Sl

From (25) and (28), we know that |a;| is the estimation of [u}[|2. Thus, U is given as
~ ¥ ~ ~ %

[|a1|u17 T |O‘j‘uj7 T ‘aK‘uK]'

To reduce the computational complexity of tensor decomposition, one can project M 3 to a lower-

dimensional tensor [69]. The idea is to first estimate the subspace spanned by {'w;k }szl, and let V
denote the estimated subspace.

Moreover, we have

PRGN ~T AT o ST ST

M;(V,V,V) =E, [y((V %)% — (V' 2)BEL(V %)(V w)T)} e REXExK — (99)
Then, one can decompose the estimate M 3(‘7, v, ‘7) to obtain unit vectors {3;}1<, € R Since
w* lies in the subspace V, we have VVTE;T = ﬁ;f. Then, Véj is an estimate of ﬁ;f. After
we obtain the estimated augmented weights ﬁ; the estimated weights can be generated through
@;Q] = F ; (u}), where F jT is the pseudo inverse of ;. The initialization process is summarized in
Subroutine 1.

C Proof of Theorem 1

The main idea in proving Theorem 1 is to use triangle inequality as shown in (33) by bounding the
second order derivative of the population risk function and the distance between the empirical risk
and population risk functions. Lemma 3 provides the lower and upper bound for the population risk
function, while Lemma 4 provides the error bound between the second order derivation of empirical
risk and population risk functions.

Lemma 2 (Weyl’s inequality, [7]). Suppose B = A + E be a matrix with dimension m x m. Let
Ai(B) and \;(A) be the i-th largest eigenvalues of B and A, respectively. Then, we have

|Xi(B) — Ai(A)| < [|[Ell2, Vi€ [m]. (30)

Lemma 3. Let f be the population risk function in (14). Assume W satisfies (0), then the second-
order derivative of f over w is bounded as
7

(1 —Eo)p 2 4/~
~ T <V 7‘ < —
11/{271(21 ('w) KI7 G

where w only contains the elements of W with respect to the indices of non-pruned weights.

Lemma 4. Let fp and f be the empirical and population risk function in (12) and (14), respectively,
then the second-order derivative of fp is close to its expectation f with an upper bound as:

92 9 1 K& (rj + i) logg
V2D = V2fll2 S 523 DD L+ (32)

k=1j=1

with probability at least 1 — g~ "™i»,
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Proof of Theorem 1 . Let S\max and S\min denote the largest and smallest eigenvalues of V2 fp, respec-
tively. Also, Let Aax and Ay, denote the largest and smallest eigenvalues of V2 fp, respectively.

Then, from Lemma 2, we have

Mnax < Amax + [ V2 fp = V2|2 (33)
and . )

Amin = Amin — [V2fp — V2. (34)
When the sample complexity satisfies N > &7 ?p 2r*y2K* [ Zle Zle(l +
(&QW] ? log ¢, then from Lemma 4, we have

27 2 €1p
— < —r .
IV=fp = Vof|2 < 1127 K2 (35)
Then, from (33), (34) and (35), we have
. 8
Anrlax < Ea (36)
and a )
< — &0 —€1)p
)\min 11/{2’)/K2 B (37)
which completes the proof. O

D Proof of Theorem 2

The major idea in proving Theorem 2 is to first characterize the gradient descent term by intermediate

value theorem. Let @) be the vectorized iterate W) with respect to the non-pruned weights, then
we have

Vo, @) =fo, @) + (fo,®") ~ fo. (@)
=(V?fo, (@), %" —@") + (fo, (@) ~ fo,@")).

where @ lies in the convex hull of @'") and @". The reason that intermediate value theorem is
applied on population risk function instead of empirical risk function is the non-smoothness of the
empirical risk functions. Due to the non-smoothness of ReLU activation function at zero point, the
empirical risk function is not smooth, either. However, the expectation of the empirical risk function
over the Gaussian input @ is smooth. Hence, compared with smooth empirical risk function, i.e.,
neural networks equipped with sigmoid activation function, we have an additional lemma to bound

\Y fpt to its expectation V f , which is summarized in Lemma 5.

(38)

The momentum term /3 (W(t) — W(tfl)) plays an important role in determining the convergence
rate, and the recursive rule is obtained in the following way:

~(t+1)_~* ~(t)_~*
[“’ y ] = A(B) [J‘é_n “L*} , (39)

~(t
w —w w —w

where A(S3) is a matrix with respect to the value of 8 and defined in (44). Then, we know @,
which is equivalent to w®, converges to the ground-truth with a linear rate which is the largest
singular value of matrix A(f). Recall that AGD reduces to GD with 8 = 0, so our analysis applies to
GD method as well. We are able to show the convergence rate of AGD is faster than GD by proving
the largest singular value of A(f) is smaller than A(0) for some /5 > 0.

Lemma 5. Let fp and f be the empirical and population risk function in (12) and (14), respectively,
then the first-order derivative of fp is close to its expectation f with an upper bound as:
K K

K
A - 1 r lo SO 1 r1 lo
IV fp (@) =V F(@)l2 S 75 2 (1050 o tllio—@ o+ 5= >/ [€] @0)
k=1j=1 k=1

with probability at least 1 — ¢~ "™in, where w only contains the elements of W with respect to the
indices of non-pruned weights.
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Proof of Theorem 2. Since |[W) — W*||p = ||'L~v(t) — w"||2, we can explore the converges of
{ﬂ:(t)}?:l instead. Recall that

w Y =w' - nvm )+ p@ - Y)
=" — v (@) + g — @) (41)
+ (V@) = Vfp, (@")).
Since V2 f is a smooth function, by the intermediate value theorem, we have

~(t+1) _ w t) nWQf(ﬁJ(t))(iD(t) _ ’ZI}*> + ﬂ("fb(t) _ {I}(t—l))

~(t) £~ (t) “2)
+n(Vi(@") — Vip, (@),
where @™ lies in the convex hull of @'" and w*.
Next, we have
@' —wt| (1@ +p1 pI) | @ @
iI)(t) A I 0 iI)(t—l) — )
SO _ T f ()
. {Vf(w )= Vv >]
Let ©
_ 2 £
A(B) = {I V@) + 8L 501} , (44)
so we have
~(t+1) _ o~ ~ () ~ () F ()
w w w w -
[ A ] ~ 431, [~<t_1) || | [FFED ST @] s
w"’ —w ) w —w ||, 9
From Lemma 5, we know that
n KK r logq
~ ~ k ~ ~*
n|Vr@®) - Vo, @) S PMHIGLE @ — @l
=t (46)
Osip o~ [ logg
+ % 2N K
k=1
for some constant C5 > 0. Then, we have
- o C rilo _ @
@1 - &l < 14 + S5 IS S BB ) - .
k=1 j=1
0577 Z Tk logq
-[¢] 47)
~ 0577 Tk logq
=v(B)@" - Z - lel-
Let V2f(@w™) = SAST be the eigendecomposition of V2 £(@"). Then, we define
_[sT o S 0| [IT-nA+pBI BI
A(ﬁ) i |: 0 ST:| A(B) [0 S:| - |: T 0 (48)
T
Since [‘(S; ,(5)'] [‘S;) SOT} = [é 2] , we know A(B) and A(f3) share the same eigenvalues.

Let \; be the i-th eigenvalue of V2 f(w (t)) then the corresponding i-th eigenvalue of (48), denoted
by 0;(0), satisfies

v — (1 —nX\i+B)6i + 5 =0. (49)
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Then, we have

(I—nXi+B)+ /(0 —nhi+p)%—48

5(B) = 5 (50)
and
' - % ‘(1 —nXi + B) + /(1 —n)i + B)2 — 48|, otherwise.

Note that the other root of (49) is abandoned because the root in (50) is always larger than or at least
equal to the other root with |1 — n);| < 1. By simple calculation, we have

6:(0) > 6;(B), for VB e (0,(1—n\)?), (52)

and specifically, §; achieves the minimum 6; = |1 — y/pX;| when 8 = (1 — \/77/\1‘)2'

Let us first assume w'") satisfies (6), then from Lemma 3, we know that

(1—60) 7
0< o0 oy <L
<11/£27K2_ K

provided that N; 2 g5 p~ w2y K3 [ 72 >0, 3 (14 6j.4)y/Tk F rj]210g q. Lety, = 1”1(;;81”()2 and
Yo = % If we choose [ such that

B =max {(1 - i), (1 = vin2)*}, (53)
then we have 8 > (1 — v/nX;)? for any i and §; = max {|1 — \/771], |1 — \/772|} for any i.
Letn = i, then 5* equals to (1 — 2"’—1> Then, for any ¢ € (0, 2) we have

g
0G| 1—¢g
A(B) |2 = maxd;(f) =1 — J 2 =1 — -0
1A(B7)]l> = max e 154p—1r27 K
(54)
1-— 3/4 - €0

V154p—Tk2yK

C577 [T logq €0
E E 140k 55
* Ny 4\/154p—1n27K ©>)

k=1 j=1

weneed N; 2 g5 2p w2V K [ 20, 0 (1 + 6j’k)\/ﬁ] log q.
Combine (54) and (55), we have

Then, let

1—60

()<l ———. (56)
(5 \/154p~1k2yK
While let 5 = 0, we have
1-— €0
0)>|A0)||z =1 - —————
10) = [ AO)]2 =1~ 5= 57)
and 19
— 20
<l—- ——+—
v(0) < 154p=1k2vK (58)

. _ 2
if N, > g5 %p tk2y K4 [ i k(L +650)y/TK T ;] logq.

. . 2
In conclusion, with n = i and 8 = (1 — QA%) , we have

K
L) e _ 1—¢g ~(t) o @ ri logq
[ =@ < (1 - ——=) @ USS SMTES v

V154K2yK

if @) satisfies (6) and Ny 2 e 20 w2y K [ 2, Y0, (14 8j.0) v/ 75 log .
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Then, we can start mathematical induction of (59) over t.

Base case: (6) holds for ¥ naturally from the assumption in Theorem 2. Since (6) holds and the
number of samples exceeds the required bound in (59), we have (59) holds for ¢ = 0.

Induction step: Assume (59) holds for ¢, to make sure the mathematical induction of (59) holds, we
need @'Y satisfies (6). That is

Tk logq < 1—¢g E00K
60
> @

132k K 44k2yK?

Hence, we need

1 2
Ny 2 52593 K (g 3 \/a) log g. 61)
k

In addition, with (6) and (59) hold for all ¢ < T, the following equation

(D _ px o _ ~ (t) P (1)
w w w w \Y% -V
H““ w] ~ lA@), [w_l) | | [FHE @]
w' —w . w —w || o

(62)

holds as well, and || A(f)||, is bounded by v(3). Hence, (59) also holds in infinity norm as

~(t ~ 1—-¢9 ~ ~ rlogq

[ =@ < (1- == ) 8" = @[l +20m [ 200l (63)

V154K2vK

2
In conclusion, when N; > 5 2k%73 K6 (% Soe 2 (140 k) Tk T rj) log d, we know that (59)

holds for all 1 < ¢ < T with probability at least 1 — K2T - ¢~ "=i», By simple calculation, we can
obtain

K
_ s 1—¢g T _0) ~x C KVKQ’I“kIqu
Jo™ — ) < (1 =) @ = @ lo + = 4| et el (64)
( V132627 K K=

for some constant C' > 0.
O

E Obtaining a proper learner network via magnitude pruning

In this section, we show that how one can combine Algorithm 1 and magnitude pruning to find a
proper learner network such that 7; > r7 and §2; 2 ] from a fully-connected network under some

assumptions. Suppose the number of samples is at least 2 (K Sdlog qlog(1/ e)), we train directly on
the fully-connected dense network using Algorithm 1. The number of iteration in line 2 of Algorithm

lissetas 7] = ®(log(2WmaX / /Wmin)), where Wmin and /Wmax denote the smallest and largest
value of W™, respectively. From (63), after T} iterations, the returned model, denote by W(Tl), is
close to the ground-truth W*. Specifically, if W7 ; # 0 and W7, ,, = 0, then ng) > WE,T;Q for
any 7, j,4', j'. Then we sort the weights based on their absolute values and prune them sequentially

starting from the least absolute value. As long as the ratio of pruned weights is at most (1 - Zkf;j ),

all the weights are removed correctly, leading to a proper learner network. In fact, if we remove
exactly 1 — E&;j
network.

fraction of weights, the pruned network has the same architecture as the oracle

Specifically, suppose M () to denote the mask matrix by truncating the smallest (1 — ZK = ) fraction

of entries in iterate W), Let M™* denote the ground-truth mask matrix for the oracle network, the
following corollary holds from Theorem 2.
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Corollary 1. Suppose the noise |§| < W;Hn and the number of samples satisfies N =

Q(KSdlogglog(1/e)). Let {W(tl) 1 be the iterates generated from Algorithm 1 by setting

r = d. Then, for any Ty > log(Wmlx/ * ) We have

min

M™) = M+, (65)

Proof of Corollary 1. If we train on the dense network, from (63), we know that

1 dlogq
WD Wl < (1 - 7) — Wl + 2C (66)
Hence, we have
1—e¢ ! dlog q
W) - W < (1 - 70) WO — W, +2C (67)
With T} > 1og(2W,[,f]le / mlrl) we have
1-— T W(O) - W* [ee]
(1 N 780) 1 ||W(0) - W*HOO S Wrilm : H lenn' (68)
/154k27 K W7o
Since N = Q(K®dlog glog(1/¢)) and |¢] < W, we have
dl
20 Og 1 |§| 7Wr>;1n (69)
From (68) and (69), we know that
W — W, < W;;m (70)

Therefore, for any entry in W( ™

W™ is zero, we have

, if the corresponding entry in augmented ground-truth weights

W < S an
if the corresponding entry in W* is non-zero, we have
| T1)| = |W | 5 mln = 2WI>:11I1 (72)

As we know that there are only ) ;T /(Kd) fractlon of non-zero weights in the ground-truth model,
M ™) = M* holds. O

F Proof of Lemma 1

Instead of providing the proof for Lemma 1, we turn to prove a more general bound for the perfor-
mance of tensor initialization method as shown in Lemma 6. One can easily verify that Lemma 1
holds naturally from Lemma 6.

Recall that in Appendix B, the estimation of w} q, are converted into estimate the augmented vector

uj. Further, the estimation of u} are divided into estimating three parts: (1) the estimation of the

magnitude of u}‘, which is denoted as @;; (2) the estimation of the subspace of u;, which is denoted

as ‘7; (3) the estimation of the representation of uj on subspace V', which is denoted as 5;. Hence,
the major idea of proving Lemma 6 is to characterize the difference of these three estimations to its
ground-truth, which are summarized in Lemmas 7, 8 and 9, respectively.

Lemma 6. Assume the noise level || < Koy and the number of samples N 2 KB KT s log6 q
with some large constant q, the tensor initialization method in Subroutine 1 outputs W such that

. Krpaxlo
WO =W < 10| =B (o 4 f¢]) 73)

with probability at least 1 — g~ "max,
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F.1 Proof of Lemma 6

Lemma 7. Suppose M is defined as in (22) and M o is the estimation of M by samples D =
{(xn, yn) Y2 1. Then, with probability 1 — q~"m=x, we have

— T'max 10
|My — M| S /72255 (01 + ), (74)

provided that N 2 7ax 10g4 q.

Lemmas8. Let V be generated by step 4 in Subroutine 1. Suppose M 3(‘7, ‘7, ‘7) is defined as in (29)
and ]/\/23(‘7, V., V) is the estimation of M 3(V, v, V) by samples D = {(xy, yn)}\_,. Further,
we assume V' € R™K is an orthogonal basis of {w}}}~, and satisfies Vv’ — ‘7‘7T|| <1/4
Then, provided that N > K5 log® d, with probability at least 1 — g~ "™ we have

~ o~~~ ~ o~ 1
IMa(V. V. V) = My(V. V. V)| £ 4| 52 (01 + €] 75)

Lemma 9. Suppose M is defined as in (21) and ]/\21 is the estimation of M1 by samples D =
{(xn, yn) }2_,. Then, with probability 1 — q~"mx, we have

Y Tmax lo
IMy = M| S /2225 o+ ) 76)

provided that N 2, ryax log4 d.

Lemma 10 ([53], Theorem 1.6). Consider a finite sequence { Z}} of independent, random matrices
with dimensions di X ds. Assume that such random matrix satisfies

E(Zy) =0 and || Zk|| < R almost surely.

Z]E(Z;;Zk)H}.
k

Define

)

52 = max{H S E(2.2})
Then for all t > 0, we have i

Prob{ Z Zy,
k

Lemma 11 ([69], Lemma E.6). Let V € R"™*¥ be an orthogonal basis of w* and V be generated
by step 4 in Subroutine 1. Assume ||My — M||2 < o (M3)/10. Then, we have

> ih< v (E2)

IM — M|

~~T
VvV —VV |, <
O'K(Mg)

(77)

Lemma 12 ([69], Lemmas E.13 and E.14). Let V € R"™*¥ be an orthogonal basis of w"* and vV
be generated by step 4 in Subroutine 1. Assume M can be written in the form of (25) with some

constant 1y, and let M, be the estimation of My by samples D = {x,,,yn}N_,. Let & be the
optimal solutions of (28) with ﬁ; = V's;. Then, for each j € {1,2,--- K}, if

T [VVT -V |y <

1-— || - ||2 = K,2\/E’
T = llu* ‘7TA < 1 78
pi=[lu; —V [z < VR (78)

— 1
T3 := |[M;1 — M2 < ZHMlHQ’
then we have ,

o = & < (WKH (T + o) + RPK T3 o, (79)

where o = |[uj]|2.
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Proof of Lemma 1. By simple calculation, we have
|u; — 18|Vl
<[ = 1129755 + s 1955 — (@51 V5 |

<o = s 1V |+ [fless12V75; — 1651V,

R R (80)
<ol 5 = V31l + [ ]2 = 1119735
—% AAT—* AT—* -~ * ~
<or(lfa; — VV @l + 1V @5 = 352) + [l 2 — 1|
:201<Il -‘1-[2) + Is.
From Lemma 11, we have
. T < 1M~ Mo,
L=|@-VV @ <|[VVT - VV | < 2222 (81)
L=l -V < I < ST
where the last inequality comes from Lemma 7. Then, from (26), we know that
ox(M2) $ min |5l = min @0,z < o (82)
From Theorem 3 in [31], we have
~T K o~ o~~~ ~ o~ o~
L=V uj; —3sl2 < 7||M3(V,V7V) - M3(V,V, V). (83)
K

To guarantee the condition (78) in Lemma 12 hold, according to Lemmas 7 and 8, we need N 2,
K2 K "max 10g g. Then, from Lemma 12, we have

Iy = (K4K3/2(Il + L)+ 2KV M, — M1H)01. (84)

When r,.x > K, according to Lemmas 7, 8 and 9, we have

~ 1 max |
H@—MW%MﬁﬁVrame+M) (85)

provided that N 2 K 3 max 1og4 d.
In conclusion, we have
WO — Wl = [@" — &V <VE - |lw)g, —w |,
=VE - [|F](u; - @),
VK - [|Juj -], (86)
VK - ||lu; - [a,[V3,],

K maxl
5’16\/ %(01 +1€]).

G Additional proof of the lemmas in Appendix C

G.1 Proof of Lemma 3

The eigenvalues of V2 f at any fixed point w is bounded through the ones at the ground truth w™ by
using Lemma 2. The eigenvalues of V2 f at ground truth w” is bounded in (89) and (90).

Lemma 13. Let f be the population risk function in (14) and w satisfy (6), then we have

V2 (@) — V25 (i), < A —Blz. 37

OK
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Proof of Lemma 3. Let Ayax (W) and Apin (W) denote the largest and smallest eigenvalues of V2 fp
at point w, respectively. Then, from Lemma 2, we have

)\max(ﬁ) < )\max(@*) + ”sz(’&}) - V2f(17)*)”27

- -, oL (88)
and )\min(w) Z Amin(w ) - ||v f(’LU) -V f(w )”2

Next, we provide the the lower bound of Hessian of population function at ground truth w™. Then,
we have

1 2
. T 2 ~ % o .
min o V- f(w )ozf—K2 \Igﬁi ) (E a; Taa,¢'(w ]Q xq, ))

llefl2=1

! min (Za xd' (w] m)>2

T K? Jal:=1, supp(ai,)= supp(as (89)

K
1 . ~T / *T 2
R
p
>__ T
T11K2AK?’
where & € R4 with &; € RY, and the last inequality comes from Lemma D.6 [69].

Next, the upper bound of Hessian of population function at ground truth @™ can be bounded in the
following way. For any o, we have

K

o 1 . 2
QT2 f(w o :ﬁEw ( Z afasgj ¢/(wj?;)j xo; ))
=1

K
2
«T
53 o 3 (o w0/ (w3 20)
j=
K
2 2 90
:ﬁZEm( xo, ¢ (w Ewsz )) ©0)
j=1
2 & 3
2
<z 2 (Bale]wa,) Ealo'|')
j=1
2 6
<— -K -3=—.
— K2 K
Then, from Lemma 13, when w satisfies (6), we have that
2/~ 2 pk cop
— < . 1
IV27(@) = V2 (@")ll2 < 3,5~ O
Hence, from (88) and (91), we have that
(1—co)p 200~ 7
71 < —1. 92
11k2yK?2 s VW) < K ©2)
O

G.2 Proof of Lemma 4
We first show that the second order derivative of fp is a sum of several random sub-exponential

variables as shown in (101) and (102). Then, by concentration theory, i.e., Chernoff bound, we can
show that the error bound of V2 fp to its expectation.

27



Definition 1 (Definition 5.7, [54]). A random variable X is called a sub-Gaussian random variable
if it satisfies
(EIX[P)'? < ery/p 93)
for all p > 1 and some constant ¢c; > 0. In addition, we have
Ees(X—EX) < ceall X, (94)

for all s € R and some constant c; > 0, where || X ||, is the sub-Gaussian norm of X defined as
| X1y, = sup,>1 p~V2(E|X[P)/P.

Moreover, a random vector X € R belongs to the sub-Gaussian distribution if one-dimensional

marginal o X is sub-Gaussian for any o € R, and the sub-Gaussian norm of X is defined as
_ T

[ X |, = supjjay=1 [l X [l,-

Definition 2 (Definition 5.13, [54]). A random variable X is called a sub-exponential random
variable if it satisfies
(E[X[")'? < ezp 95)
for all p > 1 and some constant c3 > 0. In addition, we have
REes(X—EX) < eall X3, s° (96)
fors < 1/||X||y, and some constant ¢4 > 0, where || X ||y, is the sub-exponential norm of X defined
as || X[y, = sup,s1 p~ (E[X[P)/P.

Lemma 14 (Lemma 5.2, [54]). Let B(0,1) € {a|||all2 = 1, € R} denote a unit ball in R°.
Then, a subset S¢ is called a &-net of B(0, 1) if every point z € B(0, 1) can be approximated to within
& by some point o« € B(0,1), i.e. ||z — a||2 < & Then the minimal cardinality of a {-net S¢ satisfies

Se| < (1+2/€)%. (97)

Lemma 15 (Lemma 5.3, [54]). Let A be an dy X dy matrix, and let S¢(d) be a §-net of B(0,1) in
R< for some ¢ € (0,1). Then

Alls < (1 =671 max al Aas)|. 98
H ||2_< 5) a1€Sg(d1),a2€S§(d2)| ! 2| ( )

Proof of Lemma 4. Recall the definition of f and f in (14) and (12), we have
0% f 0 fp

awjlaﬂ.n awi?»ﬂjz awjl@.n awﬂévﬂjz

/ T / T T
=Eq [¢ (wjlvﬂjl Ty, )¢ (wjmﬂjz TQj, )mﬂjl wﬂjz 99)
1 N
T / T T
N Z ¢(wj179j1 Ly, )¢ (wj2)Qj2 Ln,Q;, )x"aﬂh wn,QjJ :
n=1

For any «, we have

IV2f — V2 fpll
= max ’aT(vzf*VQfAD)a‘
llecllz=1
-3 e o (e
F21 o llede=1 PNOwj, q; Owj, 0,  Owj a, Ow), o, oo
1 KK o o ) )
S jlzzl ]‘szl Jellazt Eo [¢ (W), 0, Taji )¢ (W), o, Taj) o), Taj &, Taj,
1, ., o : )
N n=1 ¢ (Wi 0, ®n0i)¢ (W, 0, xn’sz)ajlxnvgjlanmn,Qj2:|.
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Then, define Z,, (j1, j2) = ¢(w£’ﬂjl xn,gj1)¢’(w£752j2 T 0y ) O], T 0, O T, ), » and We say Z
belongs to sub-Exponential distribution by Definition 2. If [Q2;, N Q;,| # (), namely, ©;, and ;, are
not disjointed, we have

P) 1/p

T 2p 1/(2p) T
< <]E‘ (aj1 wn,le) ) ’ (E‘ (ajz w”xﬂh)

:203 - p.

(E127)" < (E| (0 ) - (0,)

2p 1/(2p)
) (101)

While if |[©2;, N, | = 0, namely, Q;, and Q,, are disjointed, we have
1/p T T AN
(#12,7)"" < (B[ (o 2n1) - (@Fnen)| )

»\ /() .
) . (E‘(ajzmn@b)

V)
_ (IE’ (of 2 0)) ) (102)

ZCﬁ - p.
Then, we have
R, e5(Zn—EZn) < e*CHZanplS2 (103)
for some constant C' > 0 and any s € R. From Chernoff bound, we have

e—cuzn \|3p1 .Ns?
B N S— (104)

1 N
Prob{‘ﬁ > (2. ~EZ,)| < t} <1-

L HTay) ]
Let us select t = || Z, ||, 1/ w and s = ﬁ - t, then we have
iy

N
1 o o T, +1j,) 1o
|3 (Zalin )~ EZu(ir,32))| < 12y 108 (105)
n=1

eNst

with probability at least 1 — g~ ("1 +732),

Hence, from Lemma 15, we have

. ( 0% f 0*fp

; _ o
J1 . . X . ) J2
aw]hﬂjl aw]2~,Qj2 aw]lyﬂjl aw]z,QjQ

max
llojy 12<1, [lexj, [[2<1

N (106)

1
<2/ > (20 ~EZ,)

n=1

with probability at least 1 — (|S% (rj)l - 1S3 (7"]-2)|) g~ (mint7i2) | where S1(rj,) and 8y (r;,) are
the covering sets defined in Lemma 14. From Lemma 14, we know that [S1 (r;,)[ - [S1 (r).)] <
5(riit7i2) - As long as ¢ is a constant that is larger than 5, (106) holds with the probability at least

1-— (%)_(rj 1+732) For notation simplification, we use probability 1 — ¢~ ("311752) instead.

From (101) and (102), we know that

202

L if ;. and €2, are joint sets
1Za(1:52) r < {C O et
x>

107
if €25, and Q;, are disjoint sets (107
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Hence, we have
IV2f(w) — V2 fo ()|
K
=1

<> (G~ g A2,
=

K
> >
1=1j2=
9 K

<5 D
ji=1

K

2.

ax
llxll2=1

1 awjlvﬂh awj2aﬂjz 8wjvaj1 8wj27Qj2

— Z (Zn(jr, J2) — EZn(jhjz))‘

m.

i ‘1 N o (108)
max

lle2=1 TN

2=

K
<L Z (1+05,,35)(rjy, +7j,)logq
K? N

with probability at least 1 — ¢~"=», where §;, ;, equals to 0 if Q;, and 2, are disjoint and 1
otherwise. O

H Proof of Lemma 5

Proof of Lemma 5. The first-order derivative of the empirical risk function is written as

of R 1 &
D T T
Funn, TN 2 U~ F W0, mna))@nad wha,mua)

K

K
Define z,,(j, k) = (qb(w;‘awngj) — p(w] o, ®n0,))¢ (W] g, Tn.0,)Tn,0,. Then, for any oy, €
R", we have
1

pt (Em’afzn|p> v

o (Em (o0 (S, ) — ¢(wggjmn,gj))gb’(wf,gkmn,nk)|p)% (110)
<p (Emf(afwn,nk)(ﬂwﬁlj Tn0,) = O(Wj 0, Tn0,)) ’p)%'
If Q; and Q, are joint, then
et
<p ! (Balaf @ 0, F) & (E |p(wi, Tn ;) — ¢(U’fﬂjm"v“-i)|2p) v (111)
Sp—l(]Eaglozfa:n,szk|2]D)ﬁ : (Em“w;m —wj0,) @00, ‘Zp)i
2w o, — wja, 2 < 2w — wll.
If ©; and €2}, are disjoint, then
o (Em]afznv))%
<p (Bala) zn g, |p)% ' (]E:cW(w;??j Tp0,) — ¢(wzﬂjw">91)’p)% (112)

s 1
<p~ ! (Balo] Tn,P) 7 - (Em|(w;,ﬂj —wjo,) T, |p) !

<lwja, —wja,l2 < [@° - wl,.
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Following similar steps in (104), by Chernoff bound, we have

_ r;logq .
, Szl Bl == - lwja, —wsa;l (113)

(zn - Emzn) N

B
with probability at least 1 — ¢~ "7, where

2w — w2, if Q4 and Q; are joint,

1ok = { I

~ . . 114
|lw—w"||2, if Qy and Q; are disjoint (14

That is ||z, (j, k)|l ¢, = (1 + 6;.x) || — w"[|2. Also, we know that &, o, ¢' (W} o, Tn q,) belongs
to sub-Gaussian distribution as well. Then, by Chernoff bound, we have

‘ 2

N
1
|, Sl || Y@t who, @)

N
1
H N Z fnmn,ﬂk ¢,(wzﬁkan7Qk)

n=1 n=1 (115)
T logq
<|£] -
with probability at least ¢="*.
In conclusion, we have
K .
2 dfp
wh -5 - 3L
IVfp =V [z < Z Dw,  Dw;
K
K ZHN Zn jak)_Ea;zn(j7k))H2
j=1 n=1
X (116)
Z ?H N anxn 0,0 (W o, ®n 0,) ‘
=1 n=1
K K K
1 14+6;6)%rrlogq, v~ rklogq
S 03[ g+ S el
k=1 j=1 k:
O
I Proof of Lemma 13
Proof of Lemma 13. Recall the definition of population risk function, we have
an(w*) / *T T
owj, o a’UJjQ,Qj E =0/ (w] 1179 1ij1)¢ (wﬂ'zﬂnmgﬁ)mﬂjlwﬁh (117)
and
0 f(w)
E 20 (W], o, ;)¢ (W], o Taj,)Taj Th;, (118)

8'“]]'1,911 8wj2»Qj
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Then, we have

Prw)  Pf(w)
8wj179j1 8wj279j2 8wj1:Qj1 8wj27ﬂj2
1 T T T T T
:ﬁ]Eac |:¢/(’w;k'1,ﬂj1 Ty, )(b/(w;fg,sz :Bsz) - ¢/(wj1 5, LQj, )¢/(wj2,ﬂj2 xﬂ]é) LQj1 L0,
1
:ﬁ]Ew [gb/(w;Z:Qh TQj, ) (¢/(w;§Qj2 msz) - ¢/(’w3; 2, LQj, ))

¢ (W], 0, @ap) (¢ (Wil @) — &' (W] o) way,) |was, e,

T T

Eod' (w}l o, zaj) (¢ (W) o, zaj.) — &' (W], o, Taj,))Ta) h;,

1
=
+ Ew¢l(w_¥;,Qj2 mQ]é) (¢/(w;3:ﬂ“ wﬂjl) - ¢/(w?1,ﬂj1 Ly, )):I:le m£j2:|

1
::ﬁ(Il + IQ)

(119)
For any o, € R™1 and a, € R"2, we have
T
ma; i Iy
lleesy llzs e llo=17* :
_ / *T . / *T Y T .
- Ha ”Irll‘ix H _1Em¢ (wjl,le wﬂ]l)(¢ (wjz,ﬂj2 wQ]Q) ¢ (wj2,9j2 mQJ2))
J1ll2: 11Xz 2= (120)

(o, mq;,) - (af,xq;,)

max Bod!(wl, @) (¢'(w], @) — ¢/ (w),)) - (a" @)%,

where a € R?. Let I = ¢/ (w;Tx)(¢'(wilx) — ¢'(wh x)) - (ax)?. Itis easy to verify there exists

a basis such that B = {a,b,c,az, - ,a;} with {a, b, c} spans a subspace that contains a, w,
. T
and w7, . Then, for any , we have a unique z = [21 22 -+ Zz4]" such that

T = z1a+z2b+z3c+-~-—|—zdadl.
Also, since z ~ N(0, I;), we have z ~ N(0, I ;). Then, we have
I :E21722723|¢/<w;‘gw) - ¢l(w;k2Tw)| : \aTw|2

:/ |¢'(w;‘-r2:c) — ¢’(w;gw)| aTx)? - fz(21, 20, 23)dz1dzad2s,

where = z1a+29b+z23cand fz (21, 22, 23) is probability density function of (21, 22, 23). Next, we
consider spherical coordinates with z; = Rcosgi, 20 = Rsing1sings, zs = 29 = Rsingicosps.
Hence,

I= / ¢/ (w}, ) — ¢ (w}] )| |[rcosdr|* - - fz(R, b1, ¢2) R® sin p1dRdgrdgpo.  (121)

It is easy to verify that ¢’ (wJT2 :c) only depends on the direction of & and

1 ofted+al 1 =2
é 2 = e 2

(2m)’} (2m)

fZ(R7¢17¢2) =

Nlw
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only depends on R. Then, we have
I(i2, ja)

/|¢ w) (z/R)) — ¢’ (w;] (x/R))| - |Rcos ¢1|* - fz(R)R?sin ¢1dRdgpydepo

27
:/ (R dR/ / |cos én[? - sin ¢y - ¢/ (w (x/R)) — ¢ (w7 (x/R))|dp1dess

27
\f/ R%*f.(R dR// singy - ¢/ (w], (z/R)) — ¢ (w}] (x/R))|dprdes
2B 6 ) — 0 (i)
—\ S5l ) o (T

(122)

Define a set A, = {z|(wi]z )(w ,x) <0} Ifa: € Ay, then wi,
which means the value of ¢/ (w7, ) and ¢’ (w7 x) are different. This is equlvalent to say that

T2 and w , have different signs,

(0T (¥ T _ 1, ife e A

Moreover, if € A1, then we have
w2 <|wj @ —wj, x| < ||lwj), —w,| - |- (124)

Define a set A5 such that

Azi{m lwiT x| <ij2—wj2||}:{0mw

[, Ml = [l |

e waly

| cos O, w?,

Hence, we have that

Eq|¢/ (w],2) — ¢/ (w}l )| =Eq ¢ (w], @) — ¢ (w]] )|
=Prob(z € A;) (126)
<Prob(x € A).

Since  ~ N (0, 1), 9w,w;2 belongs to the uniform distribution on [—, 7], we have

7 — arccos a2 el *
w1 1 w3}, — w,||
Prob(x € Ag) = <= tan(m — arccos —>————)
T ™ ||'w;2H
r—w;
— cot(arccos I, - J2||)
w3,
Sg |w?, —*%II (127)
T wi,ll
_g || 92,9, — Wiz, 9y, ”
Q [ ;2 Q) |
2w’ —w|
s oK
Hence, (122) and (127) suggest that
6 ||@* —
I< |[w” —w| (128)
™ OK



The same bound that shown in (128) holds for I, as well.

Therefore, we have
V2 f(w) — V2 f(w")]l2
K K 2 ~ 2 fd
< Z Z O f(w") _ 9 f(w)

6’wjhgjl awh,% (911)]'179],1 6'[1]]'2,9],2

j1=1j2=1 2 (129)
<My 4+ Lafle < (a2 + [[I2]l2
_12 " — @,
m OK
O
J Additional proofs of lemmas in Appendix F
J.1 Error bound for the second-order moment
Proof of Lemma 7. For M 5 — M5, we have
M, — M,
1 &
¥ > Un(@n © T, — EZ,3,,) — By y(T © T — BT )
n=1
1L 1 &
=% 3 (% Yoo E, 5 + &) (@0 © o — EZuZ,)
n=1 j=1
| X
xT ~ ~~T
—E, % Z;aﬁ(uj wﬁj)(m @z —Exx)
J:
1 N K
— (qb(u;%m )@ © T — EZnT)) — Bo 6(u] &5 )(E ©F — E%.%T))
n=1j=1
N
Z 671 mn ® mn - EmnNT)
n=1
(130)
Following the notations in Lemma E.2 of [40], we denote
Bs(z,,) -—gz (" ®, 5 )@ © Ty — BBy, ). (131)

Following the similar calculations of (I) - (IIT) in Lemma E.2 [40], we know that

§
||B2(£L’)||2 5 O01Tmax IOg q,
|Ex B2 ()2 < o1, (132)
1
”Eng(w)”Z S Eairmax
hold with probability at least 1 — g~ "ax,

Define Z ,, = ﬁ (Bg(mn) —E,.B> (;c)) for ,, with n € [N], and it is obvious Z ,, is zero mean.
Also, we have

Ry = || Z2n]2 < *(||Bz(l‘n)||2 + [|E¢ Ba(z Loy log? g, (133)

HMN
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and

N 1 2
<X 5 (BB - EBa(2.)’)|

n=1

1
<~ (IEB3 @)z + |IEBa () 3)

-1 2
SN 01Tmax-

2
2

N
52 = H S EZE,
n=1

(134)

Next, let t = @(01\/%). To make sure 63 > Ryt/3, we need N = 7.y log* ¢. Then, by
Lemma 10, we have

—t2/2 —t2
Prob H Zo || >l <2 <7><2 (—)
ro{ zn: 2n, > }_ resp (s m7s) <2 (4 (135)
That is
al T'max 10 q
Zo || < oy max 084 136
an_:l 2|, S 01 N (136)

with probability at least 1 — ¢~ "==x, Because x,, belongs to the sub-Gaussian distribution, we know

that
1 & Tmax 10g ¢
| % Y@ @80 - BB || 5 () e Ed (137)
n=1

with probability at least 1 — g~ "max,

K
AT 1 Tmaxl()gq
||M27M2||§];§ (o1 + 6Dy = (138)

1

In conclusion, we have

with probability at least 1 — ¢~ "==x provided that N 2 rp,.x log4 q. [

J.2  Error bound for the third-order moment

Proof of Lemma 8. For ]\/23(‘77 V,V) = M3(V,V,V), we have

M;(V,V, V)~ M3(V,V,V)
T

N
=% Sy [(V 2,)% = (V #,)0(EV 2,)(V @,)")]
B y[(V 8)% — (V' 2T)@E(V &)V &,)7]
N K
=% > (% Yo ouiE, 5 )+ fn) V7 )% — (V' &) @BV #,) (V' 2,)7)]
n=1 7j=1
K
- E, % > olu;" @) (V&) — (V &)e®&V &)V 2)7)] (139)
1 N]_K T T T ~T
e X [oE, ) (V180 - (7 8)0E(0 (0 5,7
n=1 j=1
Ep(u! 25 ) (V' )% — (V )oBV 2)(V #)7)]



Following the notations in Lemma E.8 of [40], we define
~T

K
T(x) ;:%Z(ﬁ(u;%mj). (V' 2,)% = (V 2,)@(E(V z,)(V z,)T)].  (140)

Then, B;(x) € RE*K * is defined as flattening the tensor T'(x) along the first dimension. Hence,
we have

* ST T
1Bs(@) 2 Smax ujdg |- (V" aall} + 3KV @)

(141)
<o K 2 log? ¢
with probability at least 1 — ¢~ .
Following the similar calculations of (I) and (IIT) in Lemma E.8 of [40], we know that
|EeBs ()2 < o1,
(142)

max{||Em[Bs(w>TBg<x>1||2, HEm[Bg(w)TBa(me} < K22,

Define Z3,, = %(Bg(mn) — EmBg(CC)) for (z,,,y,) € D, and it is obvious Z3 ,, is zero mean.
Also, we have

1
Ry = (|Z3.n]l2 SN(HBS(%)Hz + |[E2 Bs(z)||2)

(143)
E 5
§N*101K% log? ¢,
and
N N 1
52 — H EZs,ZT ,H EZs,ZT }< EB2(z,)|s + |EBs(x,)|2
F= {2 | S Ezn 2 < (EB @l B,
SNTIK?62,
Similar to (135), by applying Lemma 10, we have
o lo
1> Zsa|, s oy 2 (145)
= 2 N

with probability at least 1 — ¢~ provided that N > K° log6 q.

~T _
Similar to (141), we define B by flattening the tensor 25:1 (V @)®3 —

T ST ST o . .
(V 2)0(E(V @)(V x)")| along the first dimension. Then, we know that

< K~ *logq %+3K K~*logq 3
~ N N

< log g §+ logqg\? (146)
~\ N N

< /log q
~ N b

N
~T
Bl < | XV, 2
n—

' kS 97
2+ an::l Tn

provided that N > K° logq.

In conclusion, we have

~ o~~~ ~ o~ 1
|Ma(V.V.V) = My(V. V. V)| S (01 + €]y S (147)

with probability at least 1 — ¢~ ¥ provided that N > K3 log® q.
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J.3 Error bound for the first-order moment

Proof of Lemma 9. For M 1 — M, we have

N
— 1 ~ ~
My~ My =3 ynin —Eq y2

5
—

N K K
ZNZ EZ nds,) T €n)Tn — Eg Z%b(uf%j)?c (148)
= K ; ;_1 1 N
N;Z( 6, )0 — Eq 0(u iﬁj)i)+N;§n-an.
Define B, (x) := %Zf: o(u ;Ta?nﬁj)in,thenwehave
K
[B1(z)]2 < melog% @
|2 B) (= fn <o (14
{I|B1B1(@)B1(@)7]| . | BalB1; (@) Bi@)]|,} < o

Next, define Z1 ,, = % (B1,j(xn) — ExBa(x)) for (z,,,y,) € D, by calculation, we can obtain

Ri=|Z1nllz S N7 017rmax log? g, (150)

and

6% = max{” ZIEZln

By applying Lemma 10, we have

} <N o?rpax. (151)

N Tmax 10
N Zi,| oy e 0Bd (152)
n=1 2 N

with probability at least 1 — g~ "=x provided that N 2 rpax log4 q. Since x € R" belongs to the
Gaussian distribution, we have
1 & Tmax 10g ¢
fall Tl <o)X od 153
H v 2 E, S Ty (153)
n=1
with probability at least 1 — g~ "ax,
— Tmax LO
|1 = M|l S (o1 + ey 2 (154)

with probability at least 1 — g~ "=, provided that N 2 rpax log” q. O

In conclusion, we have
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