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ABSTRACT

Generalization is one of the most fundamental challenges in deep learning, aim-
ing to predict model performances on unseen data. Empirically, such predictions
usually rely on a validation set, while recent works showed that an unlabeled val-
idation set also works. Without validation sets, it is extremely difficult to obtain
non-vacuous generalization bounds, which leads to a weaker task of finding gen-
eralization measures that monotonically relate to generalization error. In this pa-
per, we propose a new generalization measure REF Complexity (RElative Fitting
velocity between signal and noise), motivated by the intuition that a given model-
algorithm pair may generalize well if it fits signal (e.g., true labels) fast while
fitting noise (e.g., random labels) slow. Empirically, REF Complexity monoton-
ically relates to test accuracy in real-world datasets without accessing additional
validation sets, and achieves —0.988 correlation on CIFAR-10 and —0.960 corre-
lation on CIFAR-100. We further theoretically verify the utility of REF Complex-
ity under the regime of convex training with stochastic gradient descent.

1 INTRODUCTION

Generalization is one of the most fundamental mysteries in deep learning, measuring how the trained
model performs on unseen data. By convention, people empirically estimate generalization error
via validation data that are independently drawn from the population distribution. However, such
validation data are obtained by splitting a portion of training data, causing a shrink in the train-
ing set. Recently, a line of work argues that labeled validation sets are unnecessary in predicting
generalization, and proposes to predict generalization via an unlabeled validation set, e.g., RATT
approach (Garg et al., 2021)), disagreement-based approaches (Jiang et al. [2022). However, the
additional dataset, even unlabeled, might be expensive. This naturally leads to a question: can we
estimate generalization error without any additional dataset?

Directly answering the question can be extremely challenging (Jiang et al., [2020a). As a surrogate,
people consider a weaker task of finding generalization measures that monotonically relate to gener-
alization error (Jiang et al., 2020bj |Dziugaite et al., 2020). Unlike the predicting task that calculates
the exact value of generalization error, generalization measures are only required to sketch its trend.
Such relaxation is meaningful in many scenarios, e.g., model selection tasks where we only need to
compare two models (Zucchini, [2000; Johnson & Omland} 2004; Emmert-Streib & Dehmer, [2019)).

There are various types of generalization measures in the existing literature, which can be roughly
split into four branches (Jiang et al., |2020b): (a) empirical measures, (b) norm-based measures, (c)
PAC-Bayesian and information-based measures, (d) stability-based measures. However, (a) may
imply a spurious causal relationship between the measure and generalization (Dziugaite & Roy,
2017), (b) even negatively correlate with generalization error (Jiang et al.| 2020b), (c) only applies
in stochastic models instead of standard training scenarios. Therefore, (d) stands out due to its
algorithm-dependent property and is widely considered a potential approach to generalization mea-
sure analysis (Nagarajan & Kolter, [2019; Jiang et al.| 2020b). Existing works have proposed mean-
ingful generalization measures based on algorithmic stability. For example, Hardt et al.|(2016)) the-
oretically study algorithmic stability and argue that “train faster, generalize better”, and [Jiang et al.
(2020b) observe that the initial phase of optimization benefits the final generalization. Although
these arguments perform well empirically, there still exist phenomena that the existing stability-
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based measures cannot explain. For example, stochastic gradient descent (SGD) usually generalizes
better while trained slower (with more iterations) than gradient descent (GD).

In this paper, we propose a new measure following stability-based approaches, which (a) has a the-
oretical backbone, (b) empirically works, and (c) is appliable in standard training scenarios, named
REF Complexity (RElative Fitting velocity on signal and noise). The complexity is motivated by the
intuition that a given model-algorithm pair may generalize better if it fits the signal faster while fit-
ting the noise slower during the training process. Empirically, one can treat the real-world dataset as
the signal and the same dataset with random labels as the noise. Given a training set D and training
algorithm A, REF Complexity is informally derived as
The degree of fitting noise

n D7 = . . bl 1
Tn(D, A) The degree of fitting signal M

where n denotes the sample size. Intuitively, REF Complexity measures the degree to which a
model-algorithm pair can distinguish between signal and noise during training, and 7, (D,.A) is
anticipated to monotonically increase with respect to generalization error since fitting noise usually
hurts generalization. Besides the property (a, b, c) above, REF Complexity (d) does not require an
additional dataset, and (e) increases with the noise scale. Property (e) meets the requirement that
the generalization bound (and its corresponding measure) should increase with the degree of noisy
labels, proposed in|Nagarajan & Kolter| (2019).

From the experimental perspective, REF Complexity monotonically correlates with the generaliza-
tion error (See Figure [I), demonstrated by experiments on CIFAR-10 and CIFAR-100. We further
show that REF Complexity explains several phenomena in deep learning. We take the comparison
between stochastic algorithms (e.g., SGD) and deterministic algorithms (e.g., GD) as an example.
SGD usually fits signal and noise both slower. However, we observe that SGD is trained significantly
slower when fitting noise compared to signal, leading to a smaller REF Complexity. Therefore, SGD
generalizes better under the REF Complexity framework, which accords with reality.

From the theoretical perspective, we validate the utility of REF Complexity by deriving that general-
ization error can be bounded using REF Complexity under the regime of convex trainingﬂ with SGD.
The derivation is inspired by the stability-based techniques in generalization analysis. Informally,
the degree of fitting noise ensures that the training gradient cannot be extremely large, leading to a
guarantee for algorithmic stability. Similar conclusion hold beyond SGD, and we also derive a sim-
ilar bound under the regime of GD with overparameterized linear regression, following the benign
overfitting techniques proposed in [Bartlett et al.| (2020).

‘We list our contributions as follows:

1. We propose a new generalization measure named REF Complexity, which quantifies how
well a given model-algorithm pair distinguishes between signal and noise during training.
REF Complexity extends the scope of stability-based measures.

2. Experimental results on CIFAR-10 and CIFAR-100 demonstrate the effectiveness of REF
Complexity, where REF Complexity monotonically decreases with respect to test accuracy
with correlations of —0.988 and —0.960 on CIFAR-10 and CIFAR-100, respectively.

3. We further theoretically validate the utility of REF Complexity under the regime of convex
training with SGD. Moreover, we show that similar arguments hold beyond SGD.

2 RELATED WORK

Algorithmic Stability is one of the most popular techniques in generalization analysis (Bousquet
& Elisseeff] 2002; [Hardt et al.,[2016). A line of works focuses on deriving high probability bound
based on algorithmic stability (Feldman & Vondrakl 2019; |Bousquet et al., [2020). Another line of
works tries deriving algorithmic stability under various regimes, e.g., unbounded gradient (Lei &
Ying, 2020), non-smooth loss (Bassily et al.l [2020), stochastic gradient Langevin dynamics (Mou
et al.l 2018} |L1 et al.l 2020). One of the properties of algorithmic stability is that the corresponding
bound usually increases with time, motivating the optimization-based measures which quantify the
number of iterations to reach a given loss threshold (Jiang et al., |2020b).

!One may relax the convex assumption using Stochastic Gradient Langevin Dynamics (SGLD) algorithms.
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Figure 1: Correlation between REF Complexity and test accuracy. We conduct over 144 experiments
with ResNet20, ResNet32, and RseNet56 on CIFAR-10 and CIFAR-100, showing that REF Com-
plexity negatively relates to test accuracy with correlations of —0.988 and —0.960 on CIFAR-10 and
CIFAR-100, respectively. We defer the experiment details to Section @

Theoretical generalization measures. Besides stability-based measures, there are many other
theory-motivated measures. A line of work focuses on the norm-based measures (Neyshabur et al.,
2015} Bartlett et al.,[2017; Neyshabur et al.| 2018 We1 & Ma, 2020), but it may dramatically fail to
show monotonically correlation with test errors (Nagarajan & Kolter, 2019} Jiang et al., 2020b). An-
other line of work focus on PAC-Bayesian (McAllester, |1999; Dziugaite & Royl |2017; Neyshabur,
et al.| 2017) and information-based analysis (Russo & Zoul [2016; Xu & Raginsky}, [2017; |Haghitam
et al.} |2020; 2021)). This line of work performs well numerically but requires changing the training
scheme with stochastic models (Jiang et al.,[2020b)).

Predicting generalization errors. Compared to generalization measure approaches, predicting the
exact generalization error is a more difficult task. Traditional approaches split a holdout partition
(namely, validation set) from the available labeled data, where performances on the validation set di-
rectly imply generalization error. However, this approach restricts the number of labeled data in the
training process. Recently, |Garg et al.| (2021) leveraged an unlabeled dataset (with random labels)
to augment the labeled dataset and predict generalization via the different performances on the two
datasets. Besides, a line of work (Jiang et al.| [2022) focuses on the relationship between disagree-
ment and generalization, where the disagreement comes from the different model performances
(e.g., trained with different training schemes) on unlabeled data. Despite not requiring additional
labeled datasets (validation set), these approaches still need additional unlabeled datasets.

Empirical generalization measures. Besides those measures motivated by theoretical analysis,
there are also empirical approaches to finding generalization measures or predicting generaliza-
tion errors, including sharpness based techniques (Keskar et al., [2017), robustness on representa-
tions (Natekar & Sharmal [2020) and robustness on augmentation (Aithal et al., [2021]).

Distinguishing signal and noise. The structure of the response is one of the basic data properties
in generalization analysis. For example, Nagarajan & Kolter| (2019) argues that the generaliza-
tion bound should increase with the noise levels (e.g., the portion of random labels). However,
some generalization measures do not even distinguish signal and noise (e.g., Rademacher complex-
ity (Shalev-Shwartz & Ben-David, 2014)), and therefore only return vacuous generalization bound
when the model can fit arbitrary random noise (Zhang et al.,|2021). A line of work implicitly con-
siders different performances of signal and noise, e.g., algorithmic stability can extract the output
structure since neural networks usually fit signal faster than fitting noise (Zhang et al.| [2021)), and
NTK-based data-dependent measure grows with the potion of noise (Arora et al.,2019). Besides, an-
other line of work focuses on bounding the noise tolerance (Rudinl 2005; Manwani & Sastry}, 2013
Frénay & Verleysen,|2014;|Bansal et al.,2021), which analyzes the training accuracy decrease when
adding a portion of label noise. This differs from our approach, where we aim at bounding gener-
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alization using noise tolerance. Of particular relevance here is [Teng et al.| (2022)), which explicitly
split the effects of signal and noise during the generalization analysis. However, the bound in [Teng
et al.|(2022) cannot directly lead to a simple generalization measure.

3 PRELIMINARIES

This section introduces basic notations and necessary assumptions. Some of the notations differ from
the existing literature because besides the original data distribution, we also consider two parallel
types of distributions: signal distribution and noise distribution. We subscript them by sig and
noi, respectively.

3.1 BASIC NOTATIONS

Data Distribution. Let (z,7) ~ P C R? x R denote the input and the corresponding response.
We consider the ground truth function y = f(x;0*) + € where ¢ € R denotes the random noise,
0* € RP? denotes the best parameter, and f(-; 0*) denotes a function f indexed by parameter 6*.
In such regimes, we assume that E[e|z] = 0. Without loss of generality, assume that f(x;0) = 0.
Let D = {(x,¥:) }ic[n) denote the dataset with n data points sampled from distribution 7, where
we omit the dependency of n for simplicity. The corresponding signal dataset and noise dataset are
denoted by Dsig = { (i, f(xi;0)) }ic[n) and Droi = { (@, €;) }ic[n) With distribution Pg;e and Pro;.

Loss. Let ¢(0; z) denote the loss function with parameter 6 on sample z = (x,y), given the
prediction f(a; @). The training loss is then denoted by £,,(6; D) = + > .5, £(6; z;). The corre-
sponding excess risk is then denoted as £(0; P) = E, .pl(0; z) — £(0*; z), measuring the distance
between 0 and the best parameter 8*. We assume that the excess risk is well-behaved, namely,
E(0*;P) < E(O;P), E(0%; Psig) < E(0; Psig), and E(0; Proi) < E(0; Proi) for all 6.

Algorithm. Let .4; denote the algorithm which takes a dataset D as an input and returns a parameter
0) = A,(D) € RP at step t. In the following text, we prefer the notation A (D) to emphasize
the dependency on dataset D. The algorithm can be either deterministic (e.g., gradient descent) or
randomized (e.g., stochastic gradient descent). When the context is clear, let A = {A;} ;c[4 denote
algorithms in all steps. To simplify the discussion, we assume that the algorithm starts from zero,
namely, Aq(D) = 0. During the discussion, we are interested in the excess risk of A;(D), namely,
E(A:(D); P). Without loss of generality, assume that Ao (Ds;g) = Ag(D) and Ag(Dnoi) = 0.

3.2 ALGORITHMIC STABILITY

Algorithmic stability is one of the most popular approaches to generalization (Bousquet & Elisseeff],
2002; |Hardt et al., 2016). Informally, algorithmic stability measures how the model performance
alters when changing a training sample, which leads to generalization bound via Proposition 3.1}

Proposition 3.1 (Algorithmic stability, from [Hardt et al.| (2016)). Assume that the algorithm A, is
~-uniformly-stable, namely, for any two datasets D and D’ with only one different data point,

sup E4[0(A(D); 2) — £(A(D"); 2)] < .

Then the following generalization bound holds
EAp[Eznpl(A(D);z) — Ln(A(D); D)] < 7.

One can generalize the results in Proposition [3.T]using other types of algorithmic stability, e.g., on-
average algorithmic stability (Lei & Ying,2020). A line of research derives generalization measures
under specific regimes based on Proposition Among them, the most popular one is the bound
derived in general convex and smooth regimes, proposed in Proposition [3.2]

Proposition 3.2 (Convex and smooth regimes, from Hardt et al.|(2016)). Assume that the loss func-
tion {(+; z) is convex, M-smooth and L-Lipschitz for any sample z, it holds that

2nt
.1, DBz l(A(D):2) - Lu(A(D: D) < 2212,

where 1) denotes the constant stepsize satisfying n < 2/M.
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Algorithm 1 Estimate REF Complexity in practice

Input: Training set D = {(=;, ¥;) }i[n]> Optimization algorithm A;, training loss function £, (-, -).
1: Calculate the training loss on step 0 and step ¢ for the real-world dataset, namely, £,,(Ao(D); D)
and £,,(A:(D); D);
2: Generate m randomly labeled datasets D
random noise;
3: Calculate the training loss on step 0 and step ¢ for the randomly labeled dataset, namely,

(4)

noi

= {(=, gjgj))}ie[n],j € [m], where g]fj) denotes a

L,(Ao(D)); DY) and cagxgé@gﬁ%xA .
Output: 7,°(D, A;) = nls )<}> i <7>( 0(D)T) IS

# Z_je[m,] ‘C'"(‘At(Dnoi );Dnoi )/‘C" ('AO(Dnoi );Drmi )

Based on Proposition a t/n-type generalization measure directly follows, leading to the argu-
ment train faster, generalize better (Hardt et al., |2016). In the next section, we show a different
generalization measure under the stability-based framework, contrasting the signal and noise during
the training process.

4 FORMAL DEFINITION OF REF COMPLEXITY

This section introduces the formal definition of REF Complexity, which quantifies the ability of a
model-algorithm pair to distinguish between signal and noise. Due to the practical restrictions, the
notion of REF Complexity is slightly different in theory and in practice. We next introduce them
separately, denoted as 7,%(D, A;) and T,%(D, A;).

4.1 ANALYZING REF COMPLEXITY

In theoretical analysis, we can explicitly define the notion of signal and noise. Informally, if an
output has the form y = f(x;6*) + €, we can split it into f(x; 0*) and e, as defined in Section [3]
Therefore, we directly define REF Complexity based on dataset Dy, and Dgig in the theoretical
version. For a given training dataset D and training algorithm A, its theoretical REF Complexity
can be measured as

,7:104 (D, -At) _ 1-—- E‘Cn(-At (Dnoi)§ ,Dnoi)/lcn(AO(,Dnoi); Dnoi) ’
1- En (At (Dsig); Dsig)/ﬁn (AO(Dsig); Dsig)

where the expectation is taken over the random noise in Dy;. The metric 7,%(D, A;) becomes larger
when fitting noise more (with smaller £,, (A¢(Dsig); Dsig)), given the degree of fitting signal.

2

4.2 CALCULATING REF COMPLEXITY

In practice, a real-world dataset usually mixes signal and noise. Unfortunately, it is impossible
to split the dataset into signal and noise components perfectly. Therefore, we cannot obtain Dy;e
and calculate the REF Complexity like the theoretical version. Despite all this, a possible way is
to quantify a data-algorithm pair’s ability to distinguish the real-world dataset with the randomly
labeled dataset. Such a metric implies the ability to distinguish between signal and noise, since the
real-world dataset usually contains enough signal information. We formulate the practical version
of REF Complexity in Equation equation[3] given the dataset D and algorithm A,,

L, (A(D); D)/ Ln(Ao(D); D)
n (At (Dnoi); ,Dnoi)/»cn (»AO (Dnoi); Dnoi) ’
where n denotes the sample size, and the expectation is taken over the random noise in D,,;. REF
Complexity 7,%(D, A;) becomes larger when fitting noise more (with smaller £,,(A¢(Dnoi); Daoi)),
given the degree of fitting signal. The form in Equation equation [3is different from that in Equa-

tion equation 2] due to computational stability. Since the real-world dataset D usually contains noise,
it is safer to put the related term in the numerator instead of the denominator.

TV (D, A) = 57 3)

We summarize the algorithm in Algorithm |1} which returns the REF Complexity value 7,7 (D, Ay ).
The construction of random noise (Step 2) varies from task to task. For example, we can use Gaus-
sian random noise in regression problems and uniform random labels in classification problems.
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Besides, REF Complexity 7,°(D, A;) is usually smaller than one, since machine learning models
usually fit signal faster than noise (Arora et al., [2019; [Zhang et al., [2021]).

Comparison to Rademacher complexity. Both metrics focus on the ability to fit noise. However,
Rademacher complexity measures the noise-fitting ability for a given function class, while REF
Complexity measures it for a given model-algorithm pair. Besides, REF Complexity distinguishes
the signal influence and the noise influence, which is not covered in Rademacher Complexity. As
an algorithm-independent and output-independent measure, Rademacher complexity is inconsistent
and vacuous since neural networks can fit arbitrary random noise (Zhang et al., 2021). In compar-
ison, REF Complexity is noise recognizable since 7,%(D, A;) becomes larger when the real-world
dataset D contains much noise, leading to a large generalization error.

5 BOUNDING GENERALIZATION VIA REF COMPLEXITY

In this section, we derive generalization bound using REF Complexity, providing theoretical guar-
antees for the metric. As the commonly-considered algorithm, we first study SGD under convex
regimes in Section [5.1} We further validate that the bound form holds beyond SGD, by consider-
ing GD under overparameterized linear regression regimes in Section During the analysis, we
consider the metric of excess risk introduced before, which is generally considered in the related
literature (Bartlett et al.| 2020; [Teng et al., [2022)).

5.1 SGD UNDER CONVEX REGIMES

This section introduces a generalization bound via REF Complexity in convex cases with SGD,
starting from the basic notations. The core technique in the proof is algorithmic stability. The key
intuition is that, one can bound the algorithm stability using a cumulative gradient, which is further
bounded by the degree of fitting noise.

Settings. We follow the notations in Section [3|when the context is clear. Additionally, we consider
a specific algorithm A;: constant-stepsize SGD with replacement, where the iteration performs as
Ai11(D) = A(D) — nVL(A(D); 2),

where z is sampled uniformly from dataset D. We sketch the gradient noise in step ¢ as
00 (t:D) = Eapy Yicim (A(D); 2)[|* — VL, (A(D); D). Similar notations are also
used in optimization-relevant papers (Shalev-Shwartz & Ben-David, 2014). We assume a bounded
gradient noise regime in the noise training, where o2 (t; Dpoi) < 02, = O(1) for any step t. Be-
sides, we assume that the gradient noise is non-increasing during the noisy training process, namely,
E 41,02 (t; Dnoi) < Eap,,02(j; Duoi) for any j < t. This assumption is valid under convex
regimes where the gradient is approximately non-increasing (L1 et al.| [2020).

Additionally, we assume the following Decomposition condition for the excess risk, aiming to de-
compose the influence of signal and noise in the generalization analysis.

Assumption 5.1 (Excess Risk Decomposition). We assume that the excess risk can be decomposed
into its signal component and noise component, namely, there exists a constant c1 such that for any
given time t > 11,

EA¢,D£<At (D)y 7)) < C1 [E.At,D,,m-g(At (Dnoi); Pnui) + EAhDA,'gS(-At (Dsig); Psig)} + wl (’I’L)7
where ¥1(n) — 0 asn — oo.
Assumption [5.1] can hold in both linear and non-linear cases under some additional assumptions,

as demonstrated in [Teng et al.| (2022)). The next Assumption sketches the properties of signal
training and noise training.

Assumption 5.2 (Signal and Noise Training). We assume that the signal training component satis-
fies for any t > Ts, there exists a constant co such that

E.At ,Dsigg(At (Dsig); Psig) < CQEAt,D,,{,,-g(At (Dnai); Pnoi) + w2 (n)7

where o(n) — 0 as n — oo. Besides, we assume that the noise training component satisfies that
foranyt > T,

E.At ,Dm,l‘Cn(At (Dnoi)§ Dnui) < E.AO,D,,O;[% (-AO (Drwi); Dnoi)-
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The first part on signal implies that signal training is a relatively simpler task than noise training,
which is demonstrated empirically (e.g.,|Arora et al.|(2019); [Zhang et al.| (2021)) and theoretically
(e.g., Gaussian Mixture Models (Cao et al., 2021), overparameterized linear regression and Hy-
percube Classifier (Negrea et al., [2020)). The second part on noise requires that the training loss
decreases during noise training in expectation, without which REF Complexity might become neg-
ative. This holds with a sufficiently small learning rate, guaranteed by optimization theory (Shalev-
Shwartz & Ben-David, [2014).

We next derive in Proposition that overparameterized linear regression regime with MSE loss
satisfies the above assumptions.

Proposition 5.1. Overparameterized linear regression regimes satisfy both Assumption and
Assumption Specifically, when the optimal parameter ||0*|| = O(1) and sample covariance
|12zl = O(1), we derive that

(a.) Forall stept, EE(A(D); P) < 2[EE(Ai(Dyig); Piig) + EE(At(Dioi); Proi)] 5

(b.) Fort > n, EE(Ay(Dyi); Prig) = O(=) ;

(C~) With Suﬁ?Cienﬂy small m, Eﬂn (At (Dnoi); Dnoi) < E‘Cn (AO (Dnoi); Dnoi)-
We are now ready to introduce the main theorem, which bounds the excess risk using REF Com-
plexity 7,%(D, A;) in general convex regimes.

Theorem 5.1 (Convex, smooth, with SGD). Assume that the loss £(0; z) is convex and M -smooth
with respect to 0 for any sample z. Consider the SGD training regime with constant step-
sizen < % Under Assumption and Assumption the following inequality holds when

2jel 02 (35 Duoi) = 0(n?) and t > max{Ty, Tz, T}

< 8ecmax {M, 1}
- Vi
1

where we define u = /(1 + L) for simplicity, and the term 1)(n) — 0 as n — oc. The constant

Ep 4,E(Ai(D); P) max {u, u*} Ep 4, 7, (D, Ar) + ¥(n),

n

¢ > 0 denotes a constant related to the constant c1, co in Assumption[5.1|and Assumption

Derived from Theorem|[5.1] REF Complexity7,*(D, Ay) is valid from two aspects: (a) if 7,%(D, A;)
is relatively small, the excess risk is consistent and, therefore, would be relatively small. Here we
use consistency to represent a bound that converges to zero as the sample size goes to infinity. (b) if
T.%(D, A;) is relatively large, the bound is dominated by the first term. Therefore, 7,%(D, A;) is a
proper index for generalization since the proposed upper bound shows an approximate correlation.
We refer to Figure[3]in Appendix [C]for more discussions.

About the order in 1. Besides the order of 91,9 in Assumption [5.1] and Assumption the
order of 1 is also closely related to the term "% > jel ai (j; Dnoi)- To ensure the consistency,
we assume that 3105 (j; Daoi) = o(n?). If t = o(n?) the assumption directly holds since
02 (4;Dnoi) = O(1). However, the estimation on > e 02 (j; Dnoi) can be much better, since
the gradient norm usually decreases in expectation along the trajectory under convex regimes (e.g.,

strong growth assumption in [Schmidt & Roux| (2013); Cevher & Vu|(2019). This would lead to a
weaker requirement on t.

About other assumptions. The convex and smooth assumption used in Theorem [5.1]are also used
in algorithmic stability relevant papers (e.g., Le1 & Ying (2020)). Besides, the stepsize assumption
is valid in SGD-relevant analysis (e.g., section 6.2 in [Bubeck| (2015)). We also remark that the
assumption y | et 02 (45 Duoi) = 0(n?) usually do not contradict to the time requirement 77, Ty, T3
used in Assumption [5.1]and Assumption [5.2] For example, in overparameterized linear regression
cases, the first assumption is weaker than ¢ = o(n?) and the second assumption requires that ¢ >
max{T,T>,T5} = n. Therefore the bound is at least valid in the region t € (Q2(n), o(nz)

*We here use notation (Q(n), o(n?)) to represent an interval with lower bound in order (n) and upper
bound in order o(n?).
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We finally remark that we here provide the generalization bound with expectation version instead of
the high probability version, due to the inherent properties of stability-based techniques. One can
generalize the results to high probability versions following |Feldman & Vondrak| (2019); Bousquet
et al.| (2020). Here are three key steps during the proof. The first is to decompose the excess risk
into signal component and noise component based on Assumption and Assumption The
second is to bound the algorithmic stability of the noise part using the cumulative gradient, based
on the convex and smooth assumption. And the third is to bound cumulative gradient using REF
Complexity, which is derived by smoothness assumption. We defer the whole proof to Appendix [A]

Remark 5.1 (Comparison to algorithmic stability). The measures proposed in Theorem are
fundamentally different from the stability-based approaches, although our bound is derived via
stability-based techniques. The measure proposed in this paper explicitly quantifies the ability to
distinguish signal and noise, which differs from the existing measures. We finally remark that the
goal of Theorem[5.1|is not to provide a tight bound but to validate the utility of REF Complexity.

We close the section by introducing how to generalize the results in Theorem [5.1] to general non-
convex regimes, under the training algorithm of Stochastic Gradient Langevin Dynamics (SGLD).
The main reason we need convex regimes is the one-expansion property under convexity with SGD,
required by algorithmic stability analysis (See Lemma [A.4]in Appendix). This property is easily
violated under non-convex regimes. However, this could be avoided in SGLD training. A line of
work (e.g., Mou et al.| (2018)); [Li et al.[| (2020)) derived that one can bound the generalization gap
using the cumulative gradient. We leave the detailed discussion for future work.

5.2 GD UNDER OVERPARAMETERIZED LINEAR REGRESSION

To validate the generality of REF Complexity, this section proves a similar argument under overpa-
rameterized linear regression regimes. One may generalize the results to kernel regression regimes
(e.g., neural tangent kernel), which is left for future work. Our techniques in this section are inspired
by Bartlett et al.| (2020); | Xu et al.[ (2022).

Settings.  We follow the notations in Section [3| when the context is clear. Additionally, set
f(x;0*) = 276" as the ground truth function. Let ¥, = Exz' denote the covariance matrix
Z/\;ii;\ denote the corresponding effec-
tive rank, and k* = min{k > 0 : r,(X) > bn} for some constant b > 0. Assume that the noise
y— x ! 0% is oi—subGaussian, and x = Eclc/ 22 canbe represented as linear transformation of z where

z denotes a random vector with independent and o2 -subGaussian coordinate.

with non-increasing eigenvalues \;, ¢ € [d]. Let ri(X) =

Theorem 5.2 (Overparameterized Linear Regression with Gradient Descent). Under overparame-
terized linear regression regimes, we assume that ro(X) = o(n) and k* = o(n). Besides, we assume
that ||0*]|2 = O(1), ||Zx|l2 = O(1) in a constant scale. We consider GD training process with zero
initialization and constant stepsize n. For any given § > 0 which does not vary with sample size n
and satisfies 1og(1/8) = o(n), for t = w(1f| with probability at least 1 — 6,

E(A(D); D) < clog(1/8)a, T, (D, Ar) +1(n),

where )(n) — 0 as n — co and ¢ > 0 denotes a constant.

We remark that the bound proposed here can be consistent if 7,%(D,.A;) — 0 as n — oo for some
given fixed ¢. This usually holds when ¢ = o(n) with constant stepsize. Besides, different from the
results proposed in Theorem Theorem do not contains time dependency (¢/n-type term).
This is due to the different techniques used in the proof. Unfortunately, the techniques used in this
section cannot be easily applied to general convex regimes. We defer the whole proof to Appendix [B]

6 EXPERIMENTAL RESULTS

This section provides experimental results to validate the utility of REF Complexity. Specifically, we
conduct over 144 experiments on CIFAR-10 and CIFAR-100, and plot each regime’s test accuracy
and REF Complexity in Figure [T} Experimental results in Figure [T)illustrate that REF Complexity

3The statement ¢ = w(1) means that ¢ — co as n — oc.
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Table 1: Experiments on different batch sizes and different learning rates. REF Complexity and
norm-based bounds are both expected to be negatively related to accuracy. The W-norm fails to show
correct correlation with accuracy (with even positive correlation), while REF Complexity works
(with negative correlation).

BATCH SIZE 256 512 1024 2048 CORRELATION
ACCURACY 87.6+0.2 85.4 +0.4 82.440.9 81.140.1 -
REF () 0.021+0.003 0.051+0.003 0.111+0.016 0.1554+0.002 -0.987
W-NORM ({) 262.740.9 174+3.0 137+1.0 116+2.0 0.960
LR 0.005 0.01 0.05 0.1 CORRELATION
ACCURACY 81.940.2 82.4+0.9 86.3+0.3 88.1+0.4 -
REF () 0.14440.002 0.11040.016  0.04540.004 0.023+0.004 -0.981
W-NORM ({) 115.9+0.5 137.1+1.3 304+4.0 536+12.0 0.964

negatively correlates to test accuracy with correlations of —0.988 and —0.960 on CIFAR-10 and
CIFAR-100, respectively. Besides, we show how to use REF Complexity to explain some interesting
phenomena in deep learning regimes, e.g., the great success of stochastic algorithms.

Setup. Our experiments contain two parts: Firstly, we conduct experiments on CIFAR-10 and
CIFAR-100 to show the correlation between test accuracy and REF Complexity. We use ResNets as
the basic architecture, and evaluate the test accuracy with different learning rates, batch sizes, weight
decay, and depths. We train each model for 150 epochs. To evaluate REF Complexity correctly, each
noise training process is trained five times, and we calculate the averaged REF Complexity as the
metric. The results are shown in Figure |I} Secondly, we conduct experiments on CIFAR-10 and
evaluate the correlation between REF Complexity and test accuracy. Each configuration is trained
three times, and we report the mean and standard deviation.

Discussion. Besides the monotonic relationship between REF Complexity and test accuracy, we
find that the notion of REF Complexity helps explain the deep learning phenomenon from a dif-
ferent perspective. We here take stochastic algorithms as an example. The success of stochastic
algorithms (e.g., SGD and its variants) is widely observed in deep learning regimes. We empirically
explain the phenomenon by REF Complexity (see Table[T), using different batch sizes as a surrogate.
Fortunately, one can explain the phenomenon under REF Complexity. We defer the details below.
Using a similar argument above, one can explain other phenomena empirically (e.g., learning rate).
We summarize the experimental results in Table[T]

Analyzing stochastic algorithms under REF Complexity. We end this section by discussing more
on the stochastic algorithms under the framework of REF Complexity. For deterministic algorithms
(e.g., GD), each iteration sees all the samples, and therefore the training loss would decrease in each
iterate for both signal and noise training. However, for stochastic algorithms (e.g., SGD), each iterate
only sees part of the samples. For signal training, the model still learns useful information since each
sample shares the same pattern. However, things can be much more different in noise training. The
model may even oscillate since the pattern in the first batch can even damage the training loss on the
remaining samples. This leads to a better REF Complexity for stochastic algorithms. We illustrate
this phenomenon in Appendix [C] (Figure [).

7 CONCLUSION

In this paper, we propose a new generalization measure REF Complexity under the algorithmic
stability framework, which contains a theoretical backbone and empirically works well in standard
training scenarios. The complexity is motivated by the intuition that a model-algorithm pair would
generalize better if it fits the signal fast while fitting the noise slowly. The success of REF Complex-
ity may inspire some future directions. From the theoretical view, it would be interesting to relax
the assumption on gradient noise used in Theorem[5.1] From the empirical view, one may find more
generalization measures using signal-noise techniques. Another interesting direction is to predict
exact generalization error using the REF Complexity framework. If this is done, it may become a
new standard in practice parallel to cross-validation. One can track the algorithmic performance on
a randomly labeled dataset during training, and compare different models based on it.
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Appendix

A PROOF OF THEOREM [3.1]

Theorem 5.1 (Convex, smooth, with SGD). Assume that the loss £(0; z) is convex and M-smooth
with respect to 0 for any sample z. Consider the SGD training regime with constant step-

size n < ﬁ Under Assumption and Assumption the following inequality holds when

Zje[t] 02 (§: Dnoi) = 0(n?) and t > max{T}, Tz, T3}

8ecmax {M, 1}
NG
1

where we define u £ a1+ %) for simplicity, and the term ¢¥(n) — 0 as n — oo. The constant

Ep 4, E(A(D); P) < max {u,u”} Ep a, 7, (D, Ar) + (n),

¢ > 0 denotes a constant related to the constant ¢y, co in Assumption[5.1)and Assumption[3.2)

Proof. Firstly, due to Assumption [5.1] and Assumption [5.2] the difficulties of bounding the excess
risk falls in the noise component, that is to say,

Ep 4, E(A(D); P) < [e1 + crc2]Epy,, 4, E(A(Dsig); Psig) + ¥1(n, t) + crthe(n, t).  (4)

We next focus on the excess risk of the noise component. The first step is to bound the excess risk
via the generalization gap via Lemma[A]]

E.At,Dmig(At (Dnoi)§ Dnoi) < IEAt,’DnOl [‘C(At (Dnoi); Pnoi) - L, (»At (Dnoi)§ ,Dnoi)}- 5)
The next step is to bound the generalization gap via Lemma[A2] where we use the notion of on-
average model stability proposed in|Lei & Ying (2020). We derive that
E.Af ,D“(,,C(At( nol); Pnoi) - En (At (Dnoi). Dnoi)

2e(M + ¢)n? t 1,1 1
<]E‘A,,,D [f(1+ﬁ)+%(g+ 2 Z Z]EHVE n01);21')||2+%0'§}(t).
1€[n136 t]

(6)

We finally apply Lemma[A:3] which leads to

E.At,Dnoiﬂ(-At (Dnoi); Pnoi) - ACn (At (Dnoi>; Dnoi)
2e(M + c)n? t 1.1 5 .2 N '
f(l + 5) + 27(:(; +7 M)]%E[ﬁn(/lt(pnm)) L (Ao(Dnoi))]

2e(M + ¢)n? t 1.1
S A T —_(=
( +n)+20(t

S]E-At 7D|mi [

M2 S o2 ()] + =02 (1):

2
jelt) ¢

+1

By using the fact that E[L,, (Ai(Dnoi)) — Ln(Ao(Dnoi))] < T,%(D,A;) and taking ¢ =
,/%,u holds that

E A, Dy L(At (Do ); Proi) — L (A (Dnm) Duoi)
<p2Mn Lty ‘[\/ L4 ) (5 M7 (D, A)

- n

A %) v Qfng 2)(% s Y R )+ Y e ),
Jjelt

We consider the three parts separately:

15



Under review as a conference paper at ICLR 2023

For the first part, by setting < (1/v/1), we derive that

B0 L+ 28 s D e,

n

<4emax{Mf1}[ (I1+t/n)+ \/1+ Y1/t 4+ 1/0)]2T,5(D, A)

nv't

<demax{ M, 1}%[%(1 + )W+ (D, A

S+ D)+ D)

=4demax{M,1}—
too1 o
§86maX{M,1}% maX{E(l—l— g), g(l-’-g)}n (D,At)

For the second part, we derive similarly that

2e M2 t 2\/e t..1
2eM Ly \/fﬁ"\/(1+n)(t+n2M)}2J%ffi(y)

1 1 t t.1 2 /.
SS@maX{M@}ﬁ[ﬁﬂ*‘g)"‘ (14—5];201&7)
:8emax{M,1}[%(1+%)+ %(1—1—2)]% Zafu(j).

If t < n?, it holds that

R PRV (R D S ELES SEA)
[t]

which goes to zero for bounded gradient norm.
If t > n?, it holds that
1 t 1 t..1 1
—(14— —(1+ )= 2(j) < 4— 2 (j
O+ A+ DI5 D on() <45 > onl),
Jjelt] jelt]
which goes to zero as long as 3, 02, (j) = o(n?).

For the third part, notice that

Ven 1+t/n "
NV ER i 7

SV YR+ M

Ve | 1+t/n
<—
=\ 1)+ Mt %;]U

<Ve ZO‘

Je[t]
Wh.iCh also goes to zero as n goes to infinity, given that } clt] 02 () = o(n?). Therefore, summa-
rizing the above equations, we have that

EAt7Dnoi‘C(At (Dnoi)§ 7)noi) - L‘n (-At (Dnoi>§ Dnoi)

1 1 t 1 t o (N
<8emax{M, 1}% max{g(l + E), E(l + 5)}’7:1 (D, At) + ¢¥3(n,t),
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where ¢3(n,t) = 0asn,t — 0.

Combining Equation equation[d Equation equation [5] Equation equation [7]leads to the conclusion.
O

Lemma A.1 (Bounding excess risk via Generalization Gap). Let L(0;P) denote the population
risk of @ on distribution P and L,,(0; D) denote the empirical risk of 0 on dataset D. Under the
Assumptions in Theorem[5.1} we can bound the excess risk via generalization gap,

E.Af,D,,,,,g(At( rml); Dnoi) < ]E.At,'Dnm- [‘C(At (Dnl)i); 7)rmi) - En (At (Dnoi); Dnoi)}~

Proof. Notice that the noise excess risk can be decomposed as

E A, D0 € (At (Droi); Droi)
=E A, Dy Eznp, L(At(Dnoi); 2) — £(O0ri; 2)
£L(Ai(Droi); Paoi) — L0} Proi)
=E A, Do [L(At(DProi); Proi) = Ln(At(Droi); Dhuoi)]
+ (£ (At(Dnoi); Dnoi) — L (05 Proi)] + [Lr(Boii Proi) — Lo Proi)]

where 6. denotes the parameter to minimize the excess risk on noise part. For the second term,

note that Ag(Dnoi) = 0 and 8}, = 0, and E 4, 1, L1 (At (Droi); Proi) — L1 (Ao(Dnoi); Paoi) < 0 by
Assumption , therefore,

E.At,D,m;»Cn(-At (Dnoi); Pnoi) - »C (0:01a Pnoi) S 0.

Besides, notice that since 6}, is unrelated to the training set Dy,;, we have

EAt«,DnoiE (0:017 n01) - L‘(ertou PHOi) =0.

Therefore, we conclude that
EAt,Dm,S(Af( nm); Dnoi) S ]E.At,'Dnoi [E(At(Dnoi); Pnoi) - En (Af (Dnoi); Dnoi)] .

O
Lemma A.2. Under the assumptions in Theorem[5.1) we derive that for any ¢ > 0, we have that
EAtaDnoxl:(At( n()l); Pnoi) - En(At(Dnoi)’ Dnoi)
2e(M + c)n? t 1 5 1 5
<E ——— 1+ )+ = E 52 — .
At Do n ( +TL)+2C( Z Z IV L(A; (Duoi); i) | +2C‘7w(t)

zG[n]JG 1]

Proof. Here we use the notion of on-average model stability proposed in|Lei & Ying|(2020), where
we have

E.At , Dhoi [ (At( noi)' 7Dnoi) - (»At (Dnoi)§ Dnoi)]
P L ST A (D); 20) — U(A(Dui); 22), ®)

moi> noi M,
i€[n]

where Dr(mz denotes the dataset with only the i-th sample different from D,,;. The above equation

holds because Dr(lo)1 does not contain any information of z;, and therefore is equal to the test loss in

expectation. Due to smoothness assumption, we have that for any constant ¢ > 0,
U(A(DE); 25) = U(A(Dus); 2:)
M i
<[ A«(D n01> At (Doi) [ [IVE(AL(Droi ); 2:) || + 7”-’475(171(101) A(D n01)||2

C i 1 %
<SIADLD) ~ APul? + 5 IVEADer); 21 + T A(DL) — A (Du)|?
[M-&-c

1
JIl4:(DRe}) — A Duoi) [I* + 52 VE(AL(Daoi); 23) |-
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where the first inequality is due to smoothness, the second inequality is due to 2ab < ca? + ¢~ b2,

We note that due to Lemma[A.3] we have that for constant stepsize 7

E[A(D) — Ay(Duoi) || <4e ZEHW (Daoi); 23) 1%

Besides, due to Lemma[A.6] we have that

%Z IVO(A(Droi); 2:)|I* < ( +P M)~ Z ZEIIW (Dnoi); 20) || + o3, ().

i€[n] ZG[ 15€t]
Therefore, we have that

1
E, o p0— O LA(DL); %) — ((A(Daoi); 2i)

noi> noi 1,
16[ ]
M+C 1
S]E.At,'Dnoi,'Déoi) n Z [ ]”At (Dr(loz) At (Dnoi)”2 + %”V@(Af (Dnoi); zi)”2
i€[n]
1 M+c 1 t
=l 2| 5 Ml + ) Z E||VE(A;(Dnoi); 2i) |
i ] :
L Y e 1
o M) S S EIVEA; (D 201 + 503 (1)
ZG[ 1j€lt]
2e(M + o) Lyl 272 P2 L 2
=E 4, D001 - (L4 —)+ 2c(t + 0" M) > EIVE(A; (Daoi); 2|1 + S (1)

i€[n] jEt]

Lemma A.3 (Bounding Cumulative Gradient). Assuming that L,,(-; z) is M-smooth, if the training
stepsize 1 < 1/L (constant stepsize), it holds that

E% Z Z ||VK(AJ(D’101)’Z’L)”2 S %E[ﬁn(At(Dnol)) - ‘C ( noz + 2 Z

ie[n] [j€[t]] JE[t]

where 02 (j) denotes the variance in gradient at step j.

Proof of LemmalA-3] Due to the smoothness assumption on the empirical loss (it could be done by
the smoothness assumption on each sample), we have that for all ¢,

Eﬁn(Ai+l(Dnoi) nol) <£ (Az( nol) Dnoi) +E(~Ai+1(DHOi) - ‘Al( nm)) V‘C(‘A ( no])§Dnoi)
E(§”Ai+1(DnOi> - Ai(Dnoi)H2)7

where the expectation is taken over the randomness on gradient. Plugging in the iteration
Ai11(Dnoi) = Ai(Dnoi) + 1:VL(A;i(Droi), 2[1] ), Where z[;) denotes the chosen sample, we have

E[L (i1 (D)) < La(Ai(Dai)) — 1|V La(Ai(Doi)) [ + EC 72| V(A (D), 20)]1)

Due to the definition of variance that o2, = E||V£(A;(Dyi), 2 )||2_||v.c (Ai(Daoi)) |2 we have
B[ (Ais1(Dai))] <La(Ai(Dui)) — 1l VDo), ) 4107, + ECE V(A (Duc), 2)]1)
Lo (Ai(Dai)) 0%+ (1 + 5 VE A (Do), 29) P

L (Ai(Dai)) + 107 — TEVEA( Do), 1)

where the last equation is due to 77 < 1/L. By telescoping and taking expectation, we rewrite it as

En Z [V £(A; (Do), Z[j])||2 < 2E[Ln (At(Droi)) — Ln(Ao(Droi))] + 2 Z 770121;(j)

[FElt]] JE(t]
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Since each sample is sampled uniformly with probability 1/n, taking expectation leads to
EZ [VU(A(Dui) 213 [” = Z D IVECA; (Do), ).
" iem) e
Therefore, we have

~ Z D VA (Do), 20)|I* < UE[ o (At(Dai)) = L (Ao (Daoi)] +2 D o2(j)

ze[n] JE[t] JE[t]
O

O

Lemma A.4 (One-expansion under convexity, from |Hardt et al.| (2016))). Assume that for all z, the
Sunction £(z;w) is convex with respect to w and M -smooth, then for step size n < 2/M we have
that when not choosing the sample z;,

HAJ+1( nm) Aj+1( ’101)” < ||A( nm) AJ(D’N”)H

Lemma A.5 (Bound for stability parameter difference). Under the Assumptions in Theorem[5.1] We
have that for any i

E[l.A«(D nm) Aq( nm)H <4e n ZW?EHVK (D nm)5zi)H2‘

JE(t]

where 1 denotes the sample index and j denotes the time index.

Proof of Lemma(A.3] The proof is partly inspired by the proof of Lemma C.2 in[Lei & Ying|(2020).

Note that for any step j, if the chosen index is 7, we have that

||Aa+1( m?) Aj1(Daoi) |
=[|4; (D)) — A (Duci) — 1 VE(A; (D)) i) + 0 V(A (Droi); 1)

Therefore, due to the inequality (a + b)? < (1 + p)a® + (1 + 1/p)b? for any p > 0, we have that
1441 (D) = Aj1(Doi) |
<(1+p)||4; (D)) — A (Do) |* + 02 (1 + 1/p) [VE(A;(DE)); Z) — VE(A; (Do) 24) |2
<1+ ) A;(DS) = A (Do) I + 202 (1 + 1/D)[IVE(A; (DE)); 2|2 + | VE(A; (Daoi); 22)[17],
for any p > 0.
If the chosen index is not %, due to the convexity of the loss , according to Lemma@ we have that
14,41 (D5)) = Aji1 (Daoi) 12 < 114 (D)) = A; (Do) 12
Therefore, since each index is chosen uniformly, we have that
EHAJH( D) = A1 (D)
[(1+p)EHA( () — Ay (Daoi) |2 + 202 (1 + 1/p)E[| V(A (DL): Z0) |1 + [ VLA (Do ); 2i) 1]

J(DLY)) — A (Daot) |2

=(1+ )EIIA( or) = A; (Droi) H2+2 (1+1/p) [IVE(A; (DS )17 + IV E(A; (Dooi); 1) 1)
=(1+ )EIIA (Dhe) = A;(Dao)|1* + 4%(1 + 1/p)E[|VL(A; (Duoi); 21) |-
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where the expectation is taken over the algorithm for the last step, and the dataset Dy, Dr(lg We use
the fact that E||V£(A; (Dyoi); z:)||2 = E||VE(A;(D); 2,)||2. By iteration, we have that

noi

E|| A (D) — Ay(Dyoi) |2

4(1+p 1) »
<ALELT) S 214 ) TRV EA (Do) 20) 2
JE[t]

By choosing p = n/t, we have that
(L+p/n)'™ <(1+p/n)f=1+1/t) <e
Therefore, we have that

E|A(DY) — A(Du)? < Y S 00y (Do) 20 2

noi
JE[t]

Lemma A.6 (Bound for the last iterate gradient).

S IV AD); 2P < (M) S Z B[ V(A (Duor); 20)|? + 02, (1).
n t

i€[n] zE[ ] je

Proof. We firstly notice that there exist & such that

VL, (-At+1 (Dnoi); Dnoi)
=VL, (-At (Dnoi)§ Dnoi) - v2£n (5, Dnoi) [-At-i-l (Dnoi) - »At (Dnoi)]
=VL, (At (Dnoi)§ Dnoi) - nvgﬁn (57 Dnoi) [v£<At (Dnoi)§ Zt)]

Therefore, we have that
”v'Cn (-At—H (Dnoi) nm) H2
:”V‘Cn(-At (Dnoi)§ Dnoi) - 77V2£n (fa Dnoi) [Vg(At (Dnoi)§ Zt)] ||2
:HVL‘n (At (Dnoi>; Dnoi) H2 - UVEn(At (Dnoi)§ Dnoi)VQL‘n (5, Dnoi)VE(At (Dnoi)§ Zt)
+ nQVE(At (Dnoi)§ Zt>v2£n (57 Dnoi)vg(At (Dnoi); Zt)'

By taking expectation on the chosen index ¢, we have that

E||V Lo (At41(Daoi); Daoi) |12

=1V L0 (A (Ppoi); Pooi)I* = 1V L (Ar(Dri); Do) VL1 (€ Pooi) VL (Ar (Dri); Do)

+772EV€( ( n01)§Zt)vgﬁn(g;Dnoi)vg(At(Dnoi%Zt)

<[V L (Ar(Daoi); mi>||2+n2ME||W(At( Daoi); 2t ||
it

=1V Ly (At (Proi); nm)||2+772M > EIVHA(Duo); 20) 17

zE [n]

By iteration, we have that

1 t
EHVETL(At(Dnoi);Dnoi)”2 < UQMﬁ Z ZEnvg(Aj(Dnoi)?zi)Hz + HVETL(Ak(Dnoi)QDmi)”z-
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The above equation indeed holds for any iteration k, and therefore by taking average over all itera-
tions, we have that

EHVEW(.At( noi) nol)H2

<n2M > ZEIIW Duoi); 2i)1* + Z IV L1 (A (Daoi); Do) |I*

ZE[ 17€lt]
<772M Z Z E[[V£(A; (Dnoi) ||2 Z Z E[[Ve(A n01)§zi)||2
16[ ]jE t] €[t] ze[
1
(t Jr772]\4 Z Z E[|VL(A n01)§zi)H2
%6[ 15€lt]

Therefore, we have that
1
E— D IVAA(Dui); )|
i€[n]
:E”V[’n(At( noi)' noi)H2 + O'2 (t)
1
S(; Z ZEHVK nm)?zz’)HQ‘FO’i}(t).

ZG[ 14

B PROOF OF THEOREM [5.2]

Theorem 5.2 (Overparameterized Linear Regression with Gradient Descent). Under overparame-
terized linear regression regimes, we assume that o(X) = o(n) and k* = o(n). Besides, we assume
that ||6*]]2 = O(1), O(1) in a constant scale. We consider GD training process with zero
initialization and constant stepsize 1. For any given § > 0 which does not vary with sample size n

and satisfies 1og(1/6) = o(n), for t = w( 1)E] with probability at least 1 — 0,
E(A(D); D) < clog(1/8)ay T, (D, Ar) +(n),

where 1(n) — 0 as n — oo and ¢ > 0 denotes a constant.

Proof. Due to Lemma|[B.2] we derive that
(»At( ) ) < 25(~At( slé); Dsig) + 25(~At (Dnoi); Dnoi)~

According to Lemma|[B.1] since ¢t = w(1), 7(2z) = o(n) and log(1/8) = o(n), we have that
nh—)ngo S(At (Dsig)§ Dsig) = 0. )

Besides, due to Lemma[B.3] we have that
11_>H1 S(At(Dnoi);Dn01) < C1 10g(1/(5) (D .At)
where we use the assumption that k* = o(n), and ¢ is unrelated to n. Therefore, we summarize the

results as

E(A(D); D) < elog(1/8)ay T, (D, Ar) + d(n),
where 1)(n) — 0 as n — oc. O

Lemma B.1 (Bound for signal component, Lemma (A.7) in | Xu et al.| (2022)). Under the overpa-
rameterized linear regression regimes,

E(A(Dy): Dag) < 6”1 (/\t+||2 (o), Tl W,l‘)g(;/‘S)}).

*The statement ¢ = w(1) means that t — oo as n — oco.
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Lemma B.2 (Decomposition lemma, Lemma 18 in Bartlett et al.| (2020)). In overparameterized
linear regression regimes, we have that

(-At( ) ) < 25(-/475( slg); Dsig) + QE(At(Dm)i); Dnoi)-

Proof. Due to the iteration of GD which is linear in y, we have that
A¢(D) = A¢(Dsig) + At(Dhoi)-
Note that
E(A(D); D) = | A(D) - 6713,
E(At(Dsig); Dsig) = || A«(Dsig) — 0|3,
E(Ai(Duoi); Droi) = [[A¢ (Do) |13, -
Therefore, due to the fact that ||la + b||? < 2||a||? + 2||b||?, we have that
E(A(D); D) < 28(Ai(Dsig); Dsig) + 2E (At (Dot ); Droi)-
O

Lemma B.3 (Bound for noise component). Under the assumptions in Theorem we have that
with probability at least 1 — ¢

*

E(AL(Dpoi); Duoi) < clog(l/é)aiﬂa(D, Ap) + clog(1/§)0§—

for a given constant ¢ > 0 which is related to log(1/96).

Proof. For the noise component, we first notice that from Lemma C.1 in|Teng et al.|(2022), we have
that
A

A(Dyg) = XTIXX ]I - [T - SXXTY - X5,

Therefore, due to the subGaussian assumption on Y — X 3*, we have that (we refer to Lemma 7 in
Bartlett et al.| (2020))

E(At(Daoi); Dnoi) < co, log(1/6)Tx[C],
where C = [[I — [I = 2AXX T PIXXT]TIXS X T[XX ]

By denoting z; = Xwv;/+/\;, where \;, v; denotes the i-th eigenvalue and the corresponding eigen-
vector of matrix >, we have that XX, X = Zi )\fziz;

TrC =TrY NI -[I- 5XXT]t]2[XXT]*1zZ—zZT (XxT]!
- n

We split the summation operator into two parts by k* = min{k > 0,r(X;) > bn}. For the first
part

T N[I-[I- 5XXT]f]2[XXT]—lzizj[XXT]—l
i<k* n
=) NTY[I-[I- 5XXT] PIXX T ez (XX T
i<k* n
<Y ONTIXX Tz (XX T
i<k*
= TeAXX Tz (XX
i<k*
i<k*
L
n )
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where the first inequality comes from the fact that TrAB > TrAC if A and B — C' are both positive
semi-definite. The second inequality comes from Lemma 11 in [Bartlett et al. (2020), given that

log(1/6) = o(n).
Before considering the remaining part, we first notice that when ¢ > k*, we have that \; <

Aj
Z Mzz!

1
bn 3>

i>k*
E E AjlAiz; z
i>k* ]>’L

S[% Z /\J] Z )\izizi—r

G>k* i>k*
1 T
= Z XX
j>k*
Therefore, for the remaining part, we have that
A
T ) N[ - [I- XX TTPIXX T 2z (XX
i>k* n
=Tr[XX )M —[I - éXXT]t]?[XXT]—l > Nzz!
" i>k*
<Tr[X XTI —[I - 5XXT] Ehe.d Z MIXXT

n
]>k*

=T S AKX (- gxﬂtf

j>k*
<A1 [1- 3XXT]t]2
bn n '
The last inequality uses the fact that X X T > i Zj> o« A for a given constant c¢; (see Lemma 10

in Bartlett et al.| (2020)). Besides, notice that since I — [I — %X X Tt is positive semi-definite, we
have that

1 A 1 A
T[T - SXXT)P< Tl - [T - XX ).
n n n n

Besides, we notice that with high probability (concentration on y — ' 6*), we have that there exists

constant ¢y such that

L0 (A(Daoi); Dui) < (14 e2)o T[] — [T = 2 X XTP

L£,,(Ao(Droi); Daoi) = (1 — e2)02 > 0.

where we abuse the notation c as a constant different from the above text. Therefore, with high
probability, we have that there exist constant c3, such that

e TY[T — [T — %X}ﬂ]?t] <1 = Lo(A(Dret): Drcs)/ L (At (Dror); Door)-

Therefore, we have that

(At( noi)'Dnoi>
<CU IOg(l/é)[ +1- n(-At (Dnoi); Dnoi)/ﬁn (At (Dnoi); Dnoi)]

<ca log(l/é) —|—clog(1/6) 27;“(1),,40.

for a constant probability &, where we abuse the notation ¢ as a constant independent of the data
distribution and time ¢. ]
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(a) Noised Sample (b) Learn Signal Faster (c) Learn Noise Faster

Figure 2: An illustration for REF Complexity. When the signal learning is faster, the learned de-
cision boundary becomes close to the ground truth. In opposite, if the noise learning is faster, the
decision boundary becomes close to the noise thus hard to generalize

Upper
Bound
(a) GD+Signal (b) GD+Noise
REF Complexity
Figure 3: An illustration for the bound of REF (¢) SGD+Signal (d) SGD+Noise
Complexity

Figure 4: An illustration for Stochastic Algo-
rithms

C ILLUSTRATION

This section introduces some intuitions omitted in the main text. We first show in Figure 2] the
intuition of REF Complexity. Specifically, for a noisy dataset, if a model-algorithm pair learn signal
faster (small REF Complexity), it generalizes better (Figure (b)), and vice versa. We also show
in Figure [3] the relationship between the bound proposed in Theorem [5.1] and REF Complexity.
Additionally, we show in Figure [3| the comparison between stochastic algorithms (e.g., SGD) and
deterministic algorithms (e.g., GD). Specifically, for deterministic algorithms, each iteration reduces
the training loss. However, for stochastic algorithms, signal training can reduce the training loss due
to the same pattern, while noise training cannot.
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