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Abstract

The gradient descent (GD) method has been used widely to solve parameter estimation in gen-
eralized linear models (GLMs), a generalization of linear models when the link function can be
non-linear. While GD has optimal statistical and computational complexities for estimating the
true parameter under the high signal-to-noise ratio (SNR) regime of the GLMs, it has sub-optimal
complexities when the SNR is low, namely, the iterates of GD require polynomial number of iter-
ations to reach the final statistical radius. The slow convergence of GD for the low SNR case is
mainly due to the local convexity of the least-square loss functions of the GLMs. To address the
shortcomings of GD, we propose to use the BEFGS quasi-Newton method to solve parameter estima-
tion of the GLMs. On the optimization side, when the SNR is low, we demonstrate that iterates of
BFGS converge linearly to the optimal solution of the population least-square loss function. On the
statistical side, we prove that the iterates of BFGS reach the final statistical radius of the low SNR
GLMs after a logarithmic number of iterations, which is much lower than the polynomial number
of iterations of GD. We also present numerical experiments that match our theoretical findings.

1. Introduction

In supervised machine learning, we are given a set of n independent samples denoted by X1, ..., X,
with corresponding labels Y7, . .., Y, that are drawn from some unknown distribution and our goal
is to train a model that maps the feature vectors to their corresponding labels. We assume that the
data is generated according to distribution Py~ parameterized by a ground truth parameter 6*. Our
goal as the learner is to find 8* by solving the empirical risk minimization (ERM) problem:

min L, ( 00; (X5, Y)) 1
HeRr? Z ’ )
where ¢(0; (X;,Y;)) is the loss function that measures the error between the predicted output of
X; using parameter 6 and its true label Y;. If we define ) as an optimal solution of the above
optimization problem, i.e., 8}, € arg mingcga Ly, (6), it can be considered as an approximate of the
ground-truth solution #*, where 6* is also a minimizer of the population loss defined as

min £(0) := E [£(65 (X, Y))). @)

If one can solve the empirical risk efficiently, the output model could be close to #*, when n is
sufficiently large. There are several works on studying the complexity of iterative methods for
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solving ERM or directly the population loss, for the case that the objective function is convex or
strongly convex with respect to 4 [1, 2, 6, 11, 19, 20, 26, 37]. However, when we move beyond
linear models, the underlying loss becomes non-convex and the behavior of iterative methods could
change and they may not reach a neighborhood of a global minimizer of the ERM problem.

The focus of this paper is on the generalized linear model (GLM) [7, 12, 13, 28, 35] where
the labels and features are generated according to a polynomial link function and we have Y; =
(Xi—r 0*)P + (;, where (; is an additive noise and p > 2 is an integer. Due to nonlinear structure
of the generative model, even if we select a convex loss function ¢, the ERM problem denoted to
the considered GLM could be non-convex with respect to 6. Interestingly, depending on the norm
of 0%, the curvature of the ERM and its corresponding population risk minimization problem could
change substantially. More precisely, if we are in the setting that ||6*|| is sufficiently large, which
we refer to this case as the high signal-to-noise ratio (SNR), the underlying population loss of the
problem of interest is locally strongly convex and smooth. On the other hand, when we are in the
regime that ||0*|| is close to zero, denoted by the low SNR regime, then the underlying problem is
neither strongly convex nor smooth, and in fact, it is ill-conditioned.

These observations lead to the conclusion that in the high SNR setting, due to strong convexity
and smoothness of the underlying problem, gradient descent (GD) reaches the statistical radius
exponentially fast. However, in the low SNR case, as the problem becomes locally convex, GD
converges at a sublinear rate to the final statistical radius and thus requires polynomial number of
iterations in terms of the sample size. To resolve this issue, in [30] the authors recommended the use
of GD with Polyak step size to accelerate the convergence of GD in the low SNR setting, and they
showed that the number of iterations becomes logarithmic function of the sample size. However,
as this method is still a first-order method, its complexity scales linearly by the condition number
of the problem which depends on the condition number of the feature vectors covariance as well as
the norm ||6*||. Moreover, implementation of Polyak step size requires the knowledge of optimal
objective function value. These points lead to the following question: Can we find a method that
performs well in both high and low SNR settings at a reasonable per iteration computational cost?

Contributions. In this paper, we show that the answer to the above question is positive and
the BFGS method is capable of achieving these goals. In particular, we show that in the low SNR
regime, which is not strictly convex, the iterates generated by the BFGS method converges linearly
(exponentially fast) and outperforms GD. We also discuss why in the high SNR regime the BFGS
method converges to the ground-truth (in the population case) at a superlinear rate.

2. BFGS algorithm

In this section, we briefly review the basics of the BFGS quasi-Newton method, which is the main
algorithm we analyze in this paper. Consider the case that we aim to minimize a differentiable
convex function f : R? — R with optimal solution . The iterative method is defined as

Or+1 = Or — i HyV f(6), VEk >0, 3)

where Hj, € R%*? s the matrix and 7;, is the step size. The main idea of quasi-Newton methods is to
come up with a Hessian inverse approximation matrix H}, that is close to the exact Hessian inverse
V2f(6;)~! using only first-order information. There are several approaches for approximating Hj,
leading to different quasi-Newton methods, [3-5, 8, 9, 14-16, 18, 25, 29, 34], but here, we focus on



the BFGS method, in which Hy, is updated as
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Hy=(1-"5F"2 ), (12— ) ¢ 220 v >, (4)
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where the variable variation s;_; and gradient displacement w1 are defined as
Sg—1 = Op — O_1, ug—1 := Vf(0r) = Vf(Or-1), Vk >1, &)

respectively. The main logic behind the update in (4) is to ensure that the Hessian inverse approxi-
mation matrix Hy, satisfies the secant condition Hypug_1 = Si_1.

The main advantage of BFGS is its fast superlinear convergence rate. For the past few decades,
all the superlinear convergence results of quasi-Newton method are asymptotic. Recently, non-
asymptotic superlinear convergence rates of quasi-Newton method have been established in [21—
24, 31-33, 36]. However, all these superlinear convergence analyses require the objective function
to be smooth and strictly or strongly convex. In this paper, as mentioned later, we will face settings
in which the Hessian at the optimal solution could be singular, and, hence the above convergence
guarantees do not hold and hence we need to establish new convergence guarantees for BFGS.

3. Generalized linear model with polynomial link function

In this section, we present the generalized linear model (GLM) setting that we consider in our paper,
and discuss the low and high SNR settings and optimization challenges corresponding to these cases.
Consider the case that the feature vectors are denoted by X € R? and their corresponding labels are
denoted by Y € R. Suppose that we have access to n sample points (Y7, X1),..., (Y, X,) that
are i.i.d. samples from the following GLM with polynomial link function of power p, i.e.,

Yi = (X 0°) + G, ©6)

where 0* is a true but unknown parameter, p € N is a given power, and (3, . . ., ¢, are independent
noises with zero mean and variance o2. Further, we assume that the feature vectors are such that
X € R% ~ N(0,%) where & € R%*? is a positive definite matrix. In this setting, when p = 1, the
model in (6) is the standard linear model, while when p = 2, it corresponds to the phase retrieval
model [13]. Here, we focus on the settings that p > 2. For the parameter estimation, there exist three
regimes of GLMs (6): (1) Low SNR regime: ||0*||/oc < C1(d/n)"/(*») where d is the dimension,
n is the sample size, and C is a universal constant; (2) Middle SNR regime: C;(d/ n)l/ 2p) <
|0*]| /o < Cy where C5 is a universal constant; and (3) High SNR regime: ||0*| > Cb.

It can be verified that the ERM problem corresponding to the above model for p > 2 with
quadratic loss /¢ is a non-convex function with respect to # and finding a global minimizer of that
could be a challenging task. On the other hand, it is locally strongly convex when we are in the high
signal-to-noise ratio (SNR) case. In the low SNR setting, however, the problem becomes convex
and the strong convexity condition does not hold. To showcase this issue, let us focus first on the
population loss, which is the limit of the ERM when the sample size goes to infinity. Note that
the population loss in the considered generalized linear model (6) with a quadratic loss function
{ is given by mingcpa £(0) = Exy[(Y — (X 70)P)?], which based on the assumptions on the
generalized linear model setting and the distribution of the noise can be simplified as

min £(0) = Ex [((xTory - (XTa)pﬂ + o %)



Indeed, the ground truth parameter 6* is an optimal solution of the above. Next, we discuss the
structure of the objective function in (7) for low and high SNR settings.

High signal-to-noise regime. In the setting that the ground truth parameter has a relative large
norm, i.e., ||#*||/oc > C for some universal constant C' > 0, the population loss function in (7) is
locally strongly convex and smooth around 6*. More precisely, when || — 6*|| is small, we have
(XTo )P — (XTOP = p(XT0*)P"LXT(0 — 6*) + o(]|0 — 6*||). Hence, in a neighborhood of the
optimal solution, the objective in (7) can be approximated as

£0) = p(6 — 0% Ex [X(XT0272XT| (09— 67) + 0 + o(||0 — 0°]]%).

Indeed, if [|0*|| > Co? the above objective function behaves as a quadratic function that is smooth
and strongly convex, assuming that o(||@ — 6*||?) is negligible. Since the population loss in the high
SNR case is approximately a strongly convex smooth quadratic function, the iterates of gradient
descent (GD) converge to the solution at a linear rate and hence it requires  log(1/¢) to reach an
e-accurate solution, where « depends on the conditioning of the covariance matrix > and the norm
of 6*. In this case, BFGS converges superlinearly to the optimal solution and the rate would be
independent of «, however the cost per iteration would be O(d?).

Low signal-to-noise regime. As mentioned above, in the high SNR case, GD has a fast linear
rate. However, in the low SNR case where ||0*|| is small and close to zero, the strong convexity
parameter approaches zero and the problem becomes ill-conditioned. In this case, we deal with a
function that is only convex and its gradient is not Lipschitz continuous. To better elaborate on this
point, let us focus on the case that #* = 0. Considering the underlying distribution of X, which is
X ~ N(0,%), for such a low SNR case, the population loss can be written as

£(0) = Ex[(XT0)] + 0% = (2p — DUIS/26] + o, ®

Since we focus on p > 2 it can be verified that this objective function is not strongly convex in a
neighborhood of #* = 0. For this problem, GD with constant step size converges at a sublinear rate,
and hence, GD iterates require polynomial number of iterations to reach the final statistical radius.

4. Convergence analysis for the low signal-to-noise case

In this section, we focus on the convergence properties of BFGS for solving the population loss in
the case of low signal-to-noise introduced in (8). This analysis provides an intuition for the analysis
of the finite sample case that we discuss in Section B, as we expect these two loss functions to be
close to each other when the number of samples n is sufficiently large. Note that the loss function
in (8) can be considered as a special case of the following convex optimization problem:

min f(6) = [|A¢ — b|7, )
fcRd

where A € R™*4 ig a matrix, b € R™ is a given vector, and ¢ satisfies that ¢ > 4. We should
note that for ¢ > 4, the considered objective is not strictly convex because the Hessian matrix is
singular when A6 = b. Indeed, if we set m = d and further let A be !/2 and choose b = A#* = 0,
then we recover the problem in (8) for ¢ = 2p. Instead of solving (8), we focus on the convergence
analysis of BFGS quasi-Newton method for solving the convex function in (9), as it is a more
general function and our results are of general interest from an optimization point of view. To the
best of our knowledge, there is no global convergence theory (without line-search) for BFGS when
the function is not strictly convex, and our analysis provides the first result for such general setting.



Assumption 4.1 We assume that there exists 6 € RY such that b = Af. This is equivalent to that
vector b is in the range space of matrix A.

Note that the above assumption is indeed satisfied in our considered setting low SNR case in (8) as
we assume 6* = 0 which implies b = 0.

Assumption 4.2 The matrix AT A € R¥9 s invertible. This is equivalent to that matrix A" A is
symmetric positive definite, i.e. AT A = 0.

The above assumption is also easily satisfied for our considered setting as we assume that the co-
variance matrix for our input features is positive definite. Combining Assumption 4.1 and 4.2, we
conclude that 4 is the unique optimal solution of the problem (9). Next, we formally state the
convergence rate of BFGS for solving problem 9 under the disclosed assumptions.

Theorem 1 Consider the update of BFGS in (3), (4) and (5). Suppose Assumptions 4.1 and 4.2
are satisfied, and the initial point 0y is an arbitrary vector in R® and the initial Hessian inverse
approximation matrix is selected as Hy = V*f (90)_1. If the step size of BFGS is selected as
ne = 1 forall k > 0, then the iterates of BFGS converge to the optimal solution 0 at a linear rate of

16k — 0l < 71|01 — 0], VE>1, (10)

where the contraction factors ry, € [0,1) satisfy the following conditions

_q—2 -

To TE = )
qg—1
IL—r_

, vk > 1. (11)
q—1

The above theorem shows that the iterates of BFGS converge globally at a linear rate to the
optimal solution of (9). This result is of interest as it illustrates the iterates generated by BFGS
converge globally without any line search scheme and the stepsize is fixed as n; = 1 for any k£ > 0.
Moreover, the initial point 6 could be any vector and there is no restriction on the distance between
Ao and optimal solution 6. Most analyses of quasi-Newton methods require the initial point 6, to
be in a local neighborhood of 0 to guarantee the linear or superlinear convergence rate, without
line-search. Note that the result in Theorem 1 does not specify the exact complexity of BFGS for
solving problem(9), as the contraction factors 7, are not explicitly given. In the following theorem,
we show that for ¢ > 4, the linear rate contraction factors {rj}32, also converge linearly to a fixed
point contraction factor 7, determined by the parameter q.

Theorem 2 Consider the linear convergence factors {r}.};32, defined in (11) from Theorem 1. If
q > 4, then the sequence {r,}7°, converges to r. € (0,1) that is determined by the equation

rd=l 4 pd7? =1, (12)
and the rate of convergence is linear with a contract factor that is at most 1/2, i.e.,
e — ] < (1/2)% [ro — 7|, VE>0. (13)

Theorem 2 presented that eventually, the iterations generated by BFGS converge to the optimal
solution at the linear rate r, determined by (12). More specifically, the factors {7 }7° , converge
to the fixed point 7, with the linear rate 1/2. Therefore, the linear convergence factors {ry}72,



and the fixed point 7, are totally determined by the parameter q. They are all independent of the
dimension d and the condition number x4 of the matrix A. Hence, the performance of the BFGS
method is not influenced by high-dimensional or ill-conditioned problems. This is different from the
common convergence theories of most optimization algorithms, whose performance is deteriorated
heavily under the circumstance of high dimension or ill conditioning. We should add that this result
is independently important from the optimization point of view as it provides the first global linear
convergence of BFGS without line-search for a setting that is not strictly or strongly convex.
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Appendix A. Comparison with Newton’s method

Next, we compare the convergence results of BFGS for solving problem (9) with the one for
Newton’s method. The following theorem characterize the global linear convergence of Newton’s
method with unit step size applied to the objective function in (9).

Theorem 3 Consider applying Newton’s method to optimization problem (9) and suppose Assump-
tions 4.1 and 4.2 hold. Moreover, suppose the step size is n;, = 1 for any k > 0. Then, the iterates
of Newton’s method converge to the optimal solution 6 at a linear rate of

R -9 R
6 =0 = T 10r =01l V> 1. (14)

Moreover, this linear convergence rate Z%? is smaller than the fixed point r, defined in (12) of the

BFGS quasi-Newton method, i.e., g%% < < gg—:g forall ¢ > 4.

The proof is available in Appendix D.3. The convergence results of Newton’s method are also
global without any backtracking line search method, and the linear rate g:—f is independent of di-

mension d and condition number x 4. Furthermore, the condition % < 14 implies that iterates of
Newton’s method converge faster than BFGS, but the gap is not substantial as we illustrate in our
numerical results. On the other hand, the computational cost per iteration of Newton’s method is
O(d?) which is much worse than the O(d?) of BFGS.

Moving back to our main problem, one important implication of the above convergence results
is that in the low signal-to-noise ratio setting the iterates of BFGS converge linearly to the optimal
solution of the population least-square loss function, while the contraction coefficient of BFGS
is comparable to that of Newton’s method which is (2p — 2)/(2p — 1). For example, for p =
2,3,5, 10, the linear rate contraction factor of Newton’s method are 0.667, 0.8, 0.889,0.947 and the
approximate linear rate contraction factor of BFGS denoted by r, are 0.755,0.857,0.922,0.963,
respectively. We use this intuition to establish a similar result for the finite sample case in the
following section.

Appendix B. Statistical rate of BFGS for solving the sample least-square loss

Thus far, we have demonstrated that the BFGS iterates converge linearly to the true parameter 8* for
solving the population least-square loss function £ of the generalized linear models in equation (8).
It provides important insight into the behaviors of the BFGS iterates when the sample size n is
infinite. In this section, we would like to study the statistical behaviors of the BFGS iterates for
solving the least-square loss function £,,, which is given by:

i £a(0) = L3 (v - (X7 o)) (15)

g En(®) = 5 30— (XTOP)*

To simplify the proof argument and gain the insight into the statistical behaviors of the BFGS
iterates, we focus on the univariate setting, namely, d = 1. Note that the statistical behaviors of
BFGS iterates still hold in multivariate settings, namely, d > 2 (See our experiments in Figure 3).
When d = 1, the BFGS iterates for solving the sample loss function take the following form:

O n = O = Mo bt
. VL)~ Va0 )

VL (07). (16)
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Throughout this section, we consider the step size 7, = 1 in the updates (16) of BEFGS. We show that
the BFGS iterates (16) {6} } >0 converge to the final statistical radius after a logarithmic number of
iterations under the low SNR regimes of the generalized linear models.

Theorem 4 Consider the low SNR regime of the generalized linear model (6) namely, |0*| <
Con=Y@) for some constant C, for d = 1. For any failure probability § € (0, 1), if the number
of samples is n > C4 log? (n/d), where C1 is a universal constant independent of n and 6, and the

log log(n /)~ 7 —log |65 —0; )

log(l—e(Tlilﬁ )
log2P 2

n

number of iterations satisfies k > , then with probability 1 — § we have

where Cy is a universal constant independent of n and 6.

The proof is available in Appendix D.4. As we often start the optimization algorithm with an iterate
that is not very close to the solution and hence we have 6 = ©(1). Considering these bounds,
the lower bound on the number of iterations can be simplified as £ = @(2’;—;1 logn). This shows
that BFGS achieves the statistical accuracy in O(log n) iterations, which is faster than the sublinear

convergence O(n%) of GD shown in [30]. A few comments about Theorem 4 are in order.

Comparing to GD, GD with Polyak step size , and Newton’s method: The result of Theo-
rem 4 indicates that under the low SNR regime, the BFGS iterates reach the final statistical radius
O(n~1/(2P)) within the true parameter 6* after O (log(n)) number of iterations. This complexity in-
deed is better than the polynomial number of iterations of GD, which is at the order of (’)(n(p_l)/ P)
(Corollary 3 in [20]). It is also comparable to the logarithmic number of iterations of GD with
Polyak step size which requires O(r log(n)) iterations (Corollary 1 in [30]), where & is the condi-
tion number of the covriance matrix ¥, and the O(log(n)) of Newton’s method (Corollary 3 in [20])
to reach the similar statistical radius.

Note that while the iteration complexity of BEGS is comparable to that of GD with Polyak step
size in terms of the sample size, the BFGS overcomes the need to approximate the optimal value of
the sample least-square loss £,,, which can be unstable in practice, and also removes the dependency
on the condition number that appears in the complexity bound of GD with Polyak step size. Finally,
though the BFGS algorithm and the Newton’s method have similar computational complexity in
terms of n, BFGS has lower per iteration cost in comparison to Newton’s method.

On the minimum number of iterations: The results of BFGS in Theorem 4 involve the min-
imum number of iterations, namely, these results only hold for some 1 < t < k. It suggests that
the BFGS iterates may diverge after they reach the final statistical radius under each regime of the
generalized linear models. As highlighted in [20], such instability behavior of BFGS is inherent to
fast and unstable methods. While it may sound limited, the minimum number of iterations can be
overcome via an early stopping scheme using the cross-validation approaches. We illustrate such
early stopping of the BFGS iterates for the low SNR regime in Figure 3.

Generalization of the results to multivariate settings: While the results of Theorem 4 are
only established for the univariate setting, we remark that it is mainly for the simplicity of the proof
argument and of the BFGS iterates. In the experiments of Figures 3, we run BFGS for the case
that dimension is d = 4 and observe that both the statistical radius and the iteration complexities
of BFGS are still consistent with those in Theorem 4. We leave a theoretical verification of these
results in multivariate settings for the future work.

11
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Appendix C. Numerical experiments

Numerical experiment for the population loss function. In this section, we compare the per-
formance of Newton’s method, BFGS, GD with constant step size, and GD with Polyak step size
applied to (9) which corresponds to the population loss. We choose different values of parameter
m, dimension d and the exponential parameter ¢ in (9). We generate a random matrix A € R"*¢
and a random vector § € R?, and compute the vector b = Af € R%. The initial point fy € RY is
also generated randomly. The GD constant step size 7 is tuned by hand to achieve the best perfor-
mance of GD on each problem. We present the logarithmic scale of |0}, — || versus the number of
iteration k for different algorithms. All the values of different parameters m, d, ¢ and 7 as well as
the numerical results of our experiments are shown in Figure 2.

We observe that GD with constant step converges very slowly since it can only reach a sub-linear
convergence rate. The performance of GD with Polyak step size is also poor when dimension is large
or the parameter q is huge. This is due to the fact that as dimension increases the problem becomes
more ill-conditioned and hence the linear convergence contraction factor approaches 1. We observe
that both Newton’s method and the BFGS method generate iterations with linear convergence rates,
and their linear convergence rates are only affected by the parameter ¢. The dimension d has no
impact over the performance of BFGS and Newton’s method. Although the convergence speed of
Newton’s method is faster than the BFGS method, their gap is not significantly large. We should
add that these empirical results are consistent with the theoretical results we obtained in Section 4.
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regime in (d).

Numerical experiment for the empirical loss function. We now move to illustrate the statistical
and computational complexities of BFGS for parameter estimation of the generalized linear model.
In our experiments, we specifically consider the dimension to be d = 4 and the power of the link
function to be p = 2, namely, we consider the multivariate setting of the phase retrieval problem.
The data is generated by first sampling the inputs according to {X;}"; ~ N(0,diag(o?,--- ,03))
where o1, = (0.5)*~1, and then generating their labels based on Y; = (X' 6*)2 + (; where {¢;}7,
are i.i.d. samples from N'(0,0.01). In the low SNR regime, we set #* = 0, and in the high SNR
regime we select 8* uniformly at random from the unit sphere. Furthermore, for the GD, we choose
the step size to be 7 = 0.1, while for Newton’s method and BFGS, we select the unit stepsize = 1.

In (a) and (b) of Figure 3, we consider the sample size n = 10* and run GD, GD with Polyak step
size, BFGS, and Newton’s method to find the optimal solution of the sample least-square loss L.
Furthermore, for both Newton’s method and the BFGS algorithm, due to their instability, we also
perform cross-validation to choose their early stopping. In particular, we split the data into training
and the test sets. The training set consists of 90% of the data while the test set has 10% of the data.
The yellow points in (a) and (b) of Figure 3 show the iterates of BFGS and Newton, respectively,
with the minimum validation loss. As we observe, under the low SNR regime, the iterates of GD
with Polyak step size, BFGS and Newton’s method converge geometrically fast to the final statistical
radius while those of the GD converge slowly to that radius. Under the high SNR regime, the
iterates of all of these methods converge geometrically fast to the final statistical radius. The faster
convergence of GD with Polyak step size over GD is due to the optimality of step size of, while
the faster convergence of BFGS and Newton’s method over GD is due to their independence on the
problem condition number. Finally, in (c) and (d) of Figure 3, we run the BFGS when the sample
size is from 102 to 10* to empirically verify the statistical radius of these methods. As indicated
in the plots of that figure, under the high SNR regime, the BFGS has statistical radius O(n~1/2),
while under the low SNR regime, its statistical radius becomes O(n~'/4). These empirical results
are consistent with the theoretical results of the BFGS in Theorem 4.
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Appendix D. Proof of Lemmas and Theorems

Lemma 5 Consider the objective function in (9) satisfying Assumption 4.1 and 4.2. Then, the
inverse matrix of its Hessian V? f(0) can be expressed as

pen (ATAT (60—
R VR T TP § 7 VY (1%)

Proof Notice that the Hessian of objective function (9) can be expressed as

V2f(0) = q||A6 — b||92AT A+ q(q — 2)|| A0 — b||9 AT (AO — b) (A0 —b)TA.  (19)

We use the Sherman—Morrison formula. Suppose that X € R?*? is an invertible matrix and a, b €

R? are two vectors satisfying that 1 + b X ~'a # 0. Then, the matrix X + ab' is invertible and

X 1lapT X1

X4agp)ylexto2 904
(X'+ab) 1167 X1qg

(20)

Applying the Sherman-Morrison formula with X = ¢||40 — b||972AT A, a = q(q — 2)|| A0 —
b||[7"*AT (A — b) and b = AT (A — b). Notice that AT A is invertible, hence X is invertible and

1+b' X g
AT A1 _
B B T (ATA)TTATA(G - 6) )1
= 1+(qg—2)(40-0b) A 140 B|? (21)
B (A0 — b)T(AG —b)
= T e
= ¢q—1#0. (Since ¢ > 4.)
Therefore, we obtain that
VAo~
AT A1 _ AT A1
(A4 giaaeeale — 2)[ A6 — b AT (A8 — b)(AT (A0 —b)T ST
q|| A0 — bl|72 q—1
_ AT (¢ —2) T =14 4T j AT A AT (AT 4)-1
= QA= bt glg— ag—ppa AT A4 E 0G0 A4
AT (- 20-b) -7
alAG—bl[72 ~  qlg—1)[[A0 — b
(22)
As a consequence, we obtain the conclusion of the lemma. |
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Lemma 6 Banach’s Fixed-Point Theorem. Consider the differentiable function f : D C R —
D C R. Suppose that there exists C' € (0,1) such that |f'(x)| < C forany x € D. Now let xy € D
be arbitrary and define the sequence {x}}32, as

Th+1 = f(.%’k), Vk Z 0. (23)

Then, the sequence {1}, converges to the unique fixed point x, defined as

s = f(@4), (24)

with linear convergence rate of
|z — 24| < CFlzg — 2|,  VE>0. (25)
Proof Check [17]. |

D.1. Proof of Theorem 1

We use induction to prove the convergence results in (10) and (11). Note that b = Af by Assump-
tion 4.1 and the gradient and Hessian of the objective function in (9) are explicitly given by

Vf(6) = qll A9 — bl|" AT (A9 — b) = q]| A0 — b|*"2AT A(6 — §), (26)
V2f(0) = q||A0 — b||72AT A+ q(q — 2)|| A0 — b9 AT (A0 — b) (A0 —b)TA.  (27)
Applying Lemma 5, we can obtain that

pen o (ATAT (2606 d)T
R VR T TP § 7 VY (28)

First, we consider the initial iteration
61 =6 — HoV f(60) = b0 — V£ (60) 'V £(bo), (29)

01— 0 =60 —0—Vf(60)"'Vf(bo). (30)
Notice that b = Af by Assumption 4.1 and

V £(00)" V£ (6o)
(ATA)™ (¢ 2)(o—0)(8— )T P
[qHAt?o —blja—2 q(q — 1)[|Aby — bl|9 1q|| A9 —b||92 AT A(6y — 0)

5 q—2(00—0)TATA(6y — 6) A

= fy—20 6 — 0
e e LR (31
5 q—2(A6 —b)" (A6 —b) 5
= Oyp—0— Oy — 0
0O T gz )

A~

~ q—2
= Op—0———(0p—9).
0 q_l(o )
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Therefore, we obtain that

q

0= — 0 V5 (60) "V F(Bo) = L2 (6~ 6). (32)

Condition (10) holds for £ = 1 with rg = q—l Now we assume that condition (10) holds for k = ¢
where t > 1, i.e.,

0, — 0 =r,_1(6,_1 — 0). (33)
Considering the condition b = A6 in Assumption 4.1 and the condition in (33), we further have
Al —b= A0, — 0) =1, 1 A0, 1 — 0) = r_1(AB;_1 — ), (34)
which implies that
VF(0r) = qr{ [ A(Be—1 — 0)|72AT A(6p—1 — 0). (35)

We further show that the variable displacement and gradient difference can be written as
S1 =0, — 01 =0, —0— 0,1 +0=(r,_1 —1)(0_1 — 0), (36)
and
w1 = Vf(0)) = Vf(0-1) = q(r{=] — 1)[|A(6—1 — )[|* 2 AT A(6,—1 — ). (37

Considering these expressions, we can show that the rank-1 matrix in the update of BFGS u;_1s,
is given by

w18y = (= = ) (reo1 = DA = O)[|* 2AT A1 = 0)(6:0 =), (38)
and the inner product stT_ 1U¢—1 can be written as

-
Sp_qut—1 = q(r

= D1 = D A1 = 0)[|7 (61 — 6) T AT A(6;-1 — 6) 9
=q(r{7| -

q
t—
21— D1 = DI A1 — 9)|.

These two expressions allow us to simplify the matrix [ — si L
t—

in the update of BFGS as

1

Ur—18_1 g ATAO 1 = 0)(01—6)T
si1ti [A6r—1 — 0)]1?

An important property of the above matrix is that its null space is the set of the vectors that are
parallel to u;_1. Considering the expression for u;_1, any vector that is parallel to AT A(6; 1 — 0)

is in the null space of the above matrix. We can easily observe that the gradient defined in (35)
satisfies this condition and therefore

.
(I - “T> V()
Sp_qUt—1

= @i A1 -0 (I -

I —

(40)

T .y -7 )
A A1 = 0) (01 —6) ATA(0—1 — 0)
|A(6:—1 — )|

AT A1 — )| A(0,—r — é)ll2>
|A(B:—1 — 0)]|2

(41)

= ¢! A@B—1 — 0)|72 (ATAwt_l —0) -
= 0.
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This important observation shows that if the condition in (33) holds, then the BFGS descent direc-
tion H;V f(60;) can be simplified as

HV f(6:)
T T T
= (I - W) Hy (I - W) VIO) + SV f ()
St-1Ut—1 St-1Ut—1 St-1Ut—1

St—18;—
= ST ut 1 Vf(9 )

t—1%t—1

(ree1 — 1201 — 0) (0,1 — )T ) (42)

q—1 A —24T
= — ——qr{ 1 JAO—1 — 0)||T7 A" A(Oi—1 — 0)
g(ri=) = 1)(ry — V|| AG—1 — )0

I e A ~NAB 1 — 0)]|72(0,_1 — O)T AT A(6,_1 — 6)
= — 101 0) -
=7y [ A(Or—1 — 0)]|9
I S S | A
= 1_71"21:117}_1 (Ht_l - 0)

This simplification implies that for the new iterate 6,1, we have

A~

1—7’_1 _(9—9)
t rg_ll t

01 —0=0,—HNVF0)—0=0,—0— -

1—r Tt-1
e 43)
— 7T _
= —— =5 (6: — 0) = (6, — 0),
where )
.

p= Tl (44)

R

il
Therefore, we prove that condition (10) holds for £ = ¢ + 1. By induction, we prove the linear
convergence results in (10) and (11).

One property of this convergence results is that the error vectors {6y — 6 }22  are parallel to each
other with the same direction as shown in (10). This indicates that the iterations {Hk}gozo converge
to the optimal solution 6 along the same straight line defined by 6y — 6. Only the length of each
vector 0 — 6 reduces to zero with the linear convergence rates {rk}gozo specified in (11) and the
direction remains all the same.

D.2. Proof of Theorem 2

Recall that we have

-2 1—rd?
=12, me=——h VE>1 (45)
qg—1 1—7d
k—1
Consider that ¢ > 4 and define the function g(r) as
1—ri2
gr)i= Ty, TE[0,1] (46)
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Suppose that r,. € (0, 1) satisfying that r, = g(r,), which is equivalent to
rd=l 4 pa=2 = 1,
Notice that

, — 1)r972 —p2=4 (g — 2)p3
() = (¢—1) = rq_l)Q(q ) ,

and

(q—1)r7? — 27— (g — 2)r07?
= (- 1)~ 1) (T~ 1)

e (VR A
q—2

= 7rf 3(7’—1)((1—1—Zri)
i=0

Since r € [0, 1], we have that

q—2
ri? >0, r—1<0, Y <> 1=q-1L

Therefore, we obtain that
(g — 1)7"‘1*2 — Pt (g — 2)7°q*3 <0,
and

,r2q—4 _ Tq—3 _ _ Tq—2
g0l = = (12) rql)Q(q 2 :

Our target is to prove that for any r € [0, 1],

lg'(r)l <

DN | =

(47)

(48)

(49)

(50)

(5D

(52)

(53)

First, we present the plots of |¢(r)| for r € [0, 1] with 4 < ¢ < 11 in Figure 4. We observe that

for4 < ¢ <11,|¢'(r)| < 1/2 always holds.
Next, we prove that for ¢ > 12 and any r € [0, 1], we have

/()] = 4= ”7"“@ iziq:;(q Ll (54)
which is equivalent to
r2a72 _op2a=t _9pt=l 4 9(g — 1)r?172 —2(q - 2)rT 3 41 >0, Vr e [0,1]. (55)
Define the function h(r) as
h(r) =272 — 27274 _ 20071 4 9(g — 1)r?7% — 2(q — 2)r?173 + 1. (56)
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‘We obtain that

where

() == (g — )r7™ —2(q —2)r1™ = (¢ — D)r? + (¢ — 1)(¢ — 2)r — (¢ — 2)(q — 3).

Hence, we have that

where

dh(r)
dr

= 2rq74h(1)(r),

dh M (r)
dr

= (q - l)h(2)(T),

RO () = (g+ 1)rf —2(q—2)r7 2 —2r + ¢ — 2.

Therefore, we obtain that

dh®(r)
dr

and

where

dh®)(r)

_ q—41(4)
dr r h’ (T) Y

M) = qlg+ 1) (g — 1)r® — 2(¢ — 2)*(q — 3).

Now we define the function /(q) as

l(q) =

2(¢—2)*(¢—3) —qlg+1)(g—1)
¢> — 14¢* + 33¢ — 24
¢*(q—14) +33(¢ — 1) +9.
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=1 (r) = (g + Dgr? " —2(q —2)*r97% -2,

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)



We observe that for ¢ > 14, we have I(¢) > 0 and we calculate that [(12) = 84 > 0 and [(13) =
236 > 0. Hence, we obtain that [(g) > 0 for all ¢ > 12, which indicates that for all r € [0, 1],

2q - 22— 3)
R PR RS VR

q(q+1)(q —1)r* = 2(q — 2)*(¢ — 3) < 0. (66)

Therefore, for all € [0,1], A (r) defined in (63) satisfies that A(¥)(r) < 0 and from (62) we

know that % < 0. Hence, h(®) (1) defined in (61) is decreasing function and h(®)(r) <=

hB3)(0) = —2 < 0. We know that % = h)(r) < 0, which implies that A?)(r) defined in

T

(60) is decreasing function. So we have that h®)(r) > h(2(1) = 1 > 0. From (59) we know that

% > 0 and AV (r) defined in (58) is increasing function for » € [0, 1]. Hence, we get that

A (r) < hM(1) = 0 and from (57) we obtain that h(r) defined in(56) is decreasing function for
r € [0,1]. Therefore, we have that h(r) > h(1) = 0 and condition (55) holds for all » € [0, 1],
which is equivalent to |¢/(r)| < 1/2.

In summary, we proved that for any ¢ > 12, we have |¢/(r)| < 1/2. Combining this with
the results from Figure 4, we obtain that |¢’(r)| < 1/2 holds for all ¢ > 4. Applying Banach’s
Fixed-Point Theorem from Lemma 6, we prove the final conclusion (13).

(65)

D.3. Proof of Theorem 3
Notice that the gradient and the Hessian of the objective function (9) can be expressed as
V(6) = ql| A6 — b]|* > AT (Af — b) = q|| A6 — b||* >ATA(6 - 6), (67)
V2f(0) = q||A6 — |92 AT A+ q(q — 2)|| A0 — b||T AT (AO — b) (A0 —b)TA.  (68)
Applying Lemma 5, we can obtain that

pen o (ATAT (2606
R VB T TR § 7 VY ()

Hence, we have that for any k£ > 1,
O = Okt — VF(Or—1) 'V F(Or-1), (70)
O — 0 =011 — 0 — Vf(0r_1)" "V (Or_1). (71)
Notice that b = A by Assumption 4.1 and
Vf(Ok-1)""Vf(Or-1)

(ATA) (q=2) (k-1 —60)(61—0)" o T 5
- A —b||T“A A0 — 0
q|| A0y _1 — b]|92 q(q — 1)|[Af_, — |7 Jal | (Ok—1—0)
i q—2(00—0)TATA(0p_1 — ) A
= O —0- O — 0
e T g, e ) 72)
~ g —2(A0_1 —b)T(Af_1 — ) .
= O —0- 01— 0
q—2

20



Therefore, we prove the conclusion that for any k£ > 1,
. . N -2 ~
O =0=0h1 =0 = VfO) 'V (0r) = - Orr = ). (73)

We observe that the iterations generated by Newton’s method also satisfy the parallel property,
i.e., all vectors {6, — §}7° , are parallel to each other with the same direction.
Notice that the function h(r) = 7971 4 7472 is strictly increasing and h( ) <1, h(ry) =1

as well as h( ) > 1. Hence, we know that q 2 <ry < gg 3

D.4. Proof of Theorem 4

Recall that, we utilize the BFGS for solving the least-square loss function £,, in equation (15),
which is given by:

Ln(0) := izn: (Y (X, 0) ) ZW _: ZY X, 0y Z(XTQ) (74)

i=1 =
where (Y1, X1), (Y2, X2), ..., (Ya, X,,) that are i.i.d. samples from the following generalized linear
model with polynomial link function of power p:

Y; = (X, 0% + ¢,

where (; ~ N(0,0?). In this proof, we focus on the low SNR regime of the generalized linear
model, namely, 6* = 0.

Optimal solution 6}, : For the case of d = 1, we study the optimal solution &, of the least-square
loss function £,,. First of all, directly solving the gradient of the least-square loss function leads to
either 6, = 0 or the following form of 6 :

0 = =
Zi:l X’L

To bound 67, we only focus on bounding the later value of & in equation (75). Given the generative
model of the data, we have

zn: ViXP = (zn: Xfp> (0°)P + zn: GXP.
=1 =1 =1

(75)

Therefore, we obtain that

Z?:l Cinp
Y X[P

We then consider 1 Ly GXY and 1 Sy X; %P eparately. For the term + =3 GXP, note that,
for any even 1nteger q, we have

(67)F = (67)" +

E[(CXP)] = E[¢IXP] < (o2q)V? - (pq)P?/? < (maX{JQ,p}q)(p+1)q/2,

21



Invoking Lemma 2 in [27], we have that

+1)/2
[ Zczxp (4max{o?, p}) )/ \/m+(max{0 phlog )" log4/5]_5.
n n

For the term % Y X 3 P applying Lemma 5 in [10], we have that

where C), = ©(plog p) is a constant depends only on p.
For the case 6* = 0 which corresponds to the low signal-to-noise regime, with simple algebra,
we know with probability at least 1 — 26,

.G 1o\g;§n/5)] s

1/p
(4max{o?,p})Pt1)/2 % + (max{o?, p} log ™ )(p+1)/2 log4/s

‘9*’ < C. logP
" _ 111 — CplogP(n/é)
(2p — ! Tn

With Minkowski’s inequality, it indicates that as long as . > ©(max{o?, p? log? p} log®(n/s)) for

some failure probability d € (0, 1) to make sure (4 max{o?, p})P+1)/2,/ % > (max{o?,p}log %) (p+1)/2 %
1/2
and Cpl%z(n/é) < 1,if |0*| < Cyo (log%%) p, there exists constant C' = © <(max{a2”;})(p+l)/2p + C’Oa>

1
. . % log?P(n/é) \ 2»
such that with probability 1 — §, we have |0}| < C (OgT("/)) v

Statistical analysis of the BFGS: Without loss of generality, we assume that 8 takes the value
in equation (75) (the proof when 6} = 0 can be argued in the similar fashion). When we run the
BFGS for solving the least-square loss function £, its updates take the following form

Ok =0 — Ok — Vi
VL)~ VLG,
(i i X0 — (5 S, YiXD) ()
(3 X0y X3PV (250" (Bp)2 =273 (03 )7) — (5, X0y YiXD) (G0 (0P =29 (6 1)7)
Given the formulation of 6}, in equation (75), we can rewrite the update of 6’ ; as follows:

no_gn (Or_1 — OR)OR)P~ ((OR)P — (07)7)
LR (G ) (G)P — (03)P) — ()P ((6p)P — (63)P)

VL)

— o —

(76)

Assume that |67| > 2|67 | for all 1 < k < T where T indicates the first iteration that the BFGS
iterates reach the statistical radius. Without loss of generality, we assume that the initializations
0y and 07 of the BFGS satisfy 67 > 07 > 2|67|, these initializations are positive and lie
above the statistical radius (otherwise, the conclusion of the theorem trivially holds). Then, we will
first demonstrate by induction that 2|0 | < 6 < 6}! | forall 1 < k < T'. Indeed, the induction
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hypothesis holds for any £ < 1 based on the conditions of the initializations; we now prove the
hypothesis for & + 1. From equation (76), we have

A
n _ gn 1— n
9k+1 Qk < Bn) Y

An =01 = G O)P2((0R)F — (6,)7),
B =0k )P~ (01 1)" — (0;)7) = (0R)"H((0F)7 = (0;)7).

With the induction hypothesis, we can check that A,, > 0. Furthermore, direct computation shows
that

where we define

Bn > (051"~ = (0" ((OR)F — (6)7) = 0.
Similarly, by taking the difference between A,, and B,,, we have

By = An = (03 )P " ((0F_1)" = (03)F) = (OR)"~H((0R)" = (07)F) — (01 — G (BR)P*((6R)F — (6,)7)
>((0r- )"~ = (R)" ™" = (051 — 0RO (0R)" — (0,))
=0k 1 ((05_1)"~% = (OR) ) (6)) = (6,)7) = 0.

Putting these results together, it indicates that 0 < A,,/B,, < 1; therefore, we have 0 < 6} 11 < 0y,
which implies that the induction hypothesis holds for k& + 1. As a consequence, we have 0 < ;! <
Oy _,forall0 <k <T.

Now, we divide our proof into two settings: 6, > 0 and 6}, < 0.

Setting 1 — When 6} > 0: We will prove the following bound:

n 2p—2

k1 2 w1 192- a7

Indeed, the inequality (77) is equivalent to show that

Note that,

B, (0"t ()P — (6 Or

Ay (O — o) pr=2 (op)r — (0)p  0p_, — 0}

SR U
SO o\ e

n

07
>(2p—1) an
k

>(2p—1),
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where the first inequality is due to the fact that zp z -5 monotonically increases with z for 0 < z <

y < z, the second inequality is due to the convex1ty of the function t??~! for ¢ > 0 and the last one
is due to the fact that 6;}_, > 67.

Now, we would like to demonstrate the linear convergence rate of the BFGS iterates {6}’ } to the
optimal solution 6 :

1
n __A* < - n __ g%
’6k+1 en‘ = <1 6(2p— 2)) Wk 9n’7 (78)

forall2 <k <T —1. As O > |07 | for all 2 < k < T, the result in equation (78) is equivalent to

n * 1 n *
(O —0n) < <1 - 6(2])_2)> (O —0,), (79)

forall 2 < k < T — 1. From direct computation, we have
Op1— 0, = (0F —0,)

oy (B, — 61 (61"~ (0) — (B3)") |
O — ) (G )P L (O — (62)7) — B~ ((6p) — (63)7)

As 0 < 2|05| < 07 < 07_,, we have

O = 0 ((92 L (G >p>_1>
O —OF \ G ((6) — (0:)7)
I S /Y it U et (/Y et G ) G0l
O 0 O~ () — (07)7)

(O~ — (0!

R

on 2p—2
<(2p-1) ( ’H)
oF
1 2p—2
<p-1) (1450
§€(2p - 1)7

where we obtain the first inequality as the objective is monotonically decreasing with respect to 6.
Hence, as long as 2 < k£ < T — 1 we find that

00,1 - 6) < (1 - (2;_1)) o7 — 62,

which shows the linear convergence of the BFGS iterates to the optimal solution.
By repeating the inequalities (79), we obtain that

1 T-1
-0 < (1- ;) -0 (50)
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T 1/2
As long as we choose (1 - m) 10 — 05| < (1@52”%/5» P, which is equivalently to

log log(n /) — %42 — log(|6} — 65])

log (1 — e(Tl—l)>

which is satisfied according to the hypothesis. If this condition holds, then we obtain |67 — 6;;| <
|0 |. Hence, for any k larger than the above threshold our result holds. A direct application of the
triangle inequality, we have

)

* n * * lo 2pn6 R * *
o1 - 07 < I~ 5]+ 65 < () -0

log?(n /&
< (ogn/)) 0%+ |67]

- n

2 %
<(Co+C+1) (logp("/d)> (81)

n

1
with probability 1 — §, where the final inequality is due to |6}| < C (log%%) * and |6*| <

1
log? (n/6) | 2» ; x ~
Co | ===~ where C' is the constant from the bound of 6}, and C is a constant from the

hypothesis of the low SNR regime. As a consequence, by choosing C; = O(max{c?, p?log? p})
and Cy = © ((maX{027p})(”“>/2”
P

+ Co + C_’a) from the bound on 6}, we obtain the conclusion of
the theorem when 6, > 0.
Setting 2 — When 6§} < 0: We would like to prove the following bound:

O 2 50 (82)

Indeed, the inequality (82) is equivalent to show that

B, — A, > -2

—B,.

In light of the previous calculations, this inequality is equivalent to

p—2 2p—2
SOOI — G+ Y G0
j=1 Jj=p—1
> DY AP - OGP+ 2 e |

which is equivalent to

p—2 2p—2

2 (OO G — @1 +2 D (027 (G_y) = p(07) 2[00 — (63)7].
j=1 j=p—1
(83)
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Since zg;f(eg)pfsz(eg_l)ﬂ' > (p—2)(67)P2 and 67 > 2|0%| > 0, we have that

p—2

DG EI G VIR — ()] = (0 = 2) (012 1(08) — (6,)7].

j=1
Furthermore, as (9*)p < (O7)P/2P, we have (0})P~ [(9?) — (62)P] < (1 +27P)(67)?P~2. On
the other hand, Ej v 202270 ) > p(0)2P72 > (14 27P)(67)%P~2 > (67)P~2[(0))P —
(0)P] as p > 2. Putting these results together indicates that the bound (83) holds. Therefore, we
obtain the conclusion of the bound (83) and equivalently the bound (82).

Now, we would like to demonstrate the linear convergence rate of the BFGS iterates {6}’ } to the

optimal solution 6 :

(1 9 )2p—2
n * - pt2 n *
O =01l < | 1= 25— | 16 =il (84)

forall2 <k <T —1. AsOp > 2|6y | for all 2 < k < T, the result in equation (84) is equivalent to

(1-5%)"
(O —0h) < [1- 2pp—_p (OF —07), (85)

forall 2 < k < T — 1. From direct computation, we have

= 0; = (00 02)
| <1 : O (SO 0 )
55

22 ()22 (0 ) — (020023 (07, ) ) (05)

As 0 < 2|6%] < 67 < 0}_,, we have

2p—2 p—2
D OPTEIG) | = | DO | (657
j=0 Jj=0
p—2 . . Zp—2 . .
=D OGO = 051+ D (0P (6)
Jj=0 Jj=p-1
p=2 . . p_l Zp—2 . .
=) (O (0r_,) [(02 —0,) <Z(02)l(02;)p”> + YO0
j=0 =0 Jj=p—1

<p(p—1)(0F_1)* (6 — 05) + p(Op_1)*" >
<(2p* = p)(0F_)* 2.

Meanwhile, when 2 < k < T we have that

1 — 1—j5 j 2 2 2 2 2p—2
e | ey ) = ez (1o 2) T e
=0
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Putting the above results together, as long as 2 < k < T — 1 we find that

(1-5%)"
n * p n *
(O —0n) < |1- TR (0 —6r),

which shows the linear convergence of the BFGS iterates to the optimal solution.
By repeating the inequalities (85), we obtain that

<1 5 \2P—2 T
* B m) «
07 — 0] < 1_W 0™ — 63|

2 )2;;72

1—-2_
As long as we choose <1 - %

n

T
1/2
P ) (0 - 0) < (“E202) T which is equiva-

log log(n/8)— 19" —log (|6 —6;])

lent to T > (27 , then we obtain |07 — 05| < |05]. It is satisfied as
log log(n/8)— 1281 _log (|07 —07 log log(n/8)— 1281 _log (|00 —07 . .
T > (/0) "2y - (19 —65) /0)” 5 - Qp(l,f ) from the hypothesis. A direct
log<1—e(2p—1)> log 1_(12m2)>
pe—p

application of the triangle inequality, we have

1

1 2p 5 1/2p _ 1 2p 5 2p

op-0") < 163 —05l-105-0"] < (PEED) 0| < (o (REE))
n n

with probability 1 — §. Here, C' is the constant from the bound of §; and C'is a constant from the

hypothesis of the low SNR regime. As a consequence, by choosing C; = ©(max{c?, p?log? p})

and Cy, = © (max{a2”; et +Cy + C’a) from the bound on 6}, we obtain the conclusion of

the theorem when 6;, < 0.

Appendix E. Additional Experiment Results
E.1. Statistical Radius with Error Bar

We additionally report the statistical radius with error bar, by sampling 40 different dataset with the
same generative model and report the median, the 25% percentile and 75% percentile. For low SNR
regime, BFGS still reach the statistical radius within O(n_l/ 4), while for high SNR regime, BFGS
reach the statistical radius within O(n~1/2).

E.1.1. EXPERIMENTS IN HIGH DIMENSION

To show that BFGS can also be applied to high dimension scenarios, we conduct additional exper-
iments on the generalized linear model with input d = 50 and the power of link function p = 2.
The inputs are generated by {X;}, ~ N(0,diag(c?,-,02,)) where o = (0.96)*~, and the
remaining setting and hyper-parameters are set identical to the low dimension scenarios.

The results are shown in Figure 6. As ther results show, the performance of BFGS in high
dimensional scenarios are nearly identical to the low dimensional scenarios.
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Figure 5: Illustration of the statistical radius of BFGS with error bar. Left: Low SNR regime.
Right: High SNR regime.

E.1.2. EXPERIMENTS IN MIDDLE SNR REGIME

Here we briefly illustrate the behavior of BFGS in Middle SNR regime. We consider the generalized
linear model with d = 50 and p = 2. The inputs are still generated by {X;}" ;, but 8* now is
uniformly sampled from the sphere with radius n /.

The results are shown in Figure 7. We can see BFGS still converges linearly, and the statistical
radius of middle SNR regime lies between the Hign SNR and Low SNR. A rigorous characterization
of the statistical radius of middle SNR regime will be left as future work.
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Figure 6: Convergence and Statistical Results in d = 50. Convergence of different methods for
high SNR regime are shown in (a) and low SNR regime in (b). Statistical radius of BFGS
in high SNR regime and low SNR regime are shown in (c) and (d) correspondingly.
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Figure 7: Convergence and Statistical Results for Medium SNR in d = 50.
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