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ABSTRACT. We present in this paper some worst-case datasets of deterministic
first-order methods for solving large-scale binary logistic regression problems.
Under the assumption that the number of algorithm iterations is much smaller
than the problem dimension, with our worst-case datasets it requires at least
O(1/+/¢) first-order oracle inquiries to compute an e-approximate solution.
From traditional iteration complexity analysis point of view, the binary logis-
tic regression loss functions with our worst-case datasets are new worst-case
function instances among the class of smooth convex optimization problems.

1. Introduction. The following notations will be used throughout this paper. We
denote natural logarithm by log(-). For any positive integer k, we use 0; and
1; to denote k-dimensional vectors of all zeros and ones, respectively. When the
dimension k is evident, we may remove the subscript and simply use 0 and 1. We
use e; ;. to denote the t-th standard basis vector in R*: ezk =0/ ,,1,0]_)T. For

any vector u, we use (¥ to denote the i-th component of w. The norm notation
I - || is used for the Euclidean norm of a vector and the spectral norm of a matrix.
The main research questions of this paper are the following:

o For any deterministic first-order methods, what is the best possible computa-
tional performance on solving large-scale binary logistic regression problems?

e For any deterministic first-order methods, what is their respective worst-case
datasets of large-scale binary logistic regression problems that yield their worst
possible computational performance?

One way to answer the first research question is to keep designing deterministic
first-order methods with better and better computational performance for logistic
regression problems. However, note that we are seeking methods of best possible
computational performance. Equivalently, we are exploring the performance limit
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2 YUYUAN OUYANG AND TREVOR SQUIRES

of deterministic first-order methods that solves logistic regression. In this paper,
we will focus on the second research question. The major reason is because that
an answer to the second question can be used as a certificate for methods that
achieves the best possible computational performance, hence leading to an natural
answer to the first one. Specifically, if we can find the worst-case dataset of logistic
regression problem such that all methods would uniformly achieve certain guaran-
teed worst possible computation performance, then such performance is the limit
of all methods. Moreover, any method that reaches such performance limit can not
be theoretically improved anymore; such method would then be an answer to the
first research question. We describe the binary logistic regression problems, and
provide the definitions of “deterministic first-order methods” and “computational
performance” in the sequel.

In this paper, we use the following description of binary logistic problems. Given
any data matrix A € RVX" and response vector b € {—1,1}", the binary logistic
regression problem is a nonlinear optimization problem that minimizes objective
function

(1.1) min_ @ 4p(z,y) = h(Az +y1) —b' (Az +y1),

xzER" ye

where for any u € R¥, h is defined by

h(u) = hi(u) := zk: 2log [2 cosh (us)ﬂ
(1.2) N

k i i
:ZZlog exp w? + exp —U() .
~ 2 2

Here cosh is the hyperbolic cosine function. For convenience we remove the subscript
k in the definition of h and allow the variable vector of h to be of any dimension.
Using a; to denote the i-th row of A, from (1.1) and (1.2) we have

(I)A,b(w7 y)

N T T ,
= Z 2log |exp (%Cl;ry) + exp <_alwz+y>] —p® (a?w + y)
i=1 L

N r . .

b (a.” b (a.” .

=3 2log [exp ((a;w)) 4 exp GW)} W (a4 )
=1 -

= ﬁ; 2log :1 + exp (—b(i)(aiTCC + y))] )

which is a commonly used form of binary logistic regression problems with parame-
ter vector @ and intercept y. Here in the second equality we use the fact that cosh is
an even function and b € {—1,1}. Note that we can build an analogy between lo-
gistic and least squares problems through the formulation (1.1): if () := || ||*/2 we
have a least squares problem immediately. In fact, such analogy has been exploited
in [1] in the analysis of statistical properties of logistic regression.

In this paper, we will make an simplification and assume that we know the value
of intercept y* in an optimal solution (x*,y*). Problem (1.1) then simplifies to a
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WORST-CASE DATASETS FOR LOGISTIC REGRESSION 3

problem of estimating the parameter vector  from
U p = min g p(x) == Pap(z,y").
’ xcR”

Indeed, in our designed worst-case dataset,we can show that the intercept y* = 0.
In such case, it suffices to solve a logistic model with homogeneous linear predictor:

Uy o= min Ly (@) =h(Az) - b Ax
’ xER™

= ﬁ: 2log [1 + exp (—b(i)(a?x))} .

The term “deterministic first-order method” is defined by the following ora-
cle description: we say that an iterative algorithm M for convex optimization
mingern f(x) is a deterministic first-order method if it accesses the information
of objective function f through a deterministic first-order oracle Oy : R x R™, such
that Oy(x) = (f(x), f'(x)) for any inquiry «, where f’'(z) is a subgradient of f
at x. Specifically, M can be described by a problem independent initial iterate xg
and a sequence of rules {Z;}$2, such that

(14) Tiy1 :It(Of(wo),7Of($t)), Vi ZO

Without loss of generality, we can assume that g = 0. We also assume that the
dimension of the parameter vector x is large and we can only afford T' < n oracle
inquiries. Note that we are only focusing on the large scale cases with T < n;
there exists research directions that focuses on the cases when T' > n or large IN.
See, e.g., the discussion of complexity bounds of small-scale optimization problems
and stochastic problems in [8]. However, such directions are not in the scope of our
paper.

The computational performance of M is evaluated through its solution accuracy
f(@) — f* or ||& — ||, in which & is an approximate solution computed by M.
Without loss of generality, we can assume that x;’s are both inquiry points to the
oracle O and the approximate solution computed by M.

(1.3)

1.1. Related work. There had been many existing deterministic first-order algo-
rithms that can be applied to solve (1.3). For example, applying Nesterov’s accel-
erated gradient method [10], it is known that it takes at most O(1)(1/+/€) oracle
inquiries to compute an approximate solution & to (1.3) such that [4 p(x)—1% , < €.
Here O(1) is a constant independent of e. Such result is known as the upper complex-
ity bound. Upper complexity bounds depict achievable computational performance
on solving a specified class of problems.

Our research question described at the beginning Section 1 is focusing on the
lower complexity bound of a problem, namely, the performance limit of determin-
istic first-order methods. For convex optimization problems f* := mingegn f(x),
the lower complexity bound is concerned with the least number of inquiries to the
deterministic first-order oracle in order to compute an e-approximate solution &
such that f(&) — f* < e. In the following we list the available lower complexity
bound results on deterministic first-order methods for large-scale convex optimiza-
tion f* := mingern f(x). Note that the presented lower complexity bounds have
omitted the dependence on their respective problem constants, e.g., Lipschitz con-
stant L, strong convexity constant p, etc.

e When f is general convex (possibly nonsmooth), the lower complexity bound
is O(1)(1/€%) [8, 10, 6, 12].
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4 YUYUAN OUYANG AND TREVOR SQUIRES

e When f is weakly smooth convex with parameter p (see the definition of
the class of weakly smooth functions in [7]), the lower complexity bound is
O(1)(1/e2/(+30)) (7, 6].

e When f is convex nonsmooth with bilinear saddle point structure, the lower
complexity bound is O(1)(1/e) [11].

e When f is smooth convex, the lower complexity bound is O(1)(1/+/¢) [9, 10,
6,5, 12, 2, 3, 4].

e When f is strongly convex smooth, the lower complexity bound is O(1) log(1/¢)
(10, 12).

Two remarks are in place for the above list of lower complexity bounds. First, all
the lower complexity bounds have been demonstrated to match available upper com-
plexity bounds, namely, there exists available deterministic first-order algorithms
that achieves the lower complexity bounds. Such algorithms are known as optimal
algorithms, since the lower complexity bounds provide the verification that their re-
spective theoretical computational performance would not be improvable anymore.
Second, we can observe from the above list that the “smaller” the problem class is,
the better lower complexity bounds could be. For example, the class of smooth con-
vex optimization problems is a subclass of general convex optimization problems,
hence it is possible to expect an algorithm with O(1/+/¢) upper complexity rather
than O(1/¢?).

1.2. Motivation. Our research question can be motivated by the second remark
above, that is, a subclass might yield better lower complexity bounds. Note that
the class of binary logistic regression problems is a subclass of the smooth convex
problem class. Is it possible to design algorithms that targets solely on logistic re-
gression, and performs better than the O(1)(1/+/¢) complexity bounds for smooth
convex optimization? Unfortunately, such question has not yet been answered in
the literature. Although there had been lower complexity bounds O(1)(1/+/€) on
smooth convex optimization (see Section 1.1), the worst-case instance functions pro-
vided for smooth convex optimization are either based on convex quadratic func-
tions [9, 10, 5, 12, 2, 3] or smoothing (through infimal convolution) of maximum of
affine functions [6, 4]. None of the provided worst-case instance is a binary logistic
function.

The above discussion is based on the traditional perspective of complexity analy-
sis of convex optimization, namely, finding worst-case functions among the problem
class and explore the performance limits of algorithms. It is important to point out
that our research question can also be viewed from one other perspective. In data
analysis practice, we will usually designing algorithms that are tailored for specific
models. Consequently, we are interested at exploring the performance limit of algo-
rithms with respect to the worst-case dataset. From this perspective, our research
question asks what the worst-case dataset that yields the worst performance of any
deterministic first-order method. Note that the two aforementioned perspectives
are equivalent; however, the latter one offers a more data-oriented argument.

In this paper, we describe some worst-case datasets of binary logistic regression
problems, such that for any first-order methods, it requires at least O(1)(1/1/¢)
first-order oracle inquiries to obtain an e-approximate solution. Such datasets can
be used as certificates of optimal deterministic first-order algorithms for binary
logistic regression. Also, from the perspective of traditional complexity analysis,
our results also provide new worst-case functions for smooth convex optimization.
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In Section 2, we describe the construction of a worst-case dataset for deterministic
first-order method that satisfy a mild assumption (see Assumption 2.1 below). In
Section 3, we provide worst-case datasets for any given deterministic first-order
method.

2. Worst-case dataset under linear span assumption. In this section, we
make the following simple assumption regarding the iterates produced by a deter-
ministic first-order method M:

Assumption 2.1. The iterate sequence {xg,x1,...} produced by M satisfies
x; € span{V f(xzo),...,Vf(xe_1)}, Vt > 1.

Recall that we have already made two assumptions in Section 1 (see the discussion
after (1.4)) on M without loss of generality, namely, that &y = 0 and that x; is
both the inquiry point and the output of approximate solution. By Assumption 2.1,
the new iterate produced by M always lies inside the linear span of past gradients.
Throughout this paper, we refer to Assumption 2.1 as the linear span assumption.
Such linear span assumption, in the first look, does not seem to be one that can
be made without loss of generality. However, we would like to emphasize here that
the purpose of introducing the linear span assumption is only for us to demonstrate
the lower complexity bound derivation in a straightforward manner; we will show
in Section 3 that the linear span assumption can be removed, using the technique
in the seminal work by [9].

2.1. A special class of datasets. We describe our construction of a special class
of datasets for binary logistic regression. Such datasets will be used throughout this
paper to construct worst-case datasets for binary logistic regression. Suppose that
o > ¢ > 0 are two fixed real numbers. Given any positive integer k, denote

-1 1
-1 1
(2.1) Wy = e RFXK
-1 1
1
and
ZO'Wk 1k
| —2¢Wk dkxk R I Ak
(2'2) Ay = —20W, eR , by = ~1, eR
QCWk —1;

We then denote functions fi, : R¥ — R and ®;, : R**! — R by
2.3 fr(x) :=h(Ayz) — b} Ay,
Dy (x,y) :=h(Apx + ylag) — by (A + ylag).

Comparing (2.3) with previous descriptions of 143 and ®4; in (1.1) and (1.3)
respectively, fr and ®, are clearly binary logistic regression objective functions
with data matrix Ay and response vector by: we are using logistic regression to
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6 YUYUAN OUYANG AND TREVOR SQUIRES

train a classifier for two datasets whose entries have opposite signs. Recall that
o > ¢ > 0; this assumption is to avoid duplicate data entries. Note that

[ Aul* =8(c® + ¢*)[Wiul?

=8(c% +¢?) [(u(k) —~ u(’“‘l))2 ot (u@) ~ u(1)>2 n (u(l))z}

<16(c? + %) [(u(k)f + (u(k_l))Q T (u(2))2 n (W)Q n (uu)ﬂ
<32(0” + ¢*)l|u)?, Vu € RY;
consequently

(2.4) [Akll < 4v/2(0% + ¢?).

A few remarks are in place regarding the above construction of Ay in equation
(2.2). First, the construction of the symmetric matrix Wy, follows the worst-case
instance of convex-concave saddle-point problems in [11], which is a slight modifica-
tion of Nesterov’s tridiagonal worst-case matrix for convex quadratic programming
[10]. Indeed, W7 yields a tridiagonal matrix differs from Nesterov’s construction
in [10] by only one entry. Second, our constructed Ay is a block matrix with four
blocks. The major reason why it is designed in this way is to make sure that the
optimal solution of the binary logistic regression objective function @ (x,y) in (2.3)
is of form (x*,0) (see Lemma 2.1 below). Such optimal solution allows us to focus
solely on homogeneous binary logistic regression. Third, we will prove in the sequel
that for any deterministic first-order methods to minimize ®y(x,y), even with the
knowledge that y = 0 in the optimal solution, it takes as much as O(1/4/€) to
find an e-approximate solution. Such convergence performance is the worst possi-
ble among all first-order methods. Therefore, we call our constructed instance the
“worst” one.

In the following lemma, we describe the optimal solutions that minimizes fj and
;. respectively. By the definition of fx in (2.3) and noting the convexity of binary
logistic regression problems, to solve a minimizer of fi it suffices to solve

(2.5) Vfi(x) = Al Vh(Arz) — Al by = 0.
Noting the definition of h in (1.2), we have

Y O
(2.6) Vh(u) = tanh (%) = (tanh <u2> ,...,tanh <u2)> Vu € R VE.

Here tanh is the hyperbolic tangent function. Throughout this paper, we will
slightly abuse the notation tanh(wu) and allow the scalar function tanh(-) to be
applied to any vector u component-wisely.

Lemma 2.1. For any o > ¢ > 0, there always exists ¢ > 0 that satisfies

(2.7) o tanh(oc) + ¢ tanh(Cc) = o — (.
Moreover,

(2.8) x*=c(1,2,... k)"

is the unique optimal solution to problem

2.9 S = mi

(2.9) fi = min fi(@)
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WORST-CASE DATASETS FOR LOGISTIC REGRESSION 7
with
(2.10) fr = 8klog 2 + 4k {log cosh(oc) + log cosh(Cc) — (o — ()¢} .
In addition, (x*,0) is the unique optimal solution to mingecrn yer Pr(x,y).

Proof. Note that there always exists ¢ > 0 that satisfies (2.7) since the function
r(c) := otanh(oc) + ¢ tanh({c) — o + ¢ is continuous with 7(0) = —o + ¢ < 0 and
lim,— 00 r(c) = 2¢ > 0.

By the definitions of W}, and «* in (2.1) and (2.8), we observe that Wix* = c1j,
and Wy 1, = ey ;. Using this observation and the descriptions of Vh, A, and by, in
(2.6) and (2.2) respectively, and noting that tanh is an odd function and is assumed
to apply to any vector component-wisely, we have

20c1y, tanh(oc)1y
o 1 —2¢c1y | —tanh(¢e)1g
(2.11) Vh(Agz™) =tanh 2 | —20c1, | | = | = tann(o0)1,
2¢c1y tanh({c)1y
AL Vh(A,x*) =4[o tanh(oc) + ¢ tanh((e)]ek k,
(2.12) Afby =2(0c —C+ 0 — OWilp = 4(0 — epr.

Using the above results, the description of Vf in (2.5), and the relation (2.7) that ¢
satisfies, we have V fi.(«*) = 0. Noting that binary logistic loss functions are strictly
convex, we conclude that «* is the unique minimizer of f;. Recalling the definition
of h in (1.2), noting that cosh is an even function, and using the computation of
Al by, in (2.12), we have

fi =fu(@®) = h(Agz*) — (x*) T Al by = h(Agz*) — 4k(o — O)c
=2k {log [2 cosh(cc)] + log [2 cosh(—(c)] + log [2 cosh(—o¢)] + log [2 cosh({c)]}
—4k(oc — ()¢
=8k log 2 + 4k {log cosh(oc) + log cosh((c) — (o — ¢{)c} .
Furthermore, by the descriptions of by, and Vh(Aix*) in (2.2) and (2.11) respec-

tively, computing the partial derivative of ® in (2.3) with respective to y at 0, we

have
d
—|  ®p(x*,y) = 1] Vh(Azz") — b 1; = 0.
1,0

Noting also that V,®(x*,0) = V fi(x*) = 0, we conclude that (*,0) is the unique
minimizer of the strictly convex binary logistic loss function ®y(x,y).
O

2.2. Lower complexity bound under linear span assumption. In this sec-
tion, we study the lower complexity bound of deterministic first-order methods for
solving the logistic regression problem (2.9), under the linear assumption described
in Assumption 2.1.

Lemma 2.2. Suppose that k and t are fized positive integers such thatt < k. Define

(2.13) Ky :=span{ex_i414,---,€rk}, Yk, V1 <t <k.

INVERSE PROBLEMS AND IMAGING VoLuME X, No. X (200X), X-XX



8 YUYUAN OUYANG AND TREVOR SQUIRES

Then for all x € Ky, we have Ayx, Vh(Arx) € Ji and AL Vh(Agzx),V fi(z) €
K415, where

(2.14) Ttk = span{ei ak, . .., €4 dk, €kt1,4k; - - -  Cktt,dks
’ €2k 41,4ky - - -5 €2k4t,4k) E3k+1,4ky - - -5 €3k+t,4k}.
Moreover,
2.15 min x) = 8(k —t)log2 + min fi(u).
(215) Jmin fi(@) = 8(k — ) log2 + min f,(u)

Proof. Fix & € Ky . By (2.13) we have ' = (0/_,,u")T for some u € R*. Thus
by the definition of Wy, in (2.1),

— -1 i,?[/,t,, Ok—t _ Wtu
e = () () - (6)

Using the above result, the descriptions of Ay and VA in (2.2) and (2.6) respectively,
and the definition of J; ;, in (2.14), we have

20Wiu tanh(cWiu)
Okt Okt
—2(Wiu — tanh(¢Wyiu)
. Op—¢ . Op—¢
(216) Akil: = —20W,u c ,_715’]6, Vh(Akw) =1 _ tanh(aWtu) € u7t,k~
O—t Op—t
2(Wiu tanh((Wiu)
Okft Okft

Also, note that for all v € RY, the definition of Wy, in (2.1) results in

(2.17)

; Op—t1
W, v Wi Uy (L T},%,W’Eit,, vy Z,0 | e Kesk.
Or_¢ Ok —¢ Wy 05_¢ Wi

Combining (2.16) and (2.17), and using the definition of Ay in (2.2) we have

Al Vh(Apx) =20W,] (tanh(aWtu)> — 2w, (—tanh(CWtu)>

Ot O —¢
— oW, (T tanh(cW,u) +ocw] tanh(¢Wiu)
0p—¢ 0p—¢
eLit1,k-

Using the above result and noting the value of A} by, in (2.12), we conclude that

Vin(x) = AL Vh(Arx) — AL b € Koy g
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To finish the proof it suffices to prove (2.15). By the definition of h in (1.2), the
computations in (2.16), and the setting " = (0] _,,u")T we have

h(Agx) = Z 21og(2 cosh(oWyu) D) + (k —t) - 21og(2 cosh(0))

i=1

+ Z 21log(2 cosh(—¢Wyu) @) + (k — t) - 2log(2 cosh(0))
i=1
t
+ Z 21og(2 cosh(—oWyu) @) 4 (k —t) - 21og(2 cosh(0))
i=1
+ Y 2log(2cosh(¢Wyu) ) + (k — t) - 21og(2 cosh(0))
i=1

=8(k —t)log2 + h(A:u).
Also, noting that 7 = (0] _;,u™) T, by the description of A; by, in (2.12) we have
b;—AkCIZ = 4(0’ - C)U(t) = b:Atu

Hence we conclude from the definition of fi(x) in (2.3) that fi(x) = 8(k—1t)log 2+
fi(u), and thus (2.15) holds. O

As an immediate consequence of the above lemma, in the following we show that
the linear span assumption of a first-order method M will lead to x; € K when
minimizing fi(x).

Lemma 2.3. Suppose that M is any deterministic first-order method that satisfies
Assumption 2.1. When M is applied to minimize fi(x) in (2.3), we have ¢, € Ky,
forall1 <t <k.

Proof. We prove the t = 1 case first. By Assumption 2.1, ; € span{V fi(xo)}.
Recalling the assumption that xo = 0, we have V fi(x¢) = V£, (0) = —A] by, and
by the value of A/ by in (2.12) we have V fx(xo) € span{ey . }. Noting the definition
of Kt in (2.13) we have &1 € Ky .

Let us use induction and assume that x; € K, for all 1 <4 < s < k. By Lemma
2.2, we have V fi(x;) € K11, for all s. Noting Assumption 2.1 we have

xsi1 € span{V fr(xo),..., Vfr(xs)} C Koyip
Hence the induction is complete and we conclude that x; € K for all 1 < ¢ <

k. O

By the description of f; in (2.10), the relation (2.15), and Lemma 2.3, we con-
clude that the error of iterate x; in terms of objective function value can be lower
bounded by

gy ) I i )~ 8 log2 =
2.18 TER
=4(k —t) [(0 — ¢)c — log cosh(oc) — log cosh({c)] .
In the following lemma, we provide a simplification of the above lower bound:

Lemma 2.4. For any real numbers o and ¢ that satisfy 2 > o > ¢ > 0, we have
(0 — ¢)c —log cosh(ac) — log cosh(Ce) > c*a*C(a/(),

INVERSE PROBLEMS AND IMAGING VoLuME X, No. X (200X), X-XX
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where C(o/¢) is a universal constant that depends only on the ratio o /(. In par-
ticular, When o/¢ = 1.3, we have

(2.19) Cc(1.3) > %

Proof. By checking its derivative it is easy to verify that the function ¢ — ctanh(c)
is increasing when ¢ > 0. Hence we have

Cctanh(Cc) < octanh(oc), i.e., (tanh({c) < otanh(oc).
Applying the above relation to (2.7), we have
2¢ tanh({c) < 0 — ¢ < 20 tanh(oc).
Since tanh is an increasing function, we have from the above inequality that
(2.20)
¢

1 1 1 1
¢ € e, cup), where ¢p := p arctanh (2 — 20) and cyp = Earctanh (20 — 2)

in which ¢, cyp > 0 are well-defined real numbers under the assumption that 2¢ >
o > ¢ > 0. Using the above result, the definition of ¢ in (2.7), and noting that
the function ¢ — ctanh(c) — log cosh ¢ is increasing when ¢ > 0 (by checking its
derivative), we have

(0 — ¢)c — log cosh(oc) — log cosh((c)

ZCQUQC— [cetanh(oc) — log cosh(oc) + (etanh(Ce) — log cosh((c)]

where

1
C = 22 [Uclb tanh(aclb) — log COSh(O’Clb) + (e tanh({clb) — log COSh(CClb)] .
ub?
Noting (2.20), we can observe that the above constant C' depends only on the ratio
o/¢. The result (2.19) can then be computed numerically. O

We are now ready to state a lower complexity bound of deterministic first-order
methods under the linear span assumption.

Theorem 2.5. Suppose that M is any deterministic first-order method that satisfies
the linear span assumption in Assumption 2.1. Given any iteration number T,
there always exist data matriz A € RN*" and response vector b € {—1,1}", where
n = 2T and N = 8T, such that the T-th approximate solution T generated by M
on minimizing the binary logistic loss function 4y in (1.3) satisfies

3 A% |lzo — «*|?
32027 + 1)(4T + 1)’

Lap(er) — Uy, >
(2.21) X
ez —2*||? >3 lwo — ||,

where x* is the minimizer of f.

Proof. Let us fix any ¢ > 0 and set 0 = 1.3¢ in the definition of Ay in (2.2). By
(2.4) we have

(2.22) 1ALl < 4v/20% + 2(0/1.3)2 < 8o.
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Let us apply M to minimize fj defined in (2.3) where k& = 2T. Recall that M
starts at o = 0, and that the minimizer «* in (2.8) satisfies

k 2
12 _ 2 2 _C
(2.23) |zo —x*])? = ¢ ;z = G h(k+1)(2k +1).
By Lemmas 2.3 and 2.4, the lower bound estimate (2.18), and noting that o > (,
we have z; € K, and
fulxe) — fi > 2(k —t)Po?, Vt < k.

Applying (2.22) and (2.23), the above relation becomes

3(k — )| Ak *lmo — =2
16k(k + 1)(2k + 1)

(2.24) Jilwe) — fi >

Also, since &; € K, by the definition of Ky in (2.13) we have ;vgl) = ... =
:cgk_t) = 0. Noting the description of * in (2.8) and focusing on the difference
between x; and x* in the first (k — ¢) components, we have

k—t 2
(2.25) o, — 2|2 > 2> i = %(k —t)(k — t + 1)(2k — 2t + 1).
=1

Specially, setting ¢t = T" and recalling that k = 2T, (2.24) becomes

31| Akl?llzo — 2|

fu(@r) = fi > 32027 + 1)(4T + 1)

and (2.23) and (2.25) imply that

2 2
1
s — 2|2 > %T(T +1)@ET+1) > %8 2T (2T + (AT +1) = Sl — 2%
We conclude (2.21) from the above two results by setting A := A;, € R3T*2T
b := b, € R®T and noting the equivalence between lapin (1.3) and fj in the above
derivation.

O

3. Lower complexity bound for general deterministic first-order methods.
In this section, we extend the lower complexity bound to general deterministic first-
order methods. The derivation is based on the concept of orthogonal invariance in
the seminal work of [9], and is organized in a similar way as in [11]. Note that we
can also use the concept of zero-respecting algorithms in [2, 3] to finish the proof.

We will use the following technical lemma which is proved in [11] (see Lemma
3.1 within).

Lemma 3.1. Let X C X C RP be two linear subspaces. Then for any & € RP,
there exists an orthogonal matriz V- € RP*P such that

Ve=x, Ve e X, and VT € X.
Proposition 1. For any Ay and by in the form of (2.2), any deterministic first-

order method M, and anyt < (k—3)/2, there exists an orthogonal matriz U, € RF*F
that satisfy the following:

1. UtA;—bk = A];rbk,'

INVERSE PROBLEMS AND IMAGING VoLuME X, No. X (200X), X-XX



12 YUYUAN OUYANG AND TREVOR SQUIRES

2. When M is applied to minimize the binary logistic regression loss function
la.U, b, defined in (1.3), its iterates o, ..., T satisfy

xT; € UtT’CQiJrLk, Vi=0,... , L.

Proof. Let us fix Ag, by and the method M. Throughout this proof, we will use
the notation

U:={V eR"F |V is orthogonal and VAL b, = A by }.

We conduct the proof by induction. The case when t = 0 is trivial by setting
Up to be the identity matrix. Let us assume that the proposition is true when
t=s—1< (k—1)/2. By the induction hypothesis there exists Us_; € U such that
when M is applied to minimize {4,y,_, b,, its iterates satisfy

(31) xT; € UJ71K2¢+3$k, Vi:O,...7s— 1.

Suppose that x is the next iterate. To prove the case when t = s, let us start by
finding an orthogonal matrix Us € U. Noting that s < (k—1)/2, from the definition
of Kt in (2.13) we have

(3.2) Kir CKok C ... C Kosyik-

Thus U;1K25,k C U£1K25+1’k, and by Lemma 3.1 there exists orthogonal matrix
V such that

(3.3) Ve =x, Vo € U] Kasp, and Va, € U] Kosy1 g
Let us define
(3.4) U, :==U,_,V.

Noting the descriptions of A/ by and Kj in (2.12) and (2.13) respectively, we
observe that A by € K11 C Kas 5. Using such observation, by (3.3), (3.4), and the
induction hypothesis Us;_1 € U, we have U;—A;bk = VTUilA;bk = A;bk, hence
Us € U. Also, from (3.2) we have Us—r_llc2i+17k C U;'—_lngs,k forallt=0,...,s—1.
Consequently by (3.3) and (3.4) we have

(35) UJK2i+17k = VTU£1K21‘+1,]€ = UL1K2i+17k, Vi = 1, ey S — 1.

Applying the above relation to (3.1) and also noting @ € U, Kas11,x from (3.3)
and (3.4), we obtain

(3.6) x; €U/ Koiy1p, Vi=0,...,5.

Let us apply M to minimize [4, ¢, »,. We will prove that its first s+1 iterates are
exactly @, ..., &, (the ones computed when M is applied to 4,1, , b,). Indeed,
we can make the following observation: if
(3.7)

lAkUsybk (33) = lAkUs—hbk (SE) and VlAkUs7bk (33) = VZAkUs—lxbk (m)> Ve € USTICQS*LIH

then by (3.6) and the oracle assumption (1.4), M would obtain exactly the same

first-order information at xg,...,xs_1 € USTICQS_L]C from the first-order oracle when
minimizing either l4, 7. b, or la,v._,.b,- Therefore, if (3.7) holds, then M produces
exactly the same iterates xo, ..., ®s when minimizing either {4, v, b, O la, U, . bs-

Consequently, noting that Us € U and (3.6) we obtain the results of the t = s case
by choosing U = Ug and complete the induction.
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WORST-CASE DATASETS FOR LOGISTIC REGRESSION 13

To finish the induction proof it suffices to prove (3.7). Let us fix any = €
UJKaos_1x By (3.3) and (3.5) we have z € U] ;Kas_1 . Noting (3.3) and that
Us_1,Us € U, we obtain the following relations:

(3.8) Uz =U, |V =U, 12 € Kos_11, and U] Al b, = Al b, = U/ | A] by.
Moreover, noting that Us_1x € Kos_1 1, applying Lemma 2.2 we have
AL Vh(AUs-12) € Kas i,
and hence by (3.3) we observe that
VTU Al VAU, 1x) = U] Al Vh(AUs_ ).
Using such observation, recalling the definition of 144 in (1.3), and noting the
relations in (3.8), we conclude that
Lagv, b () =h(AUsz) — 2 "US Al by, = h(AUs_iz) — 2T U_ Al by,
=la,U. 1 by, (T),
Viau, b (®) =U] AL Vh(AUsz) — U A} by,
=VTU] Al Vh(AU,_1x) - U] (Al by

=U] A Vh(AU, 1) — U Alby = Via,u. 6. (2).

Hence (3.7) is proved.
O

Theorem 3.2. Suppose that M is any deterministic first-order method. Given any
iteration number T, there always exists data matriz A € RN*"™ and b € RY, where
n=4T+2 and N = 16T+ 8, such that the T-th approximate solution xT generated
by M on minimizing the binary logistic regression loss function l 4y in (1.3) satisfies
3| A2 lo — 2|

24T +3)(8T + 5)

lap(xr) — U4 p < 3

1
oz = 27" >l — 271%,

*

where z* is the minimizer of l4 .

Proof. Let us fix any ¢ > 0 and set ¢ = 1.3¢ in the definition of Ay in (2.2), in
which we set k = 4T + 2. Note that the norm of Ay satisfies (2.22). Applying
Proposition 1 to Ag, bg, and M with ¢ = T, we obtain the following result: there
exists an orthogonal matrix U := Ur that satisfies U—'—A;'—b;c = A,;'—bk, such that
when M is applied to minimize 4,y p,, its iterates x; satisfies x; € U—'—ICQZ-HJC for
all 0 < i <T. Note that in this result we have

l > i ! = i h(AUx) —x UTAl b
AkU’bk(wT)_meUglKlgTﬂ,k AkUJ?k(w) meUgllCl;lT_H_,k ( k :I:) T k Ok
= min h(4gz)—x A by = min x) and
el 41,k ( F ) k Ok mEK2T+1,kfk( )
(3.9) leUbk = min l4, s, (x) = min h(AUx) — xTUTAgbk
Ok peRk xRk

_ in h(A _ TATb _ : — *'
;13156 (Agx) —x AL by mrré%}cfk($) I

Here we use the definition of f; in (2.3). Consequently,

(3.10) lawup(®r) = Uy up, = _min - fy(x) — fi.
o741,k
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14 YUYUAN OUYANG AND TREVOR SQUIRES

Note from (3.9) above that the minimizer z* of 4,y s, (x) satisfies z* = U'x*,
where z* is the minimizer of fi defined in (2.8). Since xr € UTICQT_A'_L]C, we have

ler — 27> max |lo 2|

L2741,k
k—2T—-1 02
>c2 2= —(k—2T —1)(k—2T)(2k — 4T — 1
>0 g =2 )( )( )

:%(QT +1)(2T +2)(AT + 1).

Here the last equality is since we set k = 4T 4 2. Also, recalling that M starts at
xo = 0 we have
AT+2 9
o — 27 = | =c* 3~ i = (4T +2)(4T + 3)(8T +5)
i=1

Summarizing the above two relations we have
1
(3.11) lr = 27" > o — 271%.
Furthermore, applying (3.11), Lemma 2.4, and the estimate of lower bound in (2.18)
to (3.10), we have
lAk,Uvbk (CET) - l*AkU,bk

>4(k — 2T — 1) [(c — ¢)c — log cosh(oc) — log cosh(¢c)]

>2(k — 2T — 1)c*o?

6% (k—2T — 1)0?||l@o — 2*||?

(2T +1)(4T +3)(8T +5)

Applying the estimate of || Ag|| in (2.4) to the above, and recalling that k = 4T + 2,
we obtain

; o 3] Al [|wo — 2*|I?
At (@1) = Lav e, < 32(4T + 3)(8T +5)

By setting A := AU € RUSTHXMET+2) and b := b, € ROSTH8) | we conclude
the proof from (3.10) and (3.11). O

4. Concluding remarks. In this paper, we describe some worst-case datasets for
deterministic first-order methods on solving binary logistic regression. The binary
logistic regression functions with our worst-case datasets can also serveF as new
worst-case function instances among the class of smooth convex optimization prob-
lems.

It should be noted that our description of Ay and by, in (2.2) are designed so that
the optimal intercept of binary logistic regression is 0. If we are focusing only on
homogeneous linear predictor case without requiring the optimal intercept to be 0,
an easier dataset can be designed by simply setting

(200} e xk o L 2%k
Ap = <2<Wk) eR , by = -1, eR

and follow the derivations in Sections 2 and 3.

Our complexity analysis studies binary logistic regression solely from an opti-
mization theory perspective. In the future work, it might be possible to explore
the proposed construction of worst datasets further and seek potential connections
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with certain statistical learning theories, e.g., theory on data generalization error

or
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