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Abstract

Empirical risk minimization (ERM) is a crucial framework that offers a general
approach to handling a broad range of machine learning tasks. In this paper,
we propose a novel algorithm, called ReHLine, for minimizing a set of regular-
ized ERMs with convex piecewise linear-quadratic loss functions and optional
linear constraints. The proposed algorithm can effectively handle diverse combi-
nations of loss functions, regularization, and constraints, making it particularly
well-suited for complex domain-specific problems. Examples of such problems
include FairSVM, elastic net regularized quantile regression, Huber minimization,
etc. In addition, ReHLine enjoys a provable linear convergence rate and exhibits a
per-iteration computational complexity that scales linearly with the sample size.
The algorithm is implemented with both Python and R interfaces, and its perfor-
mance is benchmarked on various tasks and datasets. Our experimental results
demonstrate that ReHLine significantly surpasses generic optimization solvers
in terms of computational efficiency on large-scale datasets. Moreover, it also
outperforms specialized solvers such as LIBLINEAR in SVMs, HQREG in Huber
minimization and LIGHTNING (SAGA, SAG, SDCA, SVRG) in smoothed SVMs,
exhibiting exceptional flexibility and efficiency. The source code, project page,
accompanying software, and the Python/R interface can be accessed through the
link: https://github.com/softmin/ReHLine|

1 Introduction

Empirical risk minimization (ERM) with different losses is a fundamental framework in statistical
machine learning [43]], which has demonstrated a significant impact on many application areas, such as
artificial intelligence, computational biology, computer vision, natural language processing, electronic
engineering, and finance. In fact, many common practical ERMs are associated with a piecewise
linear-quadratic (PLQ; [34]) loss function, including support vector machines (SVMs; [7]]), the least
absolute deviation regression, quantile regression [26], Huber regression [22], borrowing cost function
in portfolio selection [28]], and pricing/planning problems in electricity and operational research
[L6L [1]], among many others. In addition, ERMs are frequently blended with linear constraints, for
instance, the fairness constraints in fair classification [48]], monotonicity constraints in classification
or regression, etc. More linear constraints according to the prior domain knowledge, such as the
sum-to-one constraints in the portfolio variance minimization problem [24], negative or positive
constraints in non-performing loan [36], are considered in various real applications. Therefore, it has
become of utmost importance to develop fast and scalable numerical algorithms to solve ERMs with
PLQ losses based on large-scale datasets and flexible linear constraints.

*Co-first authorship, and the order is determined by coin toss. TCorresponding author.
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In this paper, we consider a general regularized ERM based on a convex PLQ loss with linear

constraints:
n

1
min Y L;(x]8)+ =[|B]3, st AB+b>0, (1)
BeR? i=1 2

where x; € R? is the feature vector for the i-th observation, B e R4 is an unknown coefficient vector,
A € REXd gnd b € RX are defined as linear inequality constraints for 3, and L;(-) > 0 is a convex
PLQ loss function. The PLQ function class greatly generalizes existing popular loss functions, and
the convexity of L;(-) guarantees the global convergence of optimization. Here, we focus on working
with a large-scale dataset, where the dimension of the coefficient vector and the total number of
constraints are comparatively much smaller than the sample size, that is, d < n and K < n.

Although (1) is a strongly convex problem with affine constraints, thus admitting a unique global
optimum, directly solving (I)) by a generic solver may encounter various challenges. For example,
L;(+) is in general non-smooth, so gradient-based methods may fail, and hence slow-convergent
subgradient methods need to be used. In addition, the constraint set is a polyhedron, whose projection
operator is non-trivial to compute, making various projection-based methods difficult to apply.

Of course, for some specific forms of L;(-), highly efficient solvers for (I} indeed exist. One
remarkable example is the LIBLINEAR solver [12]], which has gained great success in solving large-
scale SVMs. However, LIBLINEAR highly relies on the hinge loss function, so its success does not
directly transfer to more general loss functions.

Outline. To this end, in this article we develop a novel algorithm to solve with the greatest
generality. The proposed algorithm, named ReHLine, has three key ingredients. First, we show that
any convex PLQ loss function can be decomposed as the sum of a finite number of rectified linear
units (ReLU, [13])) and rectified Huber units (ReHU, defined in Section [2). Second, based on this
decomposition, the dual problem of (T]) is shown to be a box-constrained quadratic programming
(box-QP) problem. Finally, a special paired primal-dual coordinate descent algorithm is developed to
simultaneously solve the primal and dual problems, with a computational cost linear in n.

We emphasize that for the second point, the dual box-QP problem is highly structured. Therefore, a
general-purpose solver may not fully exploit the structure, thus leading to slower convergence rates
or higher computational costs. As a direct comparison between the proposed ReHLine solver and
existing algorithms, including the projected (sub-)gradient descent (P-GD; [6]]), the coordinate descent
(CD; [43]]), the interior-point methods (IPMs; [13} 14, [18]), the stochastic dual coordinate ascent
(SDCA; [39,140]) related methods, and the alternating direction method of multipliers (ADMM,; [3]),
Table[I] summarizes the required number of iterations and per-iteration cost of each method. More
details and discussions for this comparison are given in Section 4}

Table 1: Overview of existing algorithms for solving (I). Column COMPLEXITY (PER ITERATION)
shows the computational complexity of the algorithm per iteration. Here, we focus only on the order
of n since d < n is assumed in our setting. Column #ITERATIONS shows the number of iterations
needed to achieve an accuracy of ¢ to the minimizer.

ALGORITHM COMPLEXITY #ITERATIONS COMPLEXITY
(PER ITERATION) (TOTAL)

P-GD O(n) O™ ] O(ne™t)

CD O(n?) O(log(s™1)) B O(n?log(e™1))

IPM O(n?) O(log(s71)) [18] O(n?log(e™1))

ADMM O(n?) o(e 1) [9.120] o(n?e™1)

SDCA O(n) O(e™ )[39] O(ne™)

ReHLine (ours) O(n) O(log(s71)) O(nlog(e™1))

Contribution. Compared with other specialized ERM solvers or general-purpose box-QP solvers,
the proposed ReHLine solver has four appealing “linear properties”:
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1. It applies to any convex piecewise linear-quadratic loss function (potential for non-smoothness
included), including the hinge loss, the check loss, the Huber loss, etc.

2. In addition, it supports linear equality and inequality constraints on the parameter vector.
3. The optimization algorithm has a provable linear convergence rate.
4. The per-iteration computational complexity is linear in the sample size.

Moreover, ReHLine is designed to be a computationally efficient and practically useful software
package for large-scale ERM problems. As an example, our experiments in Section [5|have shown that
ReHLine significantly surpasses generic solvers in terms of computational efficiency on large-scale
datasets, and provides reasonable improvements over specialized solvers and problems, such as
LIBLINEAR, HQREG and LIGHTNING, given that LIBLINEAR, HQREG and LIGHTNING are one of the
fastest and most widely-used solvers for SVM, Huber minimization, and smoothed SVM, respectively.
Finally, ReHLine is available as user-friendly software in both Python and R, which facilitates ease
of use for researchers, practitioners, and a wider audience.

2 The ReLU-ReHU decomposition

As is introduced in Section[I} we attempt to solve ERM with a general loss function, and one sensible
choice is the class of convex PLQ functions. A univariate loss function f : R = R>q is PLQ if
there exist a finite number of knots ¢; < t5 < --- < tx such that f is equal to a linear or quadratic
function on each of the intervals (—oo, t1], [t1,%2],- .., [tx—1,tK], [tx,00). In what follows we
merely consider nonnegative convex PLQ functions, which also imply the continuity of the loss
function. It is well known that PLQ functions are universal approximators of continuous functions
[38]], but the canonical definition of PLQ is not convenient for optimization algorithms. Instead, in
this section we prove that convex PLQ functions can actually be decomposed into a series of simple
and basic units.

Before proceeding, we introduce a generalized

v Reny ; quadratic version of ReLU, the so-called rectified
ReHU-1 ] :
1 - ReHU-2 i Huber unit, ReHU:
——- ReHU-3 By
R4
e ReQU/ReHU-w s 0, z2<0

ReHU,(2) = { 2%/2, 0<z<rT,
T(z—=7/2), z>T

()
where 7 € [0, 00] is a hyperparameter of ReHU
switching from quadratic to linear form, see ex-
amples in Figure[T] ReHU also incorporates the
rectified quadratic unit (ReQU) as a special case,
Q1 ) 1 3 3 a 5 that is, ReHU,(2) = ReQU(z2)/2 = (Z+)2/2
when 7 = oo, where z; = max{z, 0}. Then we

Figure 1: The ReLU function and the ReHU  gjy¢ the characterization of a composite ReLU-
function with 7 = 1, 2, 3, cc. ReHU function.

Definition 1 (Composite ReLU-ReHU function). A function L(z) is composite ReLU-ReHU, if there
existu,v € RF and T,s,t € RY such that
L H
L(z) = Z ReLU(wiz + v) + Z ReHU,, (snz + tn), 3)
=1 h=1
where ReLU(z) = 24, and ReHUy,, (z) is defined in (2).

Clearly, the composite ReLU-ReHU function class is closed under affine transformations, as is
indicated by Proposition

Proposition 1 (Closure under affine transformation). If L(z) is a composite ReLU-ReHU function as
in @), then forany ¢ > 0, p € R, and q € R, cL(pz + q) is also composite ReLU-ReHU, that is,

L H
cL(pz +q) = Z ReLU(ujz + v)) + Z ReHU,/ (3,2 + 17,),

=1 h=1
where u) = cpuy, V] = cuyq + cvy, Ty, = \/CTh, S), = \/cpsp, and t), = \/c(spq + tr).

2
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More importantly, we show that the composite ReLU-ReHU function class is equivalent to the class
of convex PLQ functions.

Theorem 1. A loss function L : R — R is convex PLQ if and only if it is composite ReLU-ReHU.

Based on the fact that the loss functions of various SVMs (the hinge loss, the squared hinge loss,
and the smoothed hinge loss), quantile regression (the check loss), and least absolute deviation (the
absolute loss) are all convex PLQs, Theorem [I|suggests that Definition [I] incorporates numerous
widely-used losses in statistics and machine learning applications. Table 2] provides a convenient
translation from some commonly-used loss functions to their ReLU-ReHU representation.

Table 2: Some widely-used composite ReLU-ReHU losses as in (3). Here SVM is weighted SVMs
based on the hinge loss [[7], sSSVM is smoothed SVMs based on the smoothed hinge loss [33]], SVM?
is weighted squared SVMs based on the squared hinge loss [[7], LAD is the least absolute deviation
regression, SVR is support vector regression with the e-insensitive loss [44], and QR is quantile
regression with the check loss [26].

PROBLEM  LOSS (L;(%;)) CoMPOSITE RELU-REHU PARAMETERS

SVM ci(l —yizi)+ Uty = —CiYi, V1i = G

sSVM ciReHU (= (yizi — 1)) 815 = —/Ci¥i, t1i = \/Cir T = \/C;

SVM? ci((1—yizi)4)? s1i = —V/2¢iYi, t1; = /2¢i, T = 00

LAD cily — zi U1y = Cj, V15 = —CilYs, U2i = —C;, V2j = CiY;

SVR cillyi — zil —€)+ ur; = ¢, v1; = —(Yi +€), Uz = —Cj v =Y — €

QR cipr(yi — 2) (A3] U1 = —Cik, V1 = KCYj, g = ¢i(1 — k), va3 = —¢;i(1 — K)y;

Table 3: Some widely-used linear constraints of the form A3 + b > 0, where U-bidiag([—1, 1]) is
an upper bidiagonal matrix with main diagonal being -1 and upper diagonal being 1.

CONSTRAINT FORM REHLINE PARAMETERS
Nonnegative B>0 A=-Ib=0
Box I1<B<u A=[L-I,b=[-Lu]

Monotonicity 81 <--- <y A =Bj4-1, B=U-bidiag([-1,1]),b =041
Fairness (A.l) |Z7XB/n|<p A =ZX[I;-I]/n,b = [p;p]

Taken together, our algorithm is designed to address the empirical regularized ReLU-ReHU mini-
mization problem, named ReHLine optimization, of the following form:

n L n H
1
min Z Z ReLU(u;x] B + vii) + Z Z ReHU,,, (spix] B + tni) + §||ﬂ||§,

per i=1 h=1
st. AB+b >0, ()

where U = (uy;),V = (vi;) € REX" and S = (s53:), T = (tn:), T = (7hi) € RT*" are the
ReLU-ReHU loss parameters, as illustrated in Table 2 and (A, b) are the constraint parameters, as
illustrated in Table[3] This formulation has a wide range of applications, including statistics, machine
learning, computational biology, and social studies. Some popular examples include SVMs with
fairness constraints (FairSVM), elastic net regularized quantile regression (ElasticQR), ridge Huber
minimization (RidgeHuber), and smoothed SVMs (sSVM). See Appendix [A]for details.

Despite appearing to impose limitations on the l5-regularization in @), our ReHLine formulation can
actually be extended to more general regularization forms, including the elastic net penalty [49]].

Proposition 2. If L; is a composite ReLU-ReHU loss function with parameters (uy;,vy;)i, and
(Shis thi, Thi)le, then its elastic net regularized minimization with A1 > 0 and Ay > 0,

. A
min - Li(x[B) + Ml|Bl + FIBIE, st AB+b >0,

il
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can be rewritten as the form of ReHLine optimization (@) with

%2U 0L><d /\%V 0L><d X
U« | o0 17 |, V« 0., , X<—(Id),
0r —3:1] 0,

n+d
S<—<,/Ai28 05), T<—(,/A%T 05), Te(,/%r 0}),

where < indicates assigning a value to a parameter.

3 Optimization algorithm

In this section, we present the ReHLine algorithm to tackle the optimization in (@). The proposed
algorithm is inspired by LIBLINEAR [12]], which has gained great success in solving standard SVMs.
The key idea of ReHLine is to leverage the linear property of Karush—Kuhn-Tucker (KKT) conditions,
thus simplifying the iterative complexity of CD and achieving rapid convergence.

3.1 Primal and dual formulations

To proceed, we first demonstrate equivalent formulations for ReLU and ReHU, respectively, where
the equivalence means that the value on the left is equal to the minimum value of the right-hand side:

min 7 rgin %92 +70
ReLU(z) <= st 7>z, ReHU(2) <= i ¢ +o2>z ©)
> 0. >0,

It is worth noting that when 7 = oo, the optimal solution for o is 0, and hence the last constraint
(o > 0) can be removed. Then according to the definition of the composite ReLU-ReHU loss function
and the equivalent forms in (3]), the ReHLine optimization problem (@) can be rewritten as:

n

L n H 1 n H 1
ﬁ,gl,icf)l,z Zzﬂ'li + Z Z 59;21,1‘ + Z Z ThiOhi + §||,3||§

i=1 1=1 i=1 h=1 i=1 h=1
st. AB+b>0, m;>ux!B+vi, Oni+0oni > SpiX. B+ thi,
M >0, op >0, forall (i,1,h), )

where IT = (m;) € REX", © = (0;) € RE*" and ¥ = (0p;) € R¥*™ are slack variables.
Theorem 2] shows the dual form of the primal formulation (6) by using the Lagrangian duality theory,
and the relation between primal and dual variables is also provided.

Theorem 2. The Lagrangian dual problem of (6)) is:

(€, A.T) = argmin L(,A,T)
E,AT

st. £>0, E>A>0, t>T>0, %
1 1 - 1 _o =
L(EAT)= 5gTAATg + 5vec(A)TUgg)U(3)vec(A) + §vec(I‘)T (S(T3)S(3) + I)vec(T)
— ETAU5)vec(A) — £TA§(3)vec(I‘) + vec(A)Tl_J(T3)§(3)vec(I‘)
+€Tb — Tr(AVT) — Te(T'TT), ®)

where € € RE, A = (\;;) € REX", and T = (y;) € R”*"™ are dual variables, U3, € R and
g(g) € R gre the mode-3 unfolding of the tensors U = (wyi;) € RE*"*? and S = (spi;) €

RHxnxd respectively, uy;; = Ui Tij, Shij = ShiTij, 1is the identity matrix, and all inequalities are
elementwise.

Moreover, the optimal point 3 of (6) can be recovered as:

K n L H
B= Z Sray — in (Z i + Z %sm) = AT¢ — Uggyvec(A) — Szyvec(T).  (9)
k=1 i=1 1=1 h=1

q
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3.2 ReHLine update rules

Indeed, (9) is a KKT condition of (6)), and the main idea of the proposed ReHLine solver is to update
the dual variables (&, A,T") by CD on (7)) with an analytic solution, and simultaneously update the
primal variable 3 by the KKT condition (9). Most importantly, the computational complexity of the
CD updates on (7)) can be significantly reduced by using the information of 3.

Canonical CD updates. As a first step, we consider the canonical CD update rule that directly
optimizes the dual problem (/) with respect to a single variable. For brevity, in this section we only
illustrate the result for \;; variables, and the full details are given in Appendix

By excluding the terms unrelated to \;;, we have A\ = argming<, <y £3;(A), where

K
1
Eli()\> = aulzi(x;-rxi))\z + E )\l/i/ul/i/uli(xg,xi))\ — E §kuli(a2xi))\
(17,32 (L,0) k=1

+ E WiYh it Shri Xy Xip A — U A
Wi

Therefore, by simple calculations we obtain

T K
U] (Zkzl KAk — Do (s inye (1) N WXt = D s i Vit S Xir ) 4 vl

new
™ = P,
. 0.1 w2 %3

Y

(10)
where Py, 3 (7) = max(a, min(b, v)) means projecting a real number x to the interval [a, b].

Clearly, assuming the values x] a;, and ||x;||3 are cached, updating one )\;; value requires O(K +nd+

nL + nH) of computation, and updating the whole A matrix requires O (nL(K +nd+nL+nH ))
Adding all variables together, the canonical CD update rule for one full cycle has a computational
complexity of O((K + nd + nL + nH)(K 4+ nL + nH)).

ReHLine updates. The proposed ReHLine algorithm, on the other hand, significantly reduces the
computational complexity of canonical CD by updating 3 according to the KKT condition (9) after
each update of a dual variable. To see this, let g := (&, A, I") denote all the dual variables, and define

K n L H
Bp) =) Gar— > _x (Z ED ’Ym'8m> :
k=1 =1 \1=1 h=1

Then it can be proved that (VxLy;)(A;;) = — (wx] B(p) + vi). Therefore, when p is fixed at
pold = (g2 A°M T0l) and let B! = B(u®'d), (T0) can be rewritten as

(Vo £)(A) 1d UlixTﬁmd + vy
niew — ,P(),l ()‘Oild o li _ PO,I )‘Oi + 9 )
S A e w3
Accordingly, the primal variable 3 is updated as
B = 501(1 - ()\flfw - )‘?ild)ulixz'»

which can then be used for the next dual variable update. Simple calculations show that this scheme
only costs O(d) of computation for one \;; variable.

The update rules for other dual variables are similar, with the complete algorithm shown in Algorithm
[I] and the full derivation details given in Appendix [B] Overall, the ReHLine update rule has a
computational complexity of O((K + nL + nH)d) for one full cycle. Given that (K, L, H) are all
small numbers, the complexity is /inear with respect to both the sample size n and the dimension d.

We emphasize that the linear relationship (9) between the primal and dual variables, as well as its
consequence of reducing the computational cost, is highly non-trivial. This technique has been
proposed for specialized problems such as SVMs via the LIBLINEAR solver [21]], and here we show
that its success can be greatly generalized to any convex PLQ loss functions.

A
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Algorithm 1: The ReHLine algorithm that solves (@).

Input :X € R"*4 U,V € RIX", S, T, ¢ RI*" A € REX b e RE
Initialize € >0, E>A >0,T>T > 0;

n L H
Compute 3 = ATE — 37 x; (D011 Ndtts + D, VhiShi)s
Compute and store r = (r;) € R, r; = ||x,[|3, and p = (px) € R, py, = [y |13
while maximum iteration do

for k € K =[K] do
| e max (=&, —p, @B +br); & &t B B+etay
for (1,1) € £ — [L] @[n] do
e*  max (— Ay, min (1 — Xy, w2y (v + wix} 3)));
Aii = N+ €550 B B — et wixi;
for (h,i) € H = [H] Q[n] do
e* = max ( — Ypi, min (Ths — i, (57,75 + 1) " (thi + swiX] B — Vi) );
Vi < Yni + €Y B B —eTsnix;

Output:¢, A, T, 3

3.3 Global convergence rate

Finally, we show that the ReHLine algorithm has a fast global linear convergence rate.

Theorem 3. Letr (9 = (£(q), A, T'9) be a sequence of iterates generated by Algorithm and
w* be a minimizer of the dual objective (8). Then D is feasible, and the dual objective value
converges at least linearly to that of p*, that is, there exist 0 < n < 1 and qo such that for all ¢ > qq,

L) = L(p*) < n(L(pD) - L(k")).

4 Related work

Table [T] summarizes the existing methods in solving the primal or dual problem of (T). Note that
Column #ITERATIONS is the best-fit theoretical results of convergence analysis for each algorithm
based on our literature search, which may be improved with further developments of convergence
analysis. These algorithms can be broadly divided into the following categories.

Generic QP solvers. For instance, a projected sub-gradient descent is readily applicable to the
primal form (T)) by computing the sub-gradient of each loss and the projection under affine constraints,
although the projection operator itself is already difficult. As for the box-QP dual problem (7), CD
converges linearly to the optimal solution [27, 31} 135/ 42]. Box-QP can also be efficiently solved
using IPM, which leverages second-order cone programming techniques [[13 [14]. Moreover, ADMM
was employed to iteratively minimize the augmented Lagrangian of (T)).

ERM solvers. There are multiple existing works developed to tackle ERM problems, such as SAG
(37, SVRG [25], SAGA [8]], proximal SDCA [40] and SDCA [39]]. However, SAG, SVRG, SAGA
and proximal SDCA can only handle smooth loss functions, with an optional non-smooth term that
has an easy proximal operator. SDCA applies to general loss functions, but it requires the convex
conjugate of loss functions, which is not necessarily simple to compute, also see discussion in Section
3.1 in [40]]. Moreover, it only guarantees a sublinear convergence rate for non-smooth loss functions.
In contrast, ReHLine supports all convex PLQ loss functions with optional general linear constraints,
which could be non-smooth by construction, and they all enjoy a linear computational complexity
and provable linear convergence.

For non-smooth loss functions, another existing method to solve ERM is the smoothing technique
[40. 131 130], which approximates the non-smooth terms by smooth functions, and then uses smooth-
based algorithms to solve the smooth problem. However, the choice of the smoothing function and
smoothing parameter typically requires additional knowledge, and the linear convergence rate is not
always guaranteed.

7
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Despite the successful use of the existing algorithms in solving (I)), these methods either suffer
from slow convergence (P-GD), or high computational costs (CD, IPM, and ADMM). This is partly
because these general methods do not fully exploit the inherent structure of the problem. In contrast,
ReHLine leverages the KKT condition in (9) to substantially improve numerical performance, thus
achieving a linear computational complexity per iteration with respect to the sample size, as well as a
linear convergence rate.

In addition to generic algorithms, specialized algorithms have been developed for specific types of
@). For example, the dual coordinate descent of LIBLINEAR in solving SVMs [21]], the semismooth
Newton coordinate descent algorithm of HQREG in solving the ridge regularized Huber minimization
[46], and SAGA, SAG, proximal SDCA, and SVRG of LIGHTNING in solving smooth ERMs [4],
such as smoothed SVMs. Our algorithm is also compared to these specialized methods in Section [5]

Software. Below are some commonly-used software for solving (I)) based on the algorithms available.

e cvx/cvxpyY [17,10]: a modeling language for convex optimization problems and supports a
wide range of solvers such as ECOS, SCS, 0SQP, and MOSEK.

* MOSEK [2]: a commercial convex optimization solver based on IPM.

e ECOS [L1]: an open-source solver of second-order cone programming based on IPM.

* SCS [32]]: an open-source convex quadratic cone solver based on ADMM.

e DCCP [41]: a disciplined convex-concave programming solver built on top of CVXPY, which has
been used to solve classification problems with fairness constraints [47]].

e LIBLINEAR [21]: a library for large linear classification.

* HQREG [460]: an R package solving Lasso or elastic net penalized Huber loss regression and
quantile regression.

e LIGHTNING [4]: a Python library solving various ERMs based on primal SDCA, SGD, AdaGrad,
SAG, SAGA, SVRG.

5 Experiments and benchmarks

In this section we demonstrate the performance of ReHLine compared with the existing state-of-
the-art (SOTA) solvers on various machine learning tasks. The source code of ReHLine, along
with Python/R interface, is readily accessible on our GitHub repository (https://github.com/
softmin/ReHLine) and our project page (https://rehline.github.io/)). Our experiments
involve five prominent machine learning tasks that draw from diverse sets of data. Specifically, we
focus on four classification datasets and five regression datasets sourced from OpenML (https:
//www .openml .org/), with various scales and dimensions. The experiment settings are summarized
in Table To achieve a fair comparison, we use a well-organized toolset and framework, the
BENCHOPT library [29], to implement optimization benchmarks for all the SOTA solvers.

Due to representation limits, we only present the results using a variant of the ReHLine algo-
rithm that supports variable shrinkage (refer to Algorithm [2)). Results utilizing ReHLine with or
without shrinkage are reported on our benchmark repository (https://github.com/softmin/
ReHLine-benchmark). Note that there is no substantial difference between these variations, and
they do not influence the conclusions drawn from our experiments. Simultaneously, in the benchmark
repository, we provide a more detailed “time versus objective” plot for each task/dataset and each
solver produced by BENCHOPT.

Table 4: The classification and regression datasets with different scales used in our experiments.

CLASSIFICATION DATASET (n X d) REGRESSION DATASET (n X d)
Steel-plates-fault (SPF): 1941 x 34 Liver-disorders (LD): 345 x 6
Philippine: o832 X 30Y Kimngnm: : 8191 X Y
Sylva-prior: 14395 x 109 'Topo-2-1: 8885 x 267
Creditcard: 284807 x 31 House-8L: 22784 x 9

Buzzin-1witter (BT): 583250 x 78

For the FairSVM task, ReHLine is compared with the original solver [48]] based on DCCP and other
generic solvers in CVXPY. In this case, both feasibility and optimality are examined, where the

R
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optimality is measured by the objective function, and the feasibility is measured by the violation
of constraints: max (nflf Z:.l:l Z BTva’ - p, 10*6). Moreover, we examine the performance of
ElasticQR by considering the model defined in (A.2) with A\; = Ay = 1, RidgeHuber of (A.4) with
A1 = 0,)2 =1, and SVM of (A1) and sSSVM of (A.5) with C' = 1. Table 5] presents the running
times in seconds of all solvers that converge based on a relative/absolute tolerance of 107>,

Table 5: The averaged running times (& standard deviation) of SOTA solvers on machine learning
tasks. “X” indicates cases where the solver produced an invalid solution or exceeded the allotted time
limit. Speed-up refers to the speed-up in the averaged running time (on the largest dataset) achieved
by ReHLine, where “oco” indicates that the solver fails to solve the problem.

TASK DATASET ECOS MOSEK SCS DCCP REHLINE
FairSVM  SPF (x1e-4) X X X X 4.25 (£0.5)
Philippine (x1e-2) 1550 (£0.6) 87.4 (£0.2) 130 (+42) 1137 (£9.2) 1.03 (+0.2)
Sylva-prior (x 1e-2) X X X X 0.47 (£0.1)
Creditcard (x1e-1) 175 (£0.2)  64.2(+0.1) 161 (+405) X 0.64 (+0.2)
Fail/Succeed 2/2 2/2 2/2 3/1 0/4
Speed-up (on Creditcard) 273x 100x 252x 00 -
TASK DATASET ECOS MOSEK SCS REHLINE
ElasticQR LD (x1le-4) X 106 (£7) 34.9 (£25.0) 2.60 (£0.30)
Kin8nm (x 1e-3) X 92.0 (£1.0) 63.1 (£58.5) 4.12 (40.95)
House-8L (x 1e-3) 887 (£161) 277 (£34) X 7.21 (£1.99)
Topo-2-1 (x1e-2) 4752 (£2015) X X 3.04 (£0.49)
BT (x1e-0) 7079 (£2517) X X 2.49 (£0.56)
Fail/Succeed 3/2 2/3 3/2 0/5
Speed-up (on BT) 2843x 00 00 -
TASK DATASET ECOS MOSEK SCS HQREG REHLINE
RidgeHuber LD (x1e-4) X X X 4.90 (£0.00)  1.40 (£0.20)
Kin8nm (x1e-3) X X X 1.58 (£0.21)  2.04 (£0.30)
House-8L (x1e-3) X 925 (+2) X 2.42 (£0.34) 0.80 (£0.21)
Topo-2-1 (x1e-2) 2620 (+1040) 267 (£1) 213 (£2) 3.53 (£0.67) 1.78 (£0.32)
BT (x1le-1) X 2384 (+433) X 12.5 (£1.8)  5.28 (£1.31)
Fail/Succeed 4/1 2/3 4/1 0/5 0/5
Speed-up (on BT) 00 452x 00 2.37x -
TASK DATASET ECOS MOSEK SCS LIBLINEAR REHLINE
SVM  SPF (x1e-4) X 372 (£1) 237 (£27) 12.7 (£0.1) 3.90 (£0.10)
Philippine (x 1le-2) 1653 (+41) 86.5 (40.2) 153 (£146) 1.80 (£0.02) 0.82 (£0.02)
Sylva-prior (x1e-3) X 731 (£2) 843 (£1006) 16.0 (£0.6)  4.08 (+0.84)
Creditcard (x1e-2) 2111 (4=804) X 1731 (£4510) 23.1 (£2.5) 5.08 (£1.45)
Fail/Succeed 2/2 1/3 0/4 0/4 0/4
Speed-up (on Creditcard) 415x 00 340x 4.5x -
TASK  DATASET SAGA SAG SDCA SVRG REHLINE
sSVM  SPF (x1e-4) 39.9 (44.6) 28.3 (£5.0) 15.0 (+2.4) 41.4(£3.9) 4.80 (£1.20)
Philippine (x1e-2) 24.3 (£27.8) 5.53 (£9.8) 1.47 (£0.19) 15.8 (£6.8) 0.89 (£0.10)
Sylva-prior (x1le-2) 3.37 (£9.81) 3.00 (£0.56) 1.57 (£0.23) 3.40 (40.84) 0.86 (£0.14)
Creditcard (x1e-2) 10.4 (+1.4) 15.0 (£2.0) 14.0 (£1.9) 11.2 (£1.4) 6.36 (£1.92)
Fail/Succeed 0/4 0/4 0/4 0/4 0/4
Speed-up (on Creditcard) 1.6x 2.3x 2.2x 1.7x -

The results in Table [§] indicate that the proposed ReHLine algorithm/software achieves visible
improvements over existing solvers. The major empirical findings are as follows. First, the amount
of improvement achieved by ReHLine in terms of running time is substantial over generic solvers,
including ECOS, SCS, and MOSEK based on CVX, with the largest improvement 100x-1000x speed-up
on the largest-scale dataset. The improvement continues to expand even further as the scale of the
problem grows. Second, ReHLine also yields considerable improvements for specialized algorithms,
including LIBLINEAR in SVM, HQREG in Huber minimization, and LIGHTNING in sSVM. Third,
given that the generic solvers fail or time out in multiple tasks and datasets, ReHLine has shown
remarkable flexibility when it comes to solving various domain-specific problems.
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6 Conclusion

In this paper, we present a new algorithm ReHLine designed to efficiently solve general regularized
ERM with the convex PLQ loss function and optional linear constraints. Through the transformation
of a PLQ loss into a composite ReLU-ReHU function, we have developed a novel CD algorithm that
updates primal and dual variables simultaneously. This approach has proven to be highly effective in
reducing the computational complexity while at the same time achieving a fast linear convergence
rate. Based on our experiments, ReHLine demonstrates remarkable flexibility and computational
efficiency, outperforming existing generic and specialized methods in a range of problems.

Limitation. Although our approach has exhibited substantial versatility in addressing a diverse
range of problems, it is important to acknowledge that it may not be universally applicable to all
convex optimization problems. The main limit of our approach stems from the restriction imposed by
the formulation (I). For instance, (] requires a convex PLQ loss function and a strict [3-regularization.
We recognize this limitation and intend to address it in future research pursuits. Moreover, we are
interested in exploiting additional loss function properties, such as symmetry.
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A Example Models

SVMs with fairness constraints (FairSVM). The formulation for FairSVM [48]] is:

& 1
in  — 1 —y:iBTx; =18l13,
oin ;_1( yiBTx:) 4 + 2IIﬁHz

1< 1<
st. = zfBx; <p, —) z87x; > —p, (A.1)
where x; € R? is a feature vector, and y; € {—1,1} is a binary label, z; € R% is a collection of
centered sensitive features (Y., z; = 0), such as gender and/or race. The constraints in (A1)
constrain the correlation between the sensitive features z; and the decision function 37x;, and the
constants p € Ri" trade off predictive accuracy and fairness. Note that the FairSVM (A.T)) can be
rewritten as a ReHLine optimization of () with

T

U+ —CyT/n, V+C1T/n, A+ <_ZZTXX/7n> , b+ (Z) 7
where 1,, = (1,---,1)7 is the length-n one vector, X € R™*4 is the feature matrix, and y =
(y1,- - ,yn)T is the response vector.

Elastic net regularized quantile regression (ElasticQR). The formulation for the elastic net
penalized quantile regression [19] is:

o1
min —

T _ e 2
S, 50 22 onos = X Ba = D) + MBI + 3 15 (a2)

where

pr(u) = u(k — 1(u < 0)) (A3)
is the check loss, x € (0, 1) is a prespecified sample quantile, x; € R is a feature vector, y; € R is a
response, and A1, Ay > 0 are weights of lasso and ridge penalties. Then, the ElasticQR (A.2)) can be
rewritten as a ReHLine optimization of (@) with

_ K 1T T K T T
lﬁﬁz ]_'l_” g¥+1 71,1A2y 0(_?-&-1
_lzkyT
U« | ™ 8 Ve "A%y O?“ , X (XI Ln ),
O'n, Tld-‘rl OZI} 0¥+1 d+1
T
oy, —Sli 07 0511

where I, is the identity matrix.

Elastic net regularized Huber minimization. The formulation for the elastic net penalized Huber
minimization [23]] is:

R A
ngnE;Hn(yi—x!ﬁ>+A1|I6H1+§HBI|§, (A4)

where H,(+) is the Huber loss with a given parameter x:

22/2, 0 < |z| <&,

H.(z) =
<(2) { k(2| — K/2), |z| > k.
In this case, (A.4) can be rewritten as a ReHLine optimization with
1 T T
SNES) v oo Ve
2 2
S+ T «+ T ,

11T T’ _ 1 o7 T’
\ 7ae 1, 04 Y 04 K /%172 0]
nia

o 1]
2 X
U « , V<0, X<—(I )
or 21T d
n Ao 7 d
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Smoothed SVM (sSVM). The formulation for the smoothed SVMs [33] is:
min LS Vs + L1812 (A5)
B n v ) ) 9 29 .

where x; € R? is a feature vector, and y; € {—1,1} is a binary label, and V,,(-) is the modified
Huber loss or the smoothed hinge loss:

0, z>1,
V(iz)=<¢ (1-2)2%/2, 0<z<1,
(1/2-2), =z<0.

In this case, (A.3)) can be rewritten as a ReHLine optimization with
S+ —/C/ny™, T+ +/C/nl], 7+ /C/nl].
B Update Rules for

B.1 Canonical CD updates

Update ¢, given others. Fork=1,--- | K,

1
K= argmln Qakak§k + Y &walagle — Y Ngunbsalxi — Y YnisniSragxi + bl

k'#k 1,3 h,i
— max (O _aL(Zk’;ﬁk Srrap — Zl,i AlithiX; — Zh,i th'Ssz‘) + b, (B.6)
’ llaxl3 ' '

Update )\;; given others. For!=1,--- /Landi=1,---,n

ALY = argmin §ulel1X x; + g i Ui U X X A
1>A;>0 . .
. (1) #(L5)
K
- E Epuralx; Ny + E Wi Yt Sheir Xy Xir A\ji — Vi Mg
k=1 Wi

upX) (Zk L ERAE = D0 iy (1) N X = D i Vi Sk Xt ) Ol

= Plo,]
(B.7)

Update ,; given others. Forh=1,--- /Handi=1,---,n
new __ . 1 2 LT 1 2 T
Ypi = aIgmin i(shixi Xi + 1)vj; + E Yh'i' Shi’ ShiX; XiVhi
ThiZniZ0 (B i) £ (i)
K
- E fkshiazxi'yhi + E Shi)\l'ilul'ifxgxi'%i — thiYhi
k;::l l/ ;!

P (Shz (Zk 1 gkak Z(h/,i/);é(h,i) Yh'it Shri Xiqr — Zl’,i’ )\l’i’ul’i’xi’) + thi)
= 710, 7hs :

spillxills +1
(B.8)

The canonical CD updates in - (B:8) for one full iteration require computation complexity of
O((K +nd+nL+nH)(K +nL +nH)).
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B.2 ReHLine updates

Consider the Lagrangian function £ in (7). Clearly,

Ve L = ajapéy, + E Swag,ag — E AiuagX; — E YhiShidpXi + by,
k' £k 1i hi

— T T T
= E Swag,ag — E Aluiagx; — E VhiShidgX; + by,
k/

1 hyi
= ajB(p) + b
Similarly, we can derive that
VoL = —(uuxIB(p) + vii), Vo, £ =i — (snix] B(1) + thi).
Then the CD updates in (B.6) can be simplified as:
Ve, L(€°) 1d aiﬂ‘“ld + bk
& =Plo,+00 < P = ) =max | 0,4 - Fo—m— |
e a3 a3
ﬁnew — I@Old + (glrglcw _ ]Cg)ld)ak~ (B9)
The CD updates in (B.7) are simplified as:
Va, LA X1 + oy
A =P, (A?}d i e ( > )) — tmax { 0,min (1,24 4 M0 )
ug;|Ixill3 ug; ||l
ﬁnew — ﬁold _ ( ch _ A(l)ild)ulixi- (BIO)
The CD updates in (B-8) are simplified as:
\v4 vﬁ(’y‘ﬂd) ) ) Sh‘XTﬁOId +th — 'YOl‘d
new old Yhi old 12 ? hi
Yhi = PO,TLi <7hz — 59 4 ) — max 07 min \ Thi, Vpi +
o stalllg +1 stallal +1
B = B — (™ — ik snaxi- (B.11)

The computational complexity of the new ReHLine iterations is O ((K +nL+nH )d) , as shown in
(B-9) through (B.TT)). Notably, this complexity is linear with respect to both the sample size n and
the dimensionality d, making ReHLine a highly efficient algorithm.

C Screening rules for ReHLine

We extend the shrinking strategy in Algorithm 3 of [12] to the ReHLine solver. To begin with, the
following theorem advocates utilizing “sparse” updates to optimize the performance of ReHLine.

Theorem 4. Let {£*, A*,T'", 3"} be the convergent point of {£(q), A 1@ ﬁ(q)} based on (B.9)-
(B.11), then

(A) For € updates, let gi = a] B + by,

— if g; > 0, then 3qo such that ¥Yq > qo, {,EQ) =& =0
(B) For A updates, g, = w;x] 3" + vy,

— ifg}; <0, then qo such that¥q > qo, )\l(f) =X, =0;

— if g; > 0, then 3qo such that Yq > qo, )‘l(iq) =)\; =1
(C) For T updates, denote g}, = spiX) 3" + thi,

— if vy, = 0and g;; <0, then 3qq such that ¥q > qo, 'yf(g) =0;

— if v}, = Thi and g;,; > Th, then 3qq such that Yq > qo, ’yg) = Thi-

Building upon the insights from Theorem[d] we have formulated Algorithm 2] that involves shrinking

certain “boundary” variables during the implementation of ReHLine.
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Algorithm 2: ReHLine solver minimizing (I)) with shrinking.

Input :X € R4 U,V e RLX"; S, Tt € REX" A c REX? b c RE tole >0
1 Initialize £ >0, E>A >0,T>T > 0;
2 Compute B = 3", &g — Y1 X (Zle N + S, 7hi5hi>§
3 Compute and store r = (r;) € R", r; = [|x;[|3, and p = (px) € R, py = [Jag[[3;

4 Initialize My = oo, ms = —o00, s = {{, \,v}, K = [K], L = [L]| Q[n], H = [H] R[n];
5 while maximum iteration do

6 Initialize Mg = oo, ms = —00, s = {{, \,v};
// CD updates for &
7 for k € PERM(K) do
gr = ajB + by )
9 (is_shrink, g;) < PG_feasible(&x, gi, Me) ;
10 if is_shrink then
11 | K < K\ {k}; continue;
12 M§ — maX{M§7§k}; me < min{m§7 gk},
13 | e* =max(—&, —py 'gr); & & teT B Btetag
// CD updates for A
14 | for (l,i) € PERM(L) do
15 gii = —(uxI B+ vi); B
16 (is_shrink, g;;) - PG_ReLU(\y, gii, My, M) );
17 if 2s_shrink then
18 | L« L\ {l,i}; continue;
19 M), <—maX{M>\,§li}; m <—min{m,\,gli};
20 | € = max(—Ay, min(1 — Ay, uljzrflgli)); i — A +e% B+ B —efux;;
// CD updates for T’
2t | for (h,i) € PERM(H) do
2 Gni = Yni — (80X} B + thi); )
23 (is_shrink, gn;) < PG_ReHU(Vns, gni, My, m);
24 if is_shrink then
25 | H < H\ {h,i}; continue;
26 M, < max{M,,Gn;}; My < min{ms, gni};
27 e* = max(—yn, Min(7hi — Yhi, (55,7 + 1) 7 (ghe — Yhi)))s
28 | Vhi < Yhi T B B — et shiX;
29 if Ms —ms <cand |M;| <ecand |m;s| <e, s={{ A, v} then
30 if K|+ |£| + |H| = K + n(L + H) then
31 | break;
32 else
33 Take all shrunken variables back,
34 e, K =[K], L= [LIQ[n], H =[H]|Q[n];
35 Mg + oo, ms + —00,8 = {{, A\, 7}
36 | if M, < 0then M, < oo else M, < M,,s = {&,\,7};
37 | ifmg > 0then m, < oo else m, < mgy,s = {{,\,7};

Output:&, AT, 3
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Algorithm 3: Projected gradients in ReHLine.

Function PG_feasible (&g, gp, M):
Jk < gk; is_shrink < False;
if £ = 0 and g;, > M then

| is_shrink < True
if £, = 0 and g5 > O then

| gx=0
Qutput :is_shrink, gg

Function PG_ReLU(\;;, g1i, M, m):

Gii < gii; is_shrink < False;

if (\;; = 0and g;; > M) or (\;; = 1 and g;; < m) then
| is_shrink < True

if (\;; = 0and g;; > 0) or (A\;; = 1 and g;; < 0) then
| G:=0

| Output:is_shrink, g,

Function PG_ReHU (Yp,;, gni» Thi, M, m):

Jhi < Ghi; is_shrink < False;
if (y; = 0 and gp,; > ]\_4) or (yp; = Thi and gp; < ) then
‘ is_shrink < True
if (74 = 0 and gp; > 0) or (y4; = 7h; and g; < 0) then
| gni=0
| Output:is_shrink, gy,
D Technical proofs
Lemma 1. Suppose f(z) is a nonnegative convex PLQ with knots and extreme points (t;)5_,. Then,
there exists ko € {1,--- , K}, such that f(z) > f(ty,) forany z € R.
Proof. We prove it by contradiction. Suppose that for there exists zo such that f(z) < f(¢x) for all
ke {1,---, K}, then the minimum can only be obtained outside [¢, x|, that is
Jz0 < t1, f(z0) < f(te), or 3zo >tr, f(z0) < f(tk) foranyk e {1,--- K}

For example, suppose that zg € (tx,0), f(z0) < f(tx) forany k € {1,--- , K}. Note that the
quadratic function in (zx, 00) can be written as f(z) = %fl(tK)(z—tK)2+f’+(tK)(z—tK)—i—f(tK).
Based on the fact that f(z9) < f(tx) and the convexity of f(z), we have f (tx) < 0. Then,
since (tx)&_, is the set of all knots and extreme points, we have f’(z) < 0 for all z > tg,
and lim, o0 f/(2) = lim, oo (f1(tx)(2 — tr) + fi(tx)) < 0. This yields that f, (tr) = 0,
alternatively, f(z) is a linear function in (¢, 00) as f(z) = fi (tx)(2 —tx) + f(tx). Hence, when
z — 00, f(z) = —o0, which contradicts with the fact that f(z) is a nonnegative function. The same
argument goes for the case when 2y € (—o0, t1). This completes the proof. O
Proof of Proposition 1|

Proof. Note that cReLU(z) = ¢max(z,0) = max(cz,0), and

0 Vez <0

cReHU,, (z) = (:ﬁz)z/Q, 0 < ez <y/er =ReHU /. (Vez),

Ver(Vez —y/er/2), ez > et

17
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for ¢ > 0. Then,

L H
cL(pz+q) = Z cReLU(ui(pz +q) +v) + Z cReHU,, (sp(pz + q) + tn)
=1 h=1
L H
= Z ReLU(cw(pz + q) + cvp) + Z ReHU ., (Vesn(pz 4 q) + Vetn)
=1 h=1
L H
= ReLU(ujz +v)) + Y  ReHU, (s},2 + t},).
=1 h=1
This completes the proof. O

Proof of Theorem 1]

Proof. The sufficiency (<=) directly follows from the definitions of ReLU and ReHU. Next, the
necessity (=) of the theorem is established using induction. Without loss of generality, for a
nonnegative convex PLQ function f(z), we assume that (A1) f! (tx)f_ (tr4+1) > 0, otherwise we
can add the extreme point between (t, tx+1] into the set of knots; (A2) ming—1.... x f(tx) = 0,
otherwise we can add ReLLU (mink:h.. K[ (tk)) to the final decomposition (Lemma shows that

the minimum of f(z) can only be obtained within the knots). Next, we conduct the mathematical
induction.

K = 1. Note that f(z) can be rewritten as:

af (2) = BRG0P+ () - t), 2>k,
where ¢; (z) and g; () are left and right parts of f(z) separated at z = t;. According to Lemma
and Assumption A2, we have f(¢;) = 0 is the minimum of f(z). Combined with Assumption A1,
we have f’ (t) < 0fort < t;,and f} (t) > 0fort > t,. Then, f(z) can be decomposed as:

() = { qy (2) = ReHUoo (—/f2(t1)(2 = t1)) + ReLU(fL(t1)(2 — 1)), 2 <tu,
qi (2) = ReHU( Y(t1)(z — t1)) + ReLU(f(t1) (2 — t1)), z > t.

Hence, f(z) = ReHUoo (—+/f” (t1)(z — t1)) + ReLU(f"(t1)(z — t1)) + ReHUoo (1/ f1 (t1)(z —
t1)) + ReLU(f’ (t1)(z — t1)). The necessity of the theorem for K = 1 then follows.

K = Kj + 1. Assume that a convex PLQ f > 0 with K (K < Kj) knots is ReLU-ReHU composite,
now we turn to prove the statement still holds for f(z) with Ko + 1.

* CASE 1. Suppose the minimum f(¢*) = 0 is obtained at {t2, - - - tx, } (not in the boundary). In
this case, we can decompose f(z) as f(z) = fi(z) + fr(z) where f;(z) and f,(z) are defined
as:

_ f(Z), th*a o 07 ZSt*,
filz) = {0, z > t*. frz) = f(z), z>t~
Both f;(2) and f,(z) are nonnegative convex PLQs with K < K|, knots, thus can be represented
as ReHUs and ReLUs.

* CASE 2. Suppose the minimum f(t*) = 0 is obtained when t* = ¢; or t* = tg,41. For
example, when t* = ¢;, we conduct the same decomposition f(z) = fi(z) + f-(2) at z = t3,
where f)(z) is a nonnegative convex PLQ with one knot, which is ReHU-ReLU composite. For
fr(z), we further decompose it as:

Jr(z) = ReLU(fL(t1)(z — t1)) + ReHUT( Y(t)(z — tl)) + R(z2),
where 7 =/ f/(t1)(t2 — t1), and R(z) (with at most K knots) is defined as:

_ Oa z §t27
Rlz) = { f(2) = fit)(z = t1) = fL(t) (b2 — 1) (2 — (t1 +t2)/2), 2> ta.

1R
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Now, we show that R(z) is nonnegative convex. Note that f(z) is convex, then for z >
F(2) = flt2) + fL(02) (2 = t2) = f(t2) + (FL(#1) (B2 — 1) + £ (£1)) (2 — t2)
= fit)(z —t1) + fL(t)(t2 — 1) (2 — (t1 +12)/2)
= ReLU(f (t1)(z — t1)) + ReHU. (y/ f/(t1)(z — t1)),

ta,

where the first equality follows from the fact that f(z) is a quadratic function in [¢1, t2], and thus

f(t2) = f.(t1)(t2 — t1), and the second equality follows from f(t2) = fﬁétl) (ta —t1)* +
JL (1) (t2 — ta).
Thus, R(z) is a nonnegative convex PLQ with K¢ knots {¢2, - - ,x,+1}, which can be decom-
posed as ReHUs and ReLUs. The same argument goes for the case when t* =tk 4+1.
This completes the proof, and the desirable results follow from the induction. O
Proof of Proposition 2]
Proof. The lemma follows from the fact that:
d d
18l = 18] = Z ReLU(e]B) + ReLU(—e]3)),
j=1 j=1
where e; = (0,---,0,1,0---) is the d-tuple with all components equal to 0, except the jth. O
Proof of Theorem
Proof. Note that the augmented Lagrangian of the primal problem () is:
n L n H 1 n H 1 K
Lo=2 0 mit ) D 50t d D maon+ 51815 - > €@l +bi)
i=11=1 i=1 h=1 i=1 h=1 k=1
n L n H
- Zz)\h(mz‘ —wiX] B — vy;) — Z Z%z Oni + ohi — ShiX] B — thi)
i=1 1=1 i=1 h=1
n L n H
=0 0um = Y Y nions
i=1 I=1 i=1 h=1
1 1
= eTHe+ 0|3 + Tx(r=T) + 5|83 — €7(AB +b)
— Tr (A(IT — Udiag(XB) — V)7) — Tr (['(© + = — Sdiag(X8) — T)T)
— Tr(AIIT) — Tr(PXT), (D.12)

where £ = 2’6 RE, A = (\y) € REX? T = (y) € REX" A = (§;) € REX™ and
\Il = (Yn;) € are dual variables. The KKT conditions for the augmented Lagrangian are:

B;QP =8 ZﬁkakJerl ZAWZMLZ%ZSM _o.
i=1

8ACP 8£P 6[:13
:1_)\i_6i207 :(91‘_ i =0,
O 1 1 90, hi — Vh

10

3 = Thi — Yhi — Yni = 0,
Ohi
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for all (4,1, h). Then, by substituting the KKT conditions into the primal Lagrangian, the (negative)
dual objective function is derived as:

K K
= %(Z Z Epéprajag + Z Z A\ gy X X+ Z Z ’y;,,,;’yh/q;/shish/i/xgx,y)

=1 k'—1 IR hoi bl
K K
T T T
- E E SpAuagx; — E E EkVhiShiagX; + E E AU Ynrir Shrir X] Xqr
k=1 1, k=1 h,i 1i i

+ = Z Vi + Z fkbk — Z Alﬂ]“ Z ’yhzthz

h,i

_ 1 _
= §£TAAT£ + Evec(A)TU(T:j)U(g)vec(A) + ivec ( S(3) + I)vec(T)
— ETAU 5 vec(A) — ETAS 3y vec(T') + vec(A)T U Q Vec( )
+ &b —Tr(AVT) — Tr(T'TT),
where 0(3) and §(3) are the mode-3 unfolding of the tensors U € RL*"%4 and § € R¥*"%d and I
is an identity matrix. O

Proof of Theorem 3|

Proof. The treatment for the proof is based on a result of coordinate descent on boxed constrained
convex optimization [27]]. To proceed, denote p = (&7, vec(A)T, vec(T')T)T as the collection of all
dual variables, then the dual objective can be rewritten as:

Lp(p) = g(Ep) +cTp,

where g(z) = ||z||3, and E and c are defined as:

E— AT *U(g) *g(g) c R(d+Hn)><(K+Ln+Hn)
0 0 Hxn ’

c = (b7, —vec(V)T,vec(T)T)" € REFLHHn,
Now, we tend to verify assumptions of Theorem 2.1 in [27]. Specifically, (a) the dual problem is a
convex box-constrained QP, thus the set of optimal solutions is nonempty; (b) g(z) = 3||z||3 is a
strictly convex twice continuously differentiable function; (c) V2 9(z) = Lqq g is always positive

definite; (d) E has no zero column based on its definition. The desirable result then follows from
Theorem 2.1 of [27]). O

Proof of Theorem [4]

Proof. Note that the primal problem (6) is strictly convex, thus it has the unique minimizer 3*.
Therefore, the sequence {3 (a) }g‘;l provided by the proposed Algorithm |l{converges to the unique
minimizer 3. Next, we check the gradients of each coordinate.

¢ For &-coordinates, with & > 0,
Id . 1d 1d 1d 1d 1d
gr ¢ =V, Lp(p®°) =alaply + Z &ual,ay — Z A Cualx; — 27’31 spiagX; + by

k' £k 1 i
K

=al (D &an - sz ZM Wi + Zm shi)) + bk = af 8% + by..

k=1 i=1 h=1

(@) s the gradient of & based on p(%), then lim,_, g,(C D - ajB" + by =: g;.

(@) - (, which implies that

Suppose g,

Therefore, if g;; > 0, then there exists qo, for all ¢ > go, we have g,
Ii‘l'i‘l) =0.
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¢ In the same manner, for A-coordinates, with 1 > \;; > 0,
gzoz‘ld = V/\”ED(NOM) = —Ulixfﬁold — V4.
Then, lim;_, o0 gl(f) = —ux] 8" — v =: g,
3 * (Q+1) _ Y% _ 0.
- if gj; < 0, then Jqg such that Vg > qo, A}, =A; =0;
- if gf; > 0, then 3¢ such that Vg > qq, )\l(g""l) =\, =1
¢ For I'-coordinates, with 75; > v; > 0, thus
g?zlid = Vy.Lp (NOld) = 7}?? - Shix;'r/@dd — thi-
Then, limy 00 9% = 7}, — uiix!B* — v;; =: g,,, which implies that

— if v;, = 0 and g7, > 0, then Jqo such that Vg > qo, 7,(13) =0;

— if 57, = 7hi and g}, < 0, then 3go such that Vg > g, 7.9 = 7.
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