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Abstract: This paper investigates a semismooth Newton based augmented Lagrangian (SSNAL) algorithm
for solving equivalent formulation of the general ¢; trend filtering problem. The computational costs of a
semismooth Newton (SsN) algorithm for solving the subproblem in the SSNAL algorithm can be substantially
reduced by exploiting the second order sparsity of Hessian matrix and some efficient techniques. The global
convergence and the asymptotically superlinear local convergence of the SSNAL algorithm are given under
mild conditions. Numerical comparisons between the SSNAL algorithm and other state-of-the-art algorithms
on real and synthetic data sets validate that our algorithm has superior performance in both robustness and
efficiency.
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Introduction

For a given (noisy) signal y = (y1,...,yn) € R™ and a constant k > 1, this paper intends to
propose an efficient algorithm to solve the general ¢; trend filtering problem as follows:

1
o = argmin <[z — y[|* + A| D® ™z, (1.1)
zeRn 2
where || - ||; denotes the ¢; norm, the tuning parameter A > 0 provides a tradeoff between

fidelity to measurements and noise sensitivity, and D*™) ¢ R(M=k)x" is the kth order
difference matrix on R™, which can be defined recursively as

D(k‘,n) — D(17n7k+1)D(k717n)7 :ZC Z 27
where D(P) € RP=DxP ig the first order difference matrix on R?
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Nonparametric regression is a popular field with many celebrated tools. Trend filter-
ing, a recently proposed tool for nonparametric regression, is defined as the minimizer of
a penalized least squares criterion. Trend filtering arises in a wide of applications includ-
ing macroeconomics [10, 33], social sciences [14], financial time series analysis [36], revenue
management [34], and so on [1, 9]. For solving some practical economic problems, a number
of linear trend filtering methods have been presented, see, e.g., the exponential smoothing
method [20], the moving average filtering method [25] and the Hodrick-Prescott(H-P) fil-
tering method [10]. Kim et al. [12] proposed the ¢; trend filtering, i.e., a variation on H-P
filtering which substitutes a sum of absolute values (i.e., an ¢; norm) for the sum of squares
used in H-P filtering to penalize variations in the estimated trend. Furthermore, this idea
can be extended to fitting a piecewise polynomial of degree k — 1 to the data, i.e., general
¢y trend filtering.

When k£ = 1, general ¢; trend filtering becomes 1-dimensional total variation denois-
ing [32], also called the 1-dimensional fused lasso problem [35], which admits an explicit
solution. There are some direct, linear time algorithms for 1-dimensional total variation
denoising problem, such as a taut string principle [5], an entirely different dynamic pro-
gramming approach [11] and 1D total variation denoising algorithm [4]. However, these
algorithms cannot be directly extended to the higher order cases k > 2. Therefore, some
iterative algorithms have been developed to solve higher order #; trend filtering, including
the alternating direction method of multipliers (ADMM) [26] and the primal dual interior
point (PDIP) algorithm [12].

In this paper, we intend to design a sparse second order information based efficient
algorithm to solve general ¢; trend filtering (1.1). The superior performances of the SSNAL
algorithm applied to solve some large-scale problems including support vector machines [24],
Lasso problems [17, 19, 15, 16, 37], Dantzig selector [6], SLBoxLSR problem [18], OSCAR
and SLOPE models [21] have been demonstrated. The highlights of the SSNAL algorithm lie
in the attractive convergence property and the low computational costs in the SSN algorithm
by exploiting the second order sparsity and some efficient techniques. Based on the success
of previous work, we aim to develop the SSNAL algorithm to find the optimal solution of
general ¢; trend filtering.

We summarize main contributions of this paper as follows. Firstly, we reformulate the
general ¢; trend filtering (1.1) and then apply the SSNAL algorithm to solve it. Secondly,
we validate the global and local convergence property of the SSNAL algorithm under very
mild conditions. In addition, the computational costs of the SsN algorithm for solving
the subproblem involved in the SSNAL algorithm can be cheap by exploiting the second-
order sparsity of the Hessian matrix and some efficient computation techniques. Thirdly,
we demonstrate the numerical results on synthetic and real data sets by comparing our
algorithm against other algorithms including ADMM and PDIP algorithms.

The rest of this paper is organized as follows. Section 2 develops the SSNAL algorithm
for solving the reformulation of the general ¢; trend filtering problem (1.1) and shows its
global and local convergence. We then employ the second order sparsity of Hessian and
some efficient techniques to solve inner problem of the SSNAL algorithm. In Section 3, we
conduct extensive numerical experiments on the synthetic and real data sets by comparing
our proposed algorithm with other state-of-the-art algorithms and report their performances.
In Section 4, we make final conclusions to close this paper.

Notation. We define the [, norm unit ball by By, := {z € R™| ||z]lec < 1}. For any
positive integer n, I,, is the n x n identity matrix, and 1,, is the vector of all ones. For any
r € R*, “Diag(r)” denotes the diagonal matrix whose diagonal is the vector x, “|z|”
denotes the absolute vector whose i-th entry is |z;|, and “sign(x)” denotes the sign vector
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whose i-th entry is 1 if z; > 0, —1 if ; < 0, and 0 otherwise. The Fenchel conjugate of
a proper convex function f is defined as f*(s) = sup,cpn{(z,s) — f(z)},Vs € R” and ©®
denotes the Hadamard product.

A semismooth Newton based augmented Lagrangian algorithm

In this section, we employ an efficient semismooth Newton based augmented Lagrangian
(SSNAL) algorithm to solve the equivalent form of general ¢; trend filtering problem (1.1).
We first reformulate problem (1.1) as the following form:

1 2
min — ||z — + M|z
min 2lle — I + Allzls ”

st. DFMg — 2 =0.
The Lagrangian function of problem (P) is given by
1
o,z ) = llw = yl* + Mzl + (g, DEV — 2).
The Karush-Kuhn-Tucker (KKT) optimality conditions for problem (P) are given as follows:
x—y+ D(k’”)T,u =0, 0eA||z|y —p, DF™Maz — 2z =0. (2.1)
The dual of problem (P) has the following form:
1
min 5[0 pl* — (DE )
w2
st lelleo < A

For given o > 0, we obtain the augmented Lagrangian function of problem (P) :

1 n U n
Lo, zip) 1= e = gl + Alally + s, DEDz = 2) 4+ ZIDED — 42 (22)

A semismooth Newton based augmented Lagrangian algorithm for prob-
lem (P)
Since the proposed algorithm combines a semismooth Newton algorithm and an inexact

augmented Lagrangian algorithm, we are able to call it as SSNAL. The framework of SSNAL
algorithm is given as follows:

Algorithm 1 ( SSNAL)A semismooth Newton based augmented Lagrangian algorithm for problem (P)
Input: og >0, A >0, (22,29, %) € R® x R*~* x R*~F and i = 0.

1: Compute ) )
! x argmin{®; (z) := inf Lo, (z, z; u*)} (2.3)
T ERM z )
to satisfy the conditions (A1) and (A2) below.
2: Compute (o) .
i+l _ ) idl -1,
z _PrOXUZIAH‘\h(D T o, ).
3: Compute

,LLH—l _ ,LLi +U7;(D(k’n)xi+1 _ Zi+1),

4: Update 041 T 0o < 400,74 <=7+ 1, and go to step 1.
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We get the approximate solution 2! of problem (2.3) under the following stopping
criteria discussed in [29, 30]:

A € - ,
L e DCELS (A1)
o0
[994(z )] < eo/arl DEH — 21,3 < oo, (A2)
i=0
[9®; (2" )| < I[DFM 2+ — 270 < ¢f — 0, (A27)

where {¢;} and {¢;} are given nonnegative error tolerance sequences.
For the objective function g of problem (D) and the Lagrangian function ! of problem
(P), we define the maximal monotone operators 7, and 7; [28, 29] by

To() = 0g(n), Ti(x, z; ) == {(&, 2"s ") |(2, 2's =) € Ol(w, z; ) }.

Their inverse are given as the following form:

Ty () = 99" (), T, ' (2!, 25 1) == arg minimax{l(z, 2 u) — (&', ) — (', 2) + (', )}
Now, we shall state the global and local convergence results of the SSNAL algorithm.
Since problem (P) is feasible, one knows from [29, 30] that if the stopping criterion (Al) is
satisfied, the global convergence of the SSNAL algorithm for problem (P) can be guaranteed.

Theorem 2.1 (Global convergence). If {(x%, 2%, u®)} is the infinite sequence generated by
Algorithm 1 with stopping criterion (A1). Then, the sequence {u'} is bounded and converges
to an optimal solution of problem (D). In addition, the sequence {(x%, ")} is also bounded
and converges to the optimal solution (x*,z*) of problem (P).

In order to characterize the local convergence of the SSNAL algorithm, we give some
results on error bound conditions. According to the definition of piecewise linear-quadratic
functions [31], one obtains that g and [ are piecewise linear-quadratic functions. One can
further obtain from [31, Proposition 12.30] that 7,, 7; are piecewise polyhedral multifunc-
tions. According to [27], if F' is a polyhedral multifunction, then F is locally upper Lipschitz
continuous and it satisfies the error bound condition. We can conclude that 7, satisfies the
error bound condition with a common modulus, say r,. Especially, since the optimal solu-
tion set of problem (D), denoted by Sp, is exactly 7,7'(0), there exists €, > 0 such that if
dist(0, T4 (1)) < €4, then

dist (11, Sp) < rydist(0, T, (1), (2.4)

Similarly, for the polyhedral multifunction 7;, there exists ¢, > 0 and r; > 0 such that if
dist(0, 7;(z, z; 1)) < €, then

dist((z, z; 1), S;) < ridist(0, Ti(x, 25 1)), (2.5)

where S; := {a*,2*} x Sp and (z*, z*) is the unique optimal solution of problem (P).
By virture of above analysis, combining with [22, 29, 30], we can get the result on local
convergence of the SSNAL algorithm.

Theorem 2.2 (Local convergence). Let the sequence {(x%, 2%, u*)} be the infinite sequence
generated by Algorithm 1 with stopping criteria (Al) and (A2). Then, for sufficiently large
i

dist(u'™, Sp) < 0;dist(u’, Sp),
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where 0; = [rg/ /12 + 02 4 2¢;] /(1 — ;) = oo =74/ /72 + 02, <1 as i — occ.
If in addition to (A1) and (A2), the stopping criterion (A2’) is also satisfied, it holds
that for sufficiently large 1,

[ 2 = (@, 2| < Gl — w'll,
where 0 =r(1+c)/o; = 0., =711/00.

Proof. The result of the first part is valid due to [22, Theorem 2.1]. With the above analysis,
one knows that 7, satisfies the error bound condition with modulus r,. It then holds that
for sufficiently large i,

(@, 24 — (2] 4 dist(u*, Sp) < redist(0, To(a 1, 2 +)).
Combining with the stopping criterion (A2’) and [29, Corollary], we get the desired result
of the second part. The proof is complete. O

A semismooth Newton method for the subproblem

In this subsection, we focus on an efficient semismooth Newton (SsN) algorithm to solve the
inner subproblem (2.3) in the augmented Lagrangian algorithm.

For the purpose of our subsequent analysis, we first give some relevant preliminaries.
Given a closed proper convex function f : R — (—o0, oc] and any scalar v > 0, the proximal
mapping and the Moreau-Yosida regularization of vf (cf. [23]) are defined respectively by

1
Prox., ¢(s) := argmin{f(z) + — ||z — s||*}, Vs € R",
TER™ 2’7

Mis(9) 1= min (@) + - la = s} Vs € R
The Moreau identity [28] holds, i.e.,
Prox, ¢ (s) + yProxs«,,(s/v) = s,¥s € R™.
From [13], we know that M., (-) is convex and continuously differentiable with its gradient

given by
VM, 4(s) = (s — Prox, 1(s))/7, Vs € R™.

Moreover, Prox,¢(-) and M., ¢(-) are globally Lipschitz continuous with modulus 1. For
given K > 0 and a closed set A C R™, the proximal mapping of ¢; norm, also called soft-
thresholding operator, is given by

Prox,.|, (s) = sign(s) ® max{|s| — x1,,0},Vs € R™.

In particular, if f is the indicator function of A, the proximal mapping of f at s € R"
reduces to the projection IIA(s), i.e.,

et
I\ (s) = argm1n{§||ac —s|1?}.
TEA

Furthermore, the projection I, p__ (s) can be further expressed as

II;p_ (s) =sign(s) ©® min{|s|, k1,},Vs € R™.
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Now, we are ready to consider solving the subproblem (2.3). Given i € R™ and o > 0,
the minimization problem is given by

n&{l}t{@(aj) =1inf L, (z,z; 1)}, (2.6)

where ®(-) is given by
O(z) = inf L, (z, 2; 1)

1 . n g n

= e — P + E Al + o DO — )+ T D0 — 2)?)
1 2 . g (k,n) —1~y(2 L2

= Slle —ylI” + inf{Alz]1 + S llz = (D2 + o7 0)[7} — =&l
2 z 2 20
1 2 k,n -1~ 1 ~112

= 5llz =yl + o Myiypg, (DM + 07 ) — 25 1Al

Since Mg -1yp. |, (+) is strongly convex and continuously differentiable, ®(-) is continuously
differentiable and convex. Hence, the problem (2.6) is equivalent to solving the following
nonsmooth equations:

T
0=Vd(z) =2 —y+oD® VM, 1\, (5) = ptkm pso-17
T
=z —y+oDkM Prox(;—1x||.,) (D(k’”)x Yo lp)
=z —y+oD® I, g (DM 4o ),

where the second equation follows from the chain rule, the third equation holds from the
Moreau identity, and the last equation is valid because the conjugate function of o=t \|| |1 is
the indicator function of 0 ™*ABy,. Since II,-1)p_ () is Lipschitz continuous, the following
function is well defined:

O*®(x) = I, + UD(k’n)Tafol,\Boc (DM 4 o=ty D*),

Let
V €, 1yp_(D®Ma + o7 f).

Then, we can easily obtain that V' = Diag(vy, ..., v,—k) with

1, if |[DEM g 4+ o1 < o\,
v; =14 0, if | DEM g+ o1l >0\, i=1,2,...,n—k.
e [0,1], if [DEM g 4o 1l =01,

We know that the generalized Jacobian of V®(-) is the key to apply the SsN algorithm
to solve the nonsmooth equations V®(z) = 0, however it is difficult to express it exactly.
From [3, Proposition 2.3.3 and Theorem 2.6.6], we know that 82®(z) C 92®(z), Vz € R",
where 9?®(z) is the generalized Hessian of ® at x. Therefore, we can define the following
alternative for 9%®(xz):

W= I, + oD®m Ty plem)
with V € 9ll,-15p_(D*™z + o~ f1).
Since IT,-15p_(-) is strongly semismooth, we obtain that V®(-) is strongly semismooth.

We employ a superlinearly convergent semismooth Newton algorithm to solve the nonsmooth
equations V®(x) = 0. The process is described as follows:
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Algorithm 2 (Ssx) A semismooth Newton algorithm for subproblem (2.3)
Input: ¢ € (0,1/2), § € (0,1), 7 € (0,1] and ¢ € (0,1). Choose 2° € R™. Tterate the following steps for
i=0,1,... o
1: Choose W; € 0%®(27). Apply the conjugate gradient (CG) algorithm to find an approximate direction
d? to satisfy the following linear system

Wid = —Vo(z7) (2.7)

such that ] _ _ )
[W;d + V&(27)|| < min(6, [[VO(2?)]|"+7).

2: Set a; = (™, where m; is the smallest nonnegative integer m satisfying
B(zd 4+ ¢Md) < B(ad) + "YUV B(2T), 7).

3: Set xitl = g4I + Ozjdj.

From [38, Theorem 3.4 and 3.5], we can easily state results on the global and local
convergence of the above SsN algorithm without detailed proof here.

Theorem 2.3. Let the sequence {z7} be generated by the SSN algorithm. Then {27} con-
verges to the unique optimal solution & of problem (2.3) and the rate of convergence is at

least superlinear _ _
27t — & = O(|]a? — &7,

where T is the parameter used in the SSN algorithm.

Efficient techniques for implementation of the semismooth Newton algo-
rithm

As we know, it is the most crucial step to find the appropriate search direction d’ in the SSN
Algorithm, so we focus on solving the linear system (2.7) efficiently. We intend to further
analyze the special structure of the Hessian matrix W to reduce the computational costs of
linear system (2.7).

For given o > 0, z € R” and i € R" ¥ the linear system (2.7) can be written as follows:

(I, + oDED Ty DEDYg = (), (2.8)

where V' € 0ll,-1)p__ (D*™ g + o=1[). The costs of computing DEMTY D) and
DTy D) g are O(n(n—k)(2n—k)) and O((n—k)(2n—k)), respectively. The computa-
tional costs of the Hessian matrix In—i—UD(k’")TVD(k’") and the matrix-vector multiplication

(InJrJD(’“’”)TVD(’“’”))d are so expensive that the frequently-used methods like the Cholesky
factorization and the conjugate gradient method are not efficient for solving some large-scale
problems.

Fortunately, the computational costs of solving the linear system (2.7) can be reduced
by applying the second order sparsity of V. Next, we tend to show how this can be done by
fully utilizing the sparsity of V. By observing the structure of matrix V', we can let v; = 0
when |[D®*™ g + o7 i|; = 07!\ in the equation (2.7). Therefore, V is a diagonal matrix
with ith diagonal elements being either 0 or 1 and hence the sparsity of V' can substantially
reduce these unfavorable computational costs to a low level.

The diagonal matrix V' can be written as the following form:

{ 1, if [DEMg 4071l < o1,
v, = i=1,...,n—k.

0, otherwise,
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Let J = {jlv; = 1,5 = 1,...,n — k} be the index set that corresponds to the indices of
nonzero diagonal elements in V' and r = |J| denotes the cardinality of J. Then, we take
the special 0-1 structure of V into account, i.e.,

n T n n n k,n T k,n
Dy plkn) (v pkm)T (y plen)y = plm ™ plkn) (2.9)

where fo’") € R™ ™ is the sub-matrix of D*") with those rows not in J being removed

from D*™). Therefore, the cost of computing DEMTY Dk can be reduced from O(n(n—
k)(2n—k)) to O(n?r) by using (2.9). We reduce the computational costs of the linear system
(2.7) by applying the Cholesky factorization and the total computational costs are reduced
from O(n(n — k)(2n — k)) + O(n?) to O(n*r) + O(n?).

In addition, we use Sherman-Morrison-Woodbury formula [8] to get the inverse of I,, +
oDk Ty plkn).

T T n)\—
(I + oD*m "y D)=t — (1, 4 oD pim)y-1
k,n T, o_ k,n k,n T _ k,n
=1, - D" (o7, + DG DY) pG,
In this case, we only need to factorize a r X r matrix instead of a n x n matrix. Thus, the
total computational costs can be reduced from O(n?r) + O(n?®) to O(n?r) + O(r®) when
combining the Cholesky factorization with Sherman-Morrison-Woodbury formula.
From the above arguments, we know that the computational costs would be cheap when
r is small. When r is large, we only need to use the conjugate gradient method to solve
T
the linear system (2.7), where the pivotal step is to compute the formula D\(7k’n) Dgc’n)d
)T

efficiently. We can apply the fast computation Df7k’n (Dgc’n)d) for any given d to make

T
D‘(jk’n) Dgc’")d consist only of matrix-vector multiplication rather than matrix-matrix mul-

tiplication. Since the matrix Dgﬁ’") has a special structure that Dgc’") only has k nonzero

elements in each row, the effective multiplication numbers of matrix-vector multiplica-
T
tion D?’n)d and Dgf’") (Dg’n)d) are both (k= 7). So the total computational cost of

D™ (DM a) is O(kr).

In order to employ the SSN algorithm to solve the subproblem involved in the SSNAL
algorithm, we need to compute the matrix-vector multiplications D®*™z and D(’“’")Tx.
When n or k is large, direct matrix-vector multiplications may have expensive computational
costs. To reduce computational costs and increase the efficiency of the algorithm, we can
compute the matrix-vector multiplications D*™ gz and DTy recursively. The function
of computing the matrix-vector multiplication D™z in Matlab is given blow:

function Dx = ComputDx(x,k)
if k==1
Dx = —diff(x);
else
y = ComputDx(x,k—1);
Dx = —diff(y);
end

T
Similarly, the function of computing the matrix-vector multiplication D*™ " z in Matlab
is given by
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function DTx = ComputDTx(x,k)
if k==1
DTx = x;
DTx(2:end) = diff(x);
DTx(end+1) = —x(end);
else
DTx = ComputDTx(ComputDTx(x,1) ,k—1);
end

Numerical Experiments

In this section, we conduct numerical experiments on synthetic and real data sets to demon-
strate excellent performance of the SSNAL algorithm for solving general ¢; trend filtering
(1.1). In addition, we tend to compare it with other algorithms including ADMM and PDIP.
All our numerical experiments are executed in MATLAB on Dell desktop computer with
Inter(R) Core(TM) i5-8500 CPU@3.00GHz and 8GB RAM.

Alternating direction method of multipliers (ADMM) algorithm is an important method
for solving convex optimization problems with separable structures, which was first proposed
by Gabay and Mercier [7]. The process is stated as follows:

Algorithm 3 (ADMM) Alternating direction method of multipliers for problem (P)

Input: w € (0,(1+v5)/2), o >0, (2°,2° 1) € R® x R*~* x R*~* and j = 0.
1: Compute

27T € argmin L, (z, 27 7). (3.1)
x

2: Compute
LI+l

€ argmin Lo (71 25 u?). (3.2)

z
3 Set pd Tl = pI 4 wo (D) gi+l — zi+1),
4: Set j + j+ 1, and go to step 1.

From equation (3.1), we know that the subproblem can be solved by the following equiv-
alent form

(I, + oDED T DUy — gy DT (00— iy, (3.3)

We can apply the conjugate gradient method or the Cholesky factorization method to obtain
the solution of the linear system (3.3). We note that the subproblem (3.2) has a closed-form
solution:

27T = Prox, -1y, (DF™Mad T 4 o7 pd). (3.4)

A primal-dual interior-point (PDIP) algorithm can solve some quadratic problems in
finite number of interations, almost independent of the problem size or data. The details of
PDIP algorithm for solving ¢; trend filtering has been discussed in [12]. We summarize the
algorithmic framework of PDIP algorithm as follows:
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Algorithm 4 (PDIP) Primal-dual interior-point algorithm
Input: ¢t >0, n € (0,0.5], £ € (0,1), (u0, puf,u9) € R*~* x R*~*k x R"~* and j = 0.

1: Compute the Newton steps (Au, A,u{, A,u%) for the system of nonlinear equations

Vg(pd) + DE (ud = X1y, _)T ] — DEM (I 4 A1y, )T s

. k) =0,
_le (W = Alp_k) + N%(NJ +AL,_g) = (1/t)1n—k

re(ud, p), pd) =

wherevrt(uj, u{, ug) is the residual.
2: Set of = {7, where m; is the smallest nonnegative integer m satisfying
(1 + €™ Ap, ] + €™ Apn, iy + €™ Apiz) |2 < (1= n€™)|(re (1, 1], 113) 2.

3: Update
. . S . S ) S
Wt = ol Apd, ] = ]+ @I AR p T = i+ o A,
4: Compute
. T .
It =y — plkm)® i+t

5: Set j < j+ 1, and go to step 1.

Stopping criteria

We use the following relative residuals to measure the accuracy of approximate optimal
solutions obtained by all the tested algorithms:

|z —y+ DEDT )
- S
1+ ||| + [[y]l + | DG T |
||D(k’n)x — Proxy .|, (D(k’n)fﬂ-f— Wl
1+ [DED g + [u]

Ress :=

The primal infeasibility, dual infeasibility are denoted by R,, R4, namely

T
1Dz — 2| [ —y + D*M "y

Ry=—+———, Ra= .
P14+ || Dz + ||z L+ ||z| + |yl + || DET

In our experiments, for the SSNAL algorithm, we initialize the SSNAL algorithm with
(2°,2° 1% = (0,0,0) and terminate the algorithm when Ry, := max{Res;, Resa} < tol
or the number of outer iterations exceeds 50. The penalty parameter ;1 in the SSNAL
algorithm is adjusted dynamically: starting from the initial value 0.1, we adjust 0,41 as
follows such that o;y; cannot go to extremely large or small, and the primal and dual
infeasibilities are well balanced [2]:

min{10~%,0.10;}, if Res? > 10Res},
oit1 = { max{5 x 10%,1.30;}, if Res} < 0.1Res},

o, otherwise.

We initialize the ADMM algorithm with (2%, 2%, u%) = (0,0, 0) and terminate the algorithm
when Ryx; := max{Res;, Ress} < tol or the maximum number of iterations 20000 is reached.
We start the PDIP algorithm from the initial point (1%, 19, u3) = (0,0, 0) and terminate the
algorithm when Rpy: := max{Res;, Resa} < tol or the number of outer iterations exceeds
20000.
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For the parameters of the SSN algorithm, we set ¢« = 107!2 and ¢ = 0.5. We terminate
the CG algorithm at j-th SSN iteration when ||[W;d’ + V& (27)|| < toll, with

tol min{0.1,0.1V®(27)}, i< 2andj <1,
ol, = .
8 min{0.5,0.5V®(z7)}, otherwise.

Numerical results for synthetic data

In this subsection, we compare the SSNAL algorithm against other algorithms (PDIP, ADMM)
for the general ¢; trend filtering problem (1.1) on synthetic data sets, which are generated
as

Y=zt +z, t=1,..n, Ty =T +v, t=1,...,n—1, (3.5)

where v, is the trend slope, z; is the “true” underlying trend, and z; is the irregular com-
ponent or noise. The initial condition is ;1 = 0 and the noises z; are independent and
identically distributed A(0, 3%). The trend slopes v; are selected from a simple Markov
process (independent of z). With probability p, we have v;11 = v, i.e., no slope change in
the underlying trend. With probability 1 — p, we choose v441 from a uniform distribution
on [—b,b]. We choose the initial slope v; from a uniform distribution on [—b,b]. In our
experiments, we set p = 0.01,5 = 1,b = 0.5. We test three cases of the tuning parameter
with A = 0.001,0.005,0.01. We let n = 2000004, = 1,...,5 and the accuracy tol = 1075.
We selected the average of the data from five experiments as our experimental results and
time is measured in seconds.

Table 1: The numerical results of SSNAL, PDIP and ADMM on synthetic
data sets when k = 2, tol = 10~6.

A=0.001 A=0.005 A=0.01
Time Rkkt Time Rkkt Time Rkkt
SSNAL | 0.206 3.003e-07 | 0.488 3.025e-07 | 0.543  2.908e-07
2e+05 | PDIP | 1.147 3.561e-07 | 1.427 2.523e-07 | 1.472 1.904e-07
ADMM | 0.575 3.614e-07 | 2.536 3.940e-07 | 3.293 3.702e-07

SSNAL | 0.281 2.963e-07 | 0.956 3.035e-07 | 1.197 2.863e-07
4e+05 | PDIP | 2.269 3.630e-07 | 2.812 2.458e-07 | 2.955 1.955e-07
ADMM | 1.239 3.580e-07 | 5.092 3.766e-07 | 7.077 3.796e-07

SSNAL | 0.423 2.962e-07 | 1.501 3.056e-07 | 1.906 2.893e-07
6e+05 | PDIP | 3.406 3.659e-07 | 4.277 2.530e-07 | 4.424 2.012e-07
ADMM | 1.873 3.579e-07 | 8.127 3.776e-07 | 11.093 3.785e-07

SSNAL | 0.585 2.902e-07 | 2.046 3.036e-07 | 2.602 2.925e-07
8e+05 | PDIP | 4.547 3.654e-07 | 5.697 2.535e-07 | 5.962 2.004e-07
ADMM | 2.568 3.574e-07 | 11.019 3.757e-07 | 15.231 3.778e-07

SSNAL | 0.735 2.910e-07 | 2.567 3.027e-07 | 3.334 2.976e-07
le+06 | PDIP | 5.719 3.666e-07 | 7.011 2.582¢-07 | 7.501 2.018e-07
ADMM | 3.275 3.569e-07 | 13.926 3.734e-07 | 19.406 3.788e-07

n solver
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From Table 1, we can see the comparison results of SSNAL, PDIP and ADMM on the
computational time (Time) and the relative KKT residual (Ryy¢) under k = 2, tol = 107°.
Although all the algorithms can successfully solve the problem within the required accuracy,
it is obvious that SSNAL algorithm has better performance than other algorithms. For the
computational time, the SSNAL algorithm is 3 to 10 times faster than PDIP algorithm, 5 to
10 times faster than ADMM algorithm.

Table 2: The numerical results of SSNAL, PDIP and ADMM on synthetic
data sets when k = 3, tol = 1076,

A=0.001 A=0.005 A=0.01
Time Rkkt Time Rkkt Time Rkkt
SSNAL | 0.107 1.977e-07 | 0.471 3.081e-07 | 0.591  2.399e-07
2e+05 | PDIP 1.377  2.963e-07 | 1.854 2.810e-07 | 1.850 3.241e-07
ADMM | 1.359 1.472e-07 | 2.566 3.469e-07 | 3.001 2.952e-07

SSNAL | 0.238 1.982e-07 | 1.021 2.963e-07 | 1.382  2.628e-07
4e+05 | PDIP | 2.990 2.589e-07 | 3.454 3.643e-07 | 3.971 1.699e-07
ADMM | 2.797 1.907e-07 | 5.455 3.348e-07 | 6.394 3.199e-07
SSNAL | 0.340 1.943e-07 | 1.660 2.973e-07 | 2.191 2.796e-07
6e+05 | PDIP | 4.169 2.704e-07 | 5.275 3.365e-07 | 6.025 2.403e-07
ADMM | 4.012 2.831e-07 | 8.459 3.433e-07 | 9.953 3.301e-07
SSNAL | 0.466 1.970e-07 | 2.326 2.991e-07 | 2.990 2.740e-07
8e+05 | PDIP | 5.691 2.720e-07 | 7.703 3.122e-07 | 7.621  3.735e-07
ADMM | 5475 2.015e-07 | 11.631 3.469e-07 | 13.706 3.262e-07
SSNAL | 0.594 1.944e-07 | 2.902 3.036e-07 | 3.994 2.704e-07
le+06 | PDIP | 11.413 2.326e-07 | 14.905 2.729e-07 | 14.870 2.571e-07
ADMM | 6.134 3.007e-07 | 14.901 3.533e-07 | 17.488 3.262¢-07

n solver

Table 2 shows the numerical results of the tested algorithms under k = 3, tol = 1076,
Compared with the results of £k = 2, it can be seen that SSNAL algorithm still maintains
the advantages of shorter time. The SSNAL algorithm is 10 to 20 times faster than PDIP
algorithm and ADMM algorithm with A = 0.001. For the instance n = 1le4+06 and A = 0.001,
it takes 0.594 seconds for SSNAL algorithm to get the high-precision solution, while ADMM
algorithm needs 6.134 seconds to achieve the required accuracy, and PDIP algorithm even
costs 11.413 seconds to solve the problem.
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Table 3: The numerical results of SSNAL, PDIP and ADMM on synthetic
data sets when k = 4, tol = 1076,

A=0.001 A=0.005 A=0.01
Time Rkkt Time Rkkt Time Rkkt
SSNAL | 0.125 9.181e-08 | 0.931 3.408e-07 | 1.335 3.642e-07
2e+05 | PDIP 1.709 2.511e-07 | 2.234 2.679e-07 | 2.569 2.144e-07
ADMM | 7.435 3.243e-07 | 7.419 3.169e-07 | 7.425 3.854e-07

SSNAL | 0.257 9.379e-08 | 1.957 3.530e-07 | 2.716 3.651e-07
4e+05 | PDIP | 3.384 2.554e-07 | 4.424 2.901e-07 | 4.842  3.690e-07
ADMM | 13.452 3.708e-07 | 14.800 3.903e-07 | 15.447 3.874e-07
SSNAL | 0.406 9.311e-08 | 3.078 3.451e-07 | 4.525 3.570e-07
6e+05 | PDIP | 4.819 3.096e-07 | 6.654 2.995e-07 | 7.297  3.960e-07
ADMM | 22.062 3.934e-07 | 23.106 3.950e-07 | 25.201 2.891e-07
SSNAL | 0.550 9.432e-08 | 4.185 3.472e-07 | 7.449 3.687e-07
8e+05 | PDIP 7.156  2.904e-07 | 9.183 2.984e-07 | 9.738  2.848e-07
ADMM | 28.981 3.942e-07 | 31.848 3.975e-07 | 34.749 2.887e-07
SSNAL | 0.706 9.322e-08 | 5.615 3.497e-07 | 10.385 3.740e-07
le+06 | PDIP | 9.212 2.828e-07 | 11.832 2.991e-07 | 12.737 2.995e-07
ADMM | 35.269 3.894e-07 | 42.733 3.023e-07 | 44.589 2.968e-07

n solver

Table 3 demonstrates the performances of all algorithms on Time and Ry under k = 4,
tol = 1076, The SSNAL algorithm still performs very well, while the performances of PDIP
algorithm and ADMM algorithm are quite poor. For the instance A = 0.001 and n = 1le+6,
SSNAL algorithm takes 0.706 seconds to reach the high accuracy Rgr: = 9.322e — 08, while
PDIP algorithm needs 9.212 seconds to achieve the lower accuracy Rir: = 2.828¢ — 07, and
ADMM algorithm even costs 35.269 seconds to get the lowest accuracy Ryx; = 3.894e — 07.
Therefore, SSNAL algorithm is superior to other two algorithms on synthetic data when
Ryt <1076,

Numerical results for real data

In this subsection, we compare the SSNAL algorithm with PDIP algorithm and ADMM
algorithm for solving general ¢; trend filtering (1.1) on real data sets collected from PJM
dataset. PJM Interconnection LLC (PJM) is a regional transmission organization (RTO)
in the United States. It is part of the Eastern Interconnection grid operating an electric
transmission system serving all or parts of Delaware, Illinois, Indiana, Kentucky and so on.
In this database, we pick out four datasets to test all the algorithms. In our experiments,
we still choose three tuning parameters with A = 0.001,0.005,0.01. We set k = 2,3,4 and
different n depending on the size of the data sets. In addition, the statistics of all tested
instances are shown in Table 4.

https://wuw.kaggle.com/robikscube/hourly-energy-consumption
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Table 4: Summary of tested data sets.

abbreviation proname source n
datal PJM-Load-hourly | PJM | 32896
data2 NI-hourly PJM | 58450
data3 PIJMW-hourly PIM | 143206
datad PJM-hourly-est PJM | 803000

Table 5: The numerical results of SSNAL, PDIP and ADMM on real data sets

when k = 2, tol = 106.

" solver A=0.001 A=0.005 A=0.01
Time Rkkt Time Rkkt Time Rkkt
SSNAL | 0.006 7.617e-08 | 0.003 3.809e-07 | 0.006 5.777e-08
32896 | PDIP | 0.023 1.641e-07 | 0.110 3.513e-07 | 0.188  2.626e-07
ADMM | 0.021 2.950e-07 | 0.018 3.086e-07 | 0.019  3.302e-07
SSNAL | 0.006 3.283e-07 | 0.010 1.343e-07 | 0.011  2.842e-07
58450 | PDIP | 0.104 3.882e-07 | 0.307 3.423e-07 | 0.381 2.670e-07
ADMM | 0.034 3.296e-07 | 0.029 3.730e-07 | 0.041  2.900e-07
SSNAL | 0.076 8.355e-08 | 0.093 3.814e-07 | 0.249  3.722e-07
143206 | PDIP | 1.088 3.099e-07 | 1.247 2.660e-07 | 1.385 3.104e-07
ADMM | 0.257 3.370e-07 | 0.421 3.291e-07 | 0.867 3.901e-07
SSNAL | 0.430 2.192e-07 | 2.027 3.112e-07 | 2.856 1.564e-07
803000 | PDIP | 6.146 2.936e-07 | 7.426 2.540e-07 | 7.848 2.282¢-07
ADMM | 4.242 3.396e-07 | 7.924 3.814e-07 | 13.781 3.979e-07

From Table 5, we obtain comparison results of several algorithms on Time and Ry
The SSNAL algorithm can solve the problem in a shorter time,
while the other two algorithms perform worse. For example, when n = 32896 and A = 0.01,
the SSNAL algorithm only takes 0.006 seconds to solve the problem with high accuracy
Ryge = 5.777e — 08, but the ADMM algorithm costs 0.019 seconds to get the solution with
low accuracy Rix: = 3.302e — 07, and the PDIP algorithm even needs 0.188 seconds to

under k = 2, tol = 1076.

obtain the solution with low accuracy Rygr: = 2.626e — 07.
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Table 6: The numerical results of SSNAL, PDIP and ADMM on real data sets
when k = 3, tol = 1076.

n solver A=0.001 A=0.005 A=0.01
Time Rkk‘t Time Rkkt Time Rk-kt
SSNAL | 0.003 5.355e-08 | 0.003 2.677e-07 | 0.007 5.220e-08
32896 | PDIP | 0.030 1.135e-07 | 0.131 3.339e-07 | 0.241  2.248e-07
ADMM | 0.063 3.551e-07 | 0.062 3.575e-07 | 0.064 3.610e-07
SSNAL | 0.006 2.258e-07 | 0.012 8.894e-08 | 0.015  1.996e-07
58450 | PDIP | 0.049 2.753e-07 | 0.406 3.896e-07 | 0.460 3.061e-07
ADMM | 0.101 3.909e-07 | 0.100 3.975e-07 | 0.114 1.575e-07
SSNAL | 0.084 4.869e-08 | 0.081 2.310e-07 | 0.168  3.985e-07
143206 | PDIP | 0.982 3.645e-07 | 1.748 2.583e-07 | 1.732 2.516e-07
ADMM | 1.020 3.906e-07 | 1.182 1.992e-07 | 1.144 3.921e-07
SSNAL | 0.538 9.862e-08 | 2.061 3.588e-07 | 3.223 2.567e-07
803000 | PDIP | 7.827 2.306e-07 | 8.574 3.492e-07 | 9.734 2.646e-07
ADMM | 9.989 3.458e-07 | 11.637 3.936e-07 | 14.954 3.257e-07

As revealed in Table 6, the SSNAL algorithm has more obvious advantages over PDIP
algorithm and ADMM algorithm with the increase of k. For the computational time, the
SSNAL algorithm is 3 to 20 times faster than PDIP algorithm, 5 to 20 times faster than
ADMM algorithm. For accuracy, the SSNAL algorithm is higher than other two algorithms
in most cases.

Table 7: The numerical results of SSNAL, PDIP and ADMM on real data sets
when k = 4, tol = 10~6.

" solver A=0.001 A=0.005 A=0.01
Time Rkk’t Time Rkkt Time Rkkt
SSNAL | 0.004 6.628e-08 | 0.004 3.314e-07 | 0.007  2.402e-07
32896 | PDIP | 0.039 6.561e-08 | 0.038 3.279e-07 | 0.174  3.756e-07
ADMM | 0.373 2.896e-07 | 0.372 2.892e-07 | 0.380 2.887e-07
SSNAL | 0.007 1.664e-07 | 0.019 3.584e-08 | 0.018 9.836e-08
58450 | PDIP | 0.059 1.563e-07 | 0.372 3.908e-07 | 0.579 3.154e-07
ADMM | 0.585 3.160e-07 | 0.590 3.144e-07 | 0.597  3.125e-07
SSNAL | 0.052  3.578e-07 | 0.142 9.146e-08 | 0.150  2.526e-07
143206 | PDIP | 0.176 3.376e-07 | 2.015 2.921e-07 | 2.224  3.616e-07
ADMM | 6.145 3.161e-07 | 6.232 3.137e-07 | 6.179 3.111e-07
SSNAL | 1.502 6.818e-08 | 4.472 1.958e-07 | 6.115 2.541e-07
803000 | PDIP | 8.125 3.304e-07 | 11.120 3.652¢-07 | 13.128 3.867¢-07
ADMM | 55.464 3.593e-07 | 55.791 3.539e-07 | 55.514 3.481e-07
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From Table 7, we can intuitively observe that performance of the SSNAL algorithm is
much faster than that of other two algorithms under k = 4, tol = 1075, For example, when
n = 803000 and A = 0.001, it only takes 1.502 seconds for SSNAL algorithm to achieve the
high accuracy Ryx; = 6.818e — 08, while the PDIP algorithm costs 8.125 seconds with a
lower accuracy Rgr: = 3.304e — 07, and the ADMM algorithm even needs 55.464 seconds
to get the lowest accuracy Ryx: = 3.593e — 07. To sum up, the SSNAL algorithm performs
better than other two algorithms on real datasets when Ry, < 1076,

Conclusion

In this paper, we have presented an efficient and robust semismooth Newton based aug-
mented Lagrangian (SSNAL) algorithm for solving general ¢; trend filtering. The theoretical
results on the global and local convergence property of the SSNAL algorithm has been il-
lustrated. We utilized the second order sparsity and some efficient techniques to reduce
the computational costs of the SSN algorithm for solving the subproblem of the SSNAL al-
gorithm. In numerical experiments, the remarkable performance of the SSNAL algorithm
has been demonstrated by comparing the SSNAL algorithm with other state-of-the-art algo-
rithms.
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