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——— Abstract

We present several algorithms aimed at constructing sparse and structured sparse (row-sparse) generalized inverses, with
application to the efficient computation of least-squares solutions, for inconsistent systems of linear equations, in the
setting of multiple right-hand sides and a rank-deficient constraint matrix. Leveraging our earlier formulations to minimize
the 1- and 2,1-norms of generalized inverses that satisfy important properties of the Moore—Penrose pseudoinverse, we
develop efficient and scalable ADMM algorithms to address these norm-minimization problems and to limit the number
of nonzero rows in the solution. We establish a 2,1-norm approximation result for a local-search procedure that was
originally designed for 1-norm minimization, and we compare the ADMM algorithms with the local-search procedure and
with general-purpose optimization solvers.
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1 Introduction

The M-P (Moore—Penrose) pseudoinverse is an important object in numerical linear algebra. It has many uses;
in particular, and relevant to our study, it can be used to compute least-squares solutions in the context of linear
statistical models. Given a real singular-value decomposition A = UXV" of A, the M-P pseudoinverse of A is
At := VXTUT, where the diagonal matrix ¥t has the shape of the transpose of the diagonal matrix ¥, and is
calculated from ¥ by taking reciprocals of the nonzero elements of X, and is otherwise 0 (see [12, Section 2.5.3],
for example). The following well-known theorem characterizes the M-P pseudoinverse.

» Theorem 1 (see [19, Theorem 1]). For A € R™*"  the following equations have a unique solution H € R™*™,

(generalized inverse) AHA=A (P1)
(reflexive) HAH=H (P2)
(ah-symmetric) (AH)" = AH (P3)
(ha-symmetric) (HA'=HA (P4)

It is easy to check that the M-P pseudoinverse of A, that is A := VETUT, satisfies these equations, and so it
is the unique solution.

As is common (see [1, Introduction, Section 2]), we say that a generalized inverse of A is any H satisfying (P1),
and a generalized inverse of A is reflexive if it additionally satisfies (P2). Following [24, p. 1723], we say that a
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2 Row-Sparse ah-Symmetric Reflexive Generalized Inverses

generalized inverse H of A is ah-symmetric (resp. ha-symmetric) if AH (resp. HA) is symmetric. It is clear that
under the mapping (A, H) — (A", H"), properties (P1) and (P2) are invariant, while properties (P3) and (P4)
are exchanged; so, although we will concentrate on ah-symmetric reflexive generalized inverses, much of what we
work out directly transfers to the case of ha-symmetric reflexive generalized inverses.

We are interested in least-squares problems min{||A0 —bl|z : § € R"}, related to fitting a model of 5 = a"0+¢,
where € ~ N (0,0). We regard « as a vector of n independent variables, and 3 as the (random) response. We
view the rows of [A,b] as m independent realizations of [a", §]. We are particularly interested in the situation
where m > n > rank(A). A very well-known solution of the least-squares problem is 0 := ATb, which fits the
model E = a'f. This solution has a wonderful property — it quickly gives us the solution for every response
vector b, and moreover, it is linear in b. This all begs the question, are there other matrices H (besides A') that
also have this attractive property? It is well known that the answer is yes: if H is any ah-symmetric generalized
inverse, then 6 := Hb solves min{||A0 — b||y : § € R"} (see [3, Theorem 6.2.4] or [11, Corollary 4.4]). Because a
given matrix A does not typically possess a unique ah-symmetric generalized inverse, there is room to optimize
various criteria.

One important criterion for H is sparsity. Even if a given matrix is sparse, its M-P pseudoinverse can be
completely dense, often leading to a high computational burden in its applications involving many response
vectors b, especially when we are dealing with a large matrix A. A sparse H leads to efficiency in calculating
0 := Hb. We can seek such a matrix H with a minimal number of nonzero elements, by applying the standard
minimization of its (vector) l-norm [|H|1 := >_,; [H;j|, as a surrogate for the nonconvex “0-norm”. Besides
aiming to induce sparsity, minimization of || H||;, or even a different norm, has the important effect of keeping
the elements of H under control, which reduces numerical errors in the calculation of 9 := Hb.

We are further interested in structured sparsity for H; specifically, such an H with a limited number of
nonzero rows. In evaluating 0:=H b, potentially for many b, it is easy to do this very efficiently when H has
a limited number of nonzero rows, taking advantage of sparsity without having to use elaborate sparse data
structures. Specifically, if H:==H [S, -] contains all of the nonzeros of H, then 55 =0, and 55 = Hb. Moreover,
for such an H, the nonzero rows align with a corresponding limited number of columns (i.e., features) of the
data matrix A, and so 9 is sparse, and the linear model B = "0 is more explainable.

A specific example where we want to evaluate Hb for many right-hand sides b is in an ADMM approach to the
least-absolute-deviations problem min{||Af — bl|; : 6 € R"}, which aims at a robust fit, under the assumption
that m > n > rank(A); see [2, Section 6.1] (where they assume that A has full column rank; but that assumption
is not needed even in their approach, if they simply replace (ATA)~' AT with A).

There are different ways to work with the criterion of wanting H to have a limited number of rows, i.e.
“row-sparsity”. For example, (i) we can try to induce it by minimizing an appropriate norm, in this case the
2,1-norm || H|2,1 := >, [|Hi.||y, or (ii) we can impose this structure and then further seek to (locally) minimize
some other criterion, e.g., the (vector) l-norm or the 2,1-norm. In both approaches, we gain an important
additional benefit (mentioned above); by keeping some norm of H under control, we can expect to gain some
numerical stability in the calculation of Hb.

With the same level of sparsity, structured sparsity should always be preferred to unstructured sparsity.
Additionally, algorithms aimed at inducing structured (resp., unstructured) sparsity may or may not actually
achieve a high level of structured (resp., unstructured) sparsity. Finally, different algorithms with different (but
related) goals may of course have significantly different running times. Therefore, as we will do in Section 5, we
compare the behavior of different algorithms having different (but related) goals, on all relevant measures.

Another important criterion is the rank of H. While the sparsity or row-sparsity of H can be viewed as a
kind of simplicity for H, such a viewpoint is basis dependent. If we make an invertible linear transformation
of the columns of A, that is A — AT, for an invertible and possibly dense T}« , then with an ah-symmetric
generalized inverse H of A, we have § = T~ Hb. But this matrix T~ H loses the sparsity of H. So we are also
interested in a criterion for simplicity of H that is not basis dependent. The natural such criterion is the rank of
H, which has been employed in many contexts, in tandem with sparsity criteria (such as sparse PCA (see [26]);
sparse Gaussian mixture models (see [15], and the references therein); low-rank/sparsity matrix decomposition
(see [4]); low-rank graphical models (see [17])), to capture a different kind of simplicity/explainability than is
captured by sparsity.

In many contexts, rank minimization is naturally induced by minimizing the nuclear norm (i.e., the 1-norm
of the vector of singular values). But in our context, we have an easier path. It is well known that: (¢) if H is
a generalized inverse of A, then rank(H) > rank(A), and (ii) a generalized inverse H of A is reflexive if and
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only if rank(H) = rank(A) (see [21, Theorem 3.14]). So the minimum possible rank for a generalized inverse
of A is rank(A), and we can achieve minimization of rank(H) by simply enforcing (P2), that is, that H be a
reflexive generalized inverse (e.g., At is a reflexive generalized inverse, so it has minimum rank). Now, it appears
that (P2) is nonlinear in H (i.e., it is a generic system of quadratic equations) typically defining a nonconvex
region, making enforcing it (in the context of exact global optimization) very difficult. But, it is easy to check
and well known that (P2) becomes linear under properties (P1) and (P3). Specifically, (P1) and (P3) imply that
AH = AAT, and so (P2) becomes HAA" = H.

In summary, our overarching goal is to efficiently calculate a sparse or row-sparse reflexive ah-symmetric
generalized inverse H, with a controlled value for some norm, in the setting of m > n > rank(A). We develop
several methods for achieving this goal. We note that because we have two objectives (sparsity and low norm),
there is naturally a trade-off to look at.

Notation. |||, denotes vector p-norm (p > 1), ||- |0 denotes vector “O-norm”. For matrices, tr(-) denotes
trace, det(-) denotes determinant, rank( - ) denotes rank, || - || denotes the Frobenius norm, R(-) denotes the
column space. A[S,T] is the submatrix of A having row indices S and column indices T', with S = - (resp.
T = -) indicating all rows (resp. columns); further, A;. := A[{i},-], A.; :== A[-,{j}], and A;; := A[{i}, {j}]. For
A e R™"™ |Allpg = (IA11p, - - [ Am-lIp)llg (g > 0). e; denotes the i-th standard unit vector. I denotes an
identity matrix (sometimes with a subscript indicating its order). For A € R™*" for the compact singular-value
decomposition (compact SVD), we write A = UXVT, where r := rank(A), U« and V,,x, are real orthogonal
matrices, Y., is a diagonal matrix, with positive diagonal entries o1 > g9 > -+ > 0, , known as the singular
values of A. For the (full) singular-value decomposition (SVD), we instead have U,,xm » Vixn , with nonnegative
diagonal entries o1 > 09 > --- > Omin{m,n} - We denote by argmin{-} any solution of the associated minimization
problem.

Literature. For basic information on generalized inverses, we refer to [21, 1, 3]. [7] (and then [5, 6]) introduced
the idea of seeking to induce sparsity in H by linear optimization; specifically, they minimize the (vector) 1-norm
over the set of left inverses (i.e., HA = I,,) or right inverses (i.e., AH = I,;,). [5] also considered the idea of
inducing row-sparsity by minimizing the 2,1-norm over the same sets of matrices. Additionally, [5] presents
ADMM algorithms for these minimization problems, using specific projections for the cases where the matrices
are full row- or column-rank. It is important to realize that the left (resp., right) inverse case applies only to full
column (resp., row) rank matrices A. In particular, every left inverse H is a reflexive ha-symmetric generalized
inverse, and so for such an H, 9 := Hb solves the least-squares problem (for all b) only when H = AT. In fact,
we are motivated by the case in which A is neither full row rank nor full column rank, and so the left/right
inverse approach does not apply at all in our setting.

In [11], we proposed the idea of finding various types of sparse generalized inverses by imposing combinations
of the M-P properties in the context of straight-forward linear-optimization formulations, minimizing the (vector)
1-norm of H. But we did not propose any practical idea for controlling the rank of solutions. Moreover, the
approaches proposed did not scale well.

In [8], we introduced the idea of imposing a block structure on H, which implicitly enforces (P1) and (P2),
and then carrying out a combinatorial local search, giving an approximation guarantee on (vector) l-norm
minimization for reflexive generalized inverses. That work does not directly related to our present setting because
it ignores property (P3). Additionally, at the time, the empirical quality (1-norm) of the solutions for that
method on large instances was unknown, because we could not solve the large linear-optimization formulations
that would give us lower bounds.

In [9], we proposed different algorithmic approaches that start from a (vector) l-norm minimizing ah-
symmetric generalized inverse, and gradually decrease its rank, by iteratively imposing the reflexive property. The
algorithms iterate until the ah-symmetric generalized inverse has the least possible rank producing intermediate
solutions during the iterations, trading off low 1-norm against low rank. The best approach investigated was
a cutting-plane method that solves linear-optimization problems at each iteration, although it is capable of
constructing interesting intermediate solutions (trading off rank and 1-norm), it does not scale well, as the
solution of many dense linear-optimization problems is required. Only square matrices with size 50 and rank 25
were considered in the numerical experiments.

In [24], we significantly extended the work in [8], in particular to approximate (vector) l-norm minimizing
ah-symmetric reflexive generalized inverses, using a column-block construction, which implicitly enforces (P1),
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(P2), and (P3), and maintains structured row-sparsity during a local search. Comparisons between solutions
of the local-search procedure and the minimal 1-norm of ah-symmetric generalized inverses were presented for
matrices of size up to 120 x 60 and rank 30. It was also mentioned that, within a time limit of two hours, the
solutions of the linear-optimization problems to minimize the 1-norm of generalized and ah-symmetric generalized
inverses were obtained for only one out of five given matrices of size 200 x 100 and rank 50. The results indicated
that, in practice, the solutions of the linear-optimization problems were not easy for large matrices. [23] is a
companion work that in particular analyzes the motivating cases for which rank(A) € {1,2}; while the case of
rank one is trivial, the complexity of the case of rank two reveals that there is no simple solution in general.

In [10], we carried out a detailed computational study of local-search procedures based on the results
of [8] and [24]. An experimental analysis of the procedures was performed, but comparisons between the local
search solutions and the minimum 1-norm of generalized and ah-symmetric generalized inverses were only
presented for square matrices of size up to 100 and rank 50, again because of the intractability of the large dense
linear-optimization problems.

In [20], in addition to considering 1-norm minimization with linear optimization to induce (unstructured)
sparsity of generalized inverses, which was first advanced by [11], we also considered 2,1-norm minimization with
second-order-cone optimization to induce row-sparsity. Furthermore, [20] showed how to make the ideas of linear
and second-order-cone optimization much more efficient/scalable. A key idea exploited in [20] is as follows. Let
A € R™*™ with rank r and A =: UXV" be the (full) SVD of A, where U € R™*™ V € R™*" are orthogonal
matrices (U'U = I,,, V'V = I,), and ¥ € R™*" with

D 0
N rxr X (n—r)
0 0 ’

(m—r)xr (m—r)x(n—r)

with D being a diagonal matrix with rank r. Let H € R™*™ and I' := VTHU, where

X Y
F —. TXT X (m—r)
Z w ’

(n—r)xr  (n—r)x(m—r)
then H = I,HI,, = (VV)H(UU") = VTU".

» Lemma 2 (see [1], p. 208, Ex. 14 (no proof); see [20, Lemmas 2-5] (with proof)).
(P1) is equivalent to X = DL,
If (P1) is satisfied, then (P2) is equivalent to ZDY = W.
If (P1) is satisfied, then (P3) is equivalent to Y = 0.

If (P1) is satisfied, then (P4) is equivalent to Z = 0.

So, for the purpose of enforcing any subset of the M-P properties on a generalized inverse H, except the case
of (P2) alone, we simply set appropriate blocks of I' to zeros.

Consider the following natural convex-optimization problems, aimed at inducing sparsity and row-sparsity
for ah-symmetric reflexive generalized inverses, respectively.

Lin ([ H]. o (P1),(P2), (P3)} (Piy3)
eRnXm
and
3 . 2,1
g A2y 2 (PL} (Fr)

It is important to note that due to [20, Corollary 9], optimal solutions of (Pf’l) automatically satisfy (P2)
and (P3) (i.e., they are reflexive and ah-symmetric), which we exploit in establishing Theorem 3 below.
Let

V::|:V1 ‘/2 :|7U':|:U1 U2 :|
nxr nx(n—r) mxr mx(m—r)
We remark that U; and Vs are full column rank matrices and UJU; = I and V' Vo = I, then UlT = (UTUy) U7 =
UT and V) = (ViVa)~'Vy = Vi .
From Lemma 2, we can deduce the following result.
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» Theorem 3 ([20, Section 5]). (Ply) and (PP'), respectively, can be efficiently reformulated as

2(Plyg) = ZeRT(I}Ii_rlT)XT ViD~'Uy + VQZU1TH1 ) (Piaz)
(PP = _min DT 4122, (P3)

The more compact formulations presented in Theorem 3 were exploited in the numerical experiments
performed in [20] to increase the size of matrices for which the solutions of (Ply3) and (P{') were known. Within
a time limit of 5 hours, the solutions of (Pfy3) and (P;"") were obtained for instances with (m,n,r) equal to
(280, 140, 60) and (2000, 1000, 500), respectively. These results allowed us to finally evaluate the empirical quality
of the proposed local-search solutions on larger instances.

Concerning the contribution of our present work, we take a further step in efficiently obtaining solutions
to (Plys) and (PP'). We leverage Theorem 3 once again and develop very efficient/scalable ADMM (Alternating
Direction Method of Multipliers) algorithms to solve them. Furthermore, we develop two ADMM algorithms
alming at imposing structured sparsity by limiting the number of nonzero rows for an ah-symmetric reflexive
generalized inverse. For the first, we do not consider the minimization of a norm of the nonzero submatrix of H,
leading to a fast ADMM algorithm that can take advantage of the efficient solutions presented in the literature
for the subproblems solved. For the second, we minimize the 2,1-norm of H, in addition to limiting its number
of nonzero rows. We provide a closed-form solution for the nonconvex subproblem solved, deriving an efficient
ADMM algorithm for this problem as well. Although there is no guarantee of the convergence of these two
ADMMs to solutions of the nonconvex problems addressed, we demonstrate their efficacy through our numerical
results. We show that: (i) our ADMM approaches are much more scalable than direct methods aimed at (Piy3)
and (P?') (using general-purpose software like Gurobi and MOSEK), and (ii) our ADMM methods provide a
good complement to our local-search methods. They not only provide a means to better evaluate the solutions
computed with the local-search methods, but can in fact construct solutions of comparable quality with respect
to sparsity and row-sparsity in less time. Finally, we also demonstrate in this work that the efficient minimum
(vector) 1-norm r-approximating local search of [24], for an ah-symmetric generalized inverse, in fact gives a
factor-r approximation for 2,1-norm minimization as well, which aims directly at inducing row sparsity.

Organization. In Section 2, we develop the ADMM algorithms aimed at inducing unstructured and structured
sparsity in our setting. In Section 3, we give an approximation guarantee on 2,1-norm minimization for ah-
symmetric generalized inverses, for the minimum (vector) l-norm r-approximating local search of [24]. For very
low 7, we do not need to settle for approximation, and so we make a detailed analysis of the cases of rank one and
two in Appendix A. In Section 4, we develop the two ADMM algorithms aiming at imposing structured sparsity
by limiting the number of nonzero rows for an ah-symmetric reflexive generalized inverse. In Section 5, we present
the results of computational experiments, demonstrating the favorable performance of our new methods. In
Section 6, we indicate some next steps for this line of research.

2 Inducing sparsity and row sparsity with ADMM

It is natural to consider specialized algorithms for attacking problems like (Ply;) and (P12 ’1), seeking fast
convergence to near optima. It is even more enticing to seek such methods for their compact forms, (Piy3)
and (’P12 ’1). In these compact forms, we have unconstrained minimization problems in a single variable. Motivated
by for example [2, Section 6.1], we can introduce a second variable and linear linking constraints to seek to
develop efficient ADMM algorithms.

2.1 ADMM for 1-norm minimization

We seek to develop an ADMM algorithm for (Piy3). Initially, by introducing a variable E € R™ ™ we
rewrite (Piys) as

min {|E|, : E=WVD'U{ +V22ZU7}. (1)
The augmented Lagrangian function associated to (1) is

L,(Z,E,\) = ||E|y + (0,ViD™ U] + Vo ZU] — E) + g |ViD~'U + V2 2U7 — E||2F

P - 2 P
= 1Bl + 5 [ViD 71U + V2 ZU] — E+ Al — S 1Al
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where p > 0 is the penalty parameter, © € R™*™ is the Lagrangian multiplier, and A is the scaled Lagrangian
multiplier, that is A := ©/p. We will apply the ADMM method to (Pisy3), by iteratively solving, for k = 0,1,...,

ZF = argmin £,(Z, E*, A¥), @
Z

Ek+1 — argmin £p(Zk+1,E,Ak), (3)
E

AL AR L Vi DTLUT 4 Ve ZRTIUT - B

Next, we detail how to solve the subproblems above.

Update Z. To update Z, we consider subproblem (2), more specifically,

ZM1 = argmin{||J — Vo ZU]|%.}, (4)
z
where J := EF — Vi D71UT — A*. We can easily verify that the solution of (4) is given by Z¥*! =V JU; .

Update E. To update E, we consider subproblem (3), more specifically,

. P
B = angmin{ |l + £ 1 - VI, )

where Y 1= V; D=1UT + Vo ZHH1UT + Ak

» Proposition 4 (see [2, Section 4.4.3]). The solution of (5) is given by Ef;“l = 51/,(Yej), fori=1,...,n and
j=1,...,m, where the soft thresholding operator S is defined as

a—K, a>K;
S"é(a) = 07 |a| S K/;

a+ kK, a<—K.

Initialization of the variables. We need to initialize A and E. First, we set A := (:)/p7 where © := ﬁ\ﬁ Uj.
Tloe

Our goal was to select the Lagrangian multiplier O as an easily computable feasible solution to the dual problem
of (1), given by

mgx{tr(pflvlT@Ul) :Va0OU; =0, |0 < 1}

Due to the orthogonality of V| we can easily verify the feasibility of o. Furthermore, it gives a positive objective
value and has maximum infinity norm; in contrast to the zero matrix which is also feasible.

Then, from Lemma 2, we note that the ah-symmetric reflexive generalized inverses of A can be written
as ViD7'U] + Vo ZU], and the M-P pseudoinverse Af can be written as V; D71U]. We recall that Af is the
generalized inverse of A with minimum Frobenius norm. Then, aiming to obtain Z' = 0 when solving (4) in
the first iteration of the algorithm, and consequently starting the algorithm with a Frobenius norm minimizing
ah-symmetric reflexive generalized inverse, we set E° := Vi D~1UT + A°.

Stopping criterion. We consider a stopping criterion from [2, Section 3.3.1], and select an absolute tolerance

€Ps and a relative tolerance €. The algorithm stops at iteration k if
¥l < e Vnm + e max { | B* |7, V2 Z*UT |7, [ViD ™' UT | P } (6)
sl < €/ (n = r)r + €pl[VFA UL | (7)

where 7% := Vi D7IUT + Vo Z*U] — E* is the primal residual, and s* := pVy (E¥ — E¥~1)U; is the dual residual.
In Algorithm 1, we present the ADMM algorithm for (Ply;) . We observe that in steps 7 to 9, the elements
of E**! can be computed in parallel.
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Input: A e R™*" A0 e R"X™ EO ¢ R™*™ p> 0.
Output: H € R"*™,

1 U, X, V:=svd(A4), k:=0;

2 Get U, Vi,Va,D7! from U, %, V;

3 while not converged do

a J:=EF —viD7UT — AF;

ZH = VI JU;

5
6 Y := ViD7UT + Ve ZFTIUT + AR,

7 fori=1,...,n do

8 for j=1,...,mdo

9 L EZ'H =51,,(Yis); (see Proposition 4)

10 | AMU= AR ViDTIUT + Ve 2R UT — ERTY
11 | k=k+1

12 H:=ViD U] + VL zZ*U7T;

Algorithm 1: ADMM for (Ply3) (ADMM;)

2.2 ADMM for 2,1-norm minimization

Next, we apply ADMM for solving (P7"'). Initially, by introducing a variable E € R™*", we rewrite (P;"') as
min {[|El21 : E=ViD™' +VLZ}. (8)

» Remark 5. In Theorem 3, we use the orthogonality of U; to replace ||[V1 D~ U] + Vo ZU{ |21 with |[Vi D! +
Vo Z||2,1 in the objective function of (P:'!). This leads to a very helpful reduction in the dimension of the variable
E in the ADMM algorithm presented in this section, compared to what we presented in the previous section.

The augmented Lagrangian function associated to (8) is
— P —1 2 P 2
L2 EA) = | Eloy + £ [ViD ™ 432 — E+ A%~ 2 A%

where p > 0 is the penalty parameter and A € R™*" is the scaled Lagrangian multiplier. We will apply the
ADMM method to (7712’1), by iteratively solving, for kK =0,1,...,

ZF+1 .= argmin L,(Z, E* AF), (9)
z

EFL .= argmin Ep(ZkH,E,Ak), (10)
E

Ak+1 — Ak + VlD_l + ‘/2Zk+1 _ Ek—i—l )

Next, we detail how to solve the subproblems above.

Update of Z. To update Z, we consider subproblem (9), that is

Zk+1 .= argmin 1] —VaZ|3 (11)
where J := E¥ —V;D~! — A*. Similarly to (4), we can verify that Z**! = V] J is an optimal solution to (11).
Update of E. To update F, we consider subproblem (10), that is

EM = argmin{ | Bz, + 5 1F = V][3}, (12)
where Y := Vi D™ + Vo ZFH1 4 AR

» Proposition 6 (see [25, Proposition 1]). The solution of (12) is given by

Ei ;:{ Wi Vi 1o <|Yil2; -

0, otherwise.



8 Row-Sparse ah-Symmetric Reflexive Generalized Inverses

Initialization of the variables. To initialize the variables, we apply the same ideas discussed in Section 2.1.
Considering now the dual problem of (8),

mgx{tr(D_lﬂTG)) V30 =0,]0;:2<1,i=1,...,n},
we set © := Vi /k, where k := max,—1__, |[Vili, ]|l2, A® := ©/p, and EO := VD=1 + A°,

Stopping criterion. We adopt the same stopping criterion described in Section 2.1. With the primal and dual
residuals at iteration k given respectively by r* := Vi D~ +V,Z% — EF and s* := pVy (E* — EF*~1), the criterion
becomes

¥l e < e*>v/nr + ¢ max { | E*|| ¢, V2 Z* (|7, [ViD 7t |F } (14)
Is*(lr < €/ (n —r)r + & p|| VA" | (15)
In Algorithm 2, we present the ADMM algorithm for (’Pl2 ’1) .

Input: A € R™*" A® e R"*", B0 e R™*", p > 0.

Output: H € R™"*™,

U,%,V :=svd(A), k:=0;

Get Uy, V1, Vo, D7! from U, %, V;

while not converged do

J:=EF —viD™! — AR,

ZM = Vi,

Y :=WViD7! + Vo ZF L 4 AR,

for:=1,...,ndo
if ||Yi.]]2 > 1/p then EFf? .= %Y. ; (see Proposition 6)
else Ef_“ =05

10 AFHL = AR L ViDTY 4 VpZR L — R

11 k:=k+1;

12 H:=ViD U7 + Waz*UT;

®w N O oops W N =

©

Algorithm 2: ADMM for (P;"') (ADMMS, ;)

3 Imposing row sparsity with column-block solutions and local search

[24, Section 3] developed a local-search based approximation algorithm to efficiently calculate an approximate
(vector) 1-norm minimizing ah-symmetric generalized inverse with r := rank(A) nonzero rows. It is very natural
to investigate how well this approximation algorithm does for other norms, in particular the 2,1-norm, which we
emphasize in our present work. Here we show that the same matrix calculated by this approximation algorithm is
also a good approximate 2,1-norm minimizing ah-symmetric generalized inverse. We note that our approximation
factor for the 2,1-norm is much better than what would be obtained by simply applying norm inequalities to the
result for the 1-norm (see Remark 12). Our local search works with “column-block solutions”, as presented in
the following result.

» Theorem 7 ([24, Theorem 3.3]). For A € R™*", let r :=rank(A). For any T, an ordered subset of v elements
from {1,...,n}, let A= A[-,T] be the m x r submatriz of A formed by columns T. If rank(ﬁ) =, let
H:=Af = (ETE)_%ZT. Then the n x m matriz H with all rows equal to zero, except rows T, which are given by
}AI, is an ah-symmetric reflexive generalized inverse of A.

In Appendix A, we consider the cases in which rank(A4) € {1,2}. As was done for the 1-norm in [23], we
use the result in Theorem 7 to address the exact 2,1-norm minimization of ah-symmetric reflexive generalized
inverses for these simpler cases. After observing the difficulty of the exact minimization already for rank 2, we
consider an approximation algorithm for general matrices of constant rank r, as discussed next.

» Definition 8 ([24, Definition 3.5]). For A € R"™*™ let r := rank(A), and S be an ordered subset of r elements
from {1,...,m} such that A[S,-] has linearly independent rows. For T an ordered subset of r elements from
{1,...,n}, and fized € > 0, if |det(A[S,T])| cannot be increased by a factor of more than 1+ € by swapping an
element of T with one from its complement, we say that A[S,T] is a (1 + €)-local maximizer for the absolute
determinant on the set of r X r nonsingular submatrices of A[S,-].
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» Remark 9. [24, Theorem 3.9] showed that a local optimum satisfying Definition 8 can be calculated in
polynomial time (when A is rational), for any fixed e > 0.

» Theorem 10 ([24, Theorem 3.7]). For A € R™*", let r := rank(A), and let S be an ordered subset of r
elements from {1,...,m} such that A[S,-] has linearly independent rows. Choose € > 0, and let A= A[S,T] be
a (14 ¢€)-local mazimizer for the absolute determinant on the set of r x r nonsingular submatrices of A[S,-].
Then the n X m matriz H constructed by Theorem 7 over A= A[-,T], is an ah-symmetric reflexive generalized
inverse of A satisfying |H||y < r(1+ €)|HZ, |1, where H},, is a (vector) 1-norm minimizing ah-symmetric
reflexive generalized inverse of A.

Next, we will show that the constructed H of Theorem 10 has 2,1-norm within a factor of r of the 2,1-norm
minimizing solution as well.

» Theorem 11. For A € R™*", let r := rank(A), and let S be an ordered subset of r elements from {1,...,m}
such that A[S,] has linearly independent rows. Choose € >0, and let A := A[S,T] be a (1 + €)-local mazimizer
for the absolute determinant on the set of r x r nonsingular submatrices of A[S,-]. Then the n x m matriz H
constructed by Theorem 7 over A= A[ T], is an ah-symmetric reflexive generalized inverse of A satisfying
|H|l21 <r(l+¢€)|H, pt||2 1, where H2 pt is a 2,1-norm minimizing ah-symmetric reflexive generalized inverse

of A.

We note that H fp}f defined in Theorem 11 is also a 2,1-norm minimizing generalized inverse of A because as
stated in Section 1, optimal solutions of (P2') automatically satisfy (P2) and (P3) (i.e., they are reflexive and

ah-symmetric).
» Remark 12. Theorem 11 is stronger than the direct consequence of Theorem 10 that can be obtained via norm
inequalities. Specifically, for x € R™, we have ||z|2 < ||z|1 < v/m|z|2 [12, Eq. 2.2.5]. Then, for H € R™"*™,

we have [[Hll2n = 350, [Hilla < 350, [Hilly = [Hly, and [[H|y = 351, [Hilly < vm 3L, [|Hill2 =
Vm| H|l2,1 . Then, for H € R™™ constructed as in Theorem 10 we have |[H |21 < ||[H|l1 < 7(1+ €)||H},ll1 <

r(1+¢€)||H, pt||1 <rym(l+e€)||H, pt||2 1. That dependence on m is concerning, in the context of least-squares
applications, where m can be huge.

To prove Theorem 11, we will work with the convex-optimization formulation for a 2,1-norm minimizing
generalized inverse,

. AHA = A}, (P

and its dual
max {tr(ATW) : [(ATWA).||l, <1, i=1,...,n}. (D3
Next, we present some technical results that will be used to prove our main result.

» Lemma 13. Let T be an ordered subset of v elements from {1,...,n} and A := A[-,T)] be the m x r submatriz

of an m x n matriz A formed by columns T, and rank(A) =r. There exists an r X r matriz E with || E;. AT||2 =1
and E;; = HAI”Q forie{l,...,r}.

Proof. Suppose that A =UXV7 is the compact singular value decomposition of /T where U € R™*" %V € R™",

and ¥ is diagonal. Let V = X7V = [21,..., 2] (5" V7e; = ), and E;; = ”Zz (B = MVV = MVE=2VT,

where M is a diagonal matrix with M;; = Hzl\l ). We know that At = VE~1U". Then Ej; = EE l|zill2 =

@ Taillz —

1=~ 1VTeZ||2 = || U~ 1VTe1||2 = ||A |l2, where the second labt equality follows from orthogonality of U. AlbO,

as AT = VIU", we have E; A" HZ peVET 2VTVEUT = BRI ” elVETIUT = B H2A Because ||z]l2 = |Al |2,
we have ||[E;.AT||y = 1. <
» Lemma 14. Let T be an ordered subset of v elements from {1,...,n} and A := A[-,T)] be the m x r submatriz

of an m x n matriz A formed by columns T, and rank(A) = r. Let E be an r x r matriz such that | E;. A7||y = 1
and E;; = ||AT 2, forie{1,. r} (which exists by Lemma 13). There exists an m x n matrix W such that
ATWA™ = EA" and tr(A™W) = HAT”Q 1-

Proof. Let S be an ordered subset of 7 elements from {1,...,m} such that A := A[S,-] is a nonsingular r x r
submatrix of A formed by rows S. Let W be an r X r matrix and W be an m X n matrix with all elements equal

to zero, except the ones in rows S and columns T which are given by the respective elements in . Choose
W := A~TE, then we have ATWA" = ATW A" = EA™ and tr(ATW) = tr(ATW) =tr(F) = HATHQ 1- <
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We now proceed to prove Theorem 11.

Proof. We will construct a dual-feasible solution with objective value —=—
ware [H 20 < [ Hopell2,1 -

By Lemma 14, we can always choose W such that ATW AT = EA" and tr(A™W) = tr(E) = || At |21 = ||H|2.1
where E is any given 7 x r matrix such that ||E;. AT||s = 1 and Ey; = ||Al ||, fori € {1,...,r}.

So it is sufficient to demonstrate that [[(ATW AT);.||2 < r(1+€) fori =1,...,n (then W is dual feasible),

and tr (AT (ﬁW)) = ﬁ”HHQJ .

First, it is clear that ||(/A1TWAT)v l2 = || Es A\T”Q =1<r(l+¢), for i € T. Now, consider any column b of
Al-, N\ T]. Because rank(A) = r, we have that b= AB, for some B € R", which implies that b= AB, where

det( A (D)
ey = LTe

2,1 - By weak duality, we will

then have

(1+ )

b := b[S]. By Cramer’s rule, where A;(b) is A with column i replaced by b, we have |3;| =

because A is a (1 + €)-local maximizer for the absolute determinant of A[S, -]. Therefore

bW AT||z = [|BTATW AT = |BTEAT s = || Y B Ei ATl

i=1

S NBi- BiATlla =Y |Bil - | B ATy < v(1+ ),

i=1 i=1
where the first inequality comes from the triangle inequality. <

» Remark 15. We wish to emphasize that even though the local search of Definition 8 does not directly consider
either the (vector) l-norm or the 2,1-norm in its operation, Theorems 10 and 11 still provide approximation
guarantees for both. Furthermore, we showed in [24, Example A.1(3)], that the approximation ratio established
in Theorem 10 is essentially the best possible for the 1-norm. Using the same example, we can also show that
the approximation ratio established in Theorem 11 for the 2,1-norm is also essentially best possible.

As emphasized in Remark 15, although our goal is to minimize the 2,1-norm over ah-symmetric reflexive
generalized inverses, the local-search procedure presented above uses instead, the absolute determinant of r x r
nonsingular submatrices of A as a criterion for improving the constructed solution. The advantage of the criterion
used is twofold: it leads to the approximation result shown in Theorem 11 and to a very efficient implementation
based on rank-1 update of the determinant.

Nevertheless, a natural further investigation concerns how the results compare to the solution obtained
by the local search modified to use as a criterion for improving the solution, the actual 2,1-norm of H. More
specifically, the criterion for improving the column-block solution H constructed by Theorem 7, is modified to be
the decrease in its 2,1-norm, or equivalently, the decrease in the 2,1-norm of the M-P pseudoinverse of the m x r
full column-rank submatrix of A being considered. To evaluate how much the 2,1-norm of the M-P pseudoinverse
of the submatrix changes when each column of A[-,T] is replaced by a given column ~ of A[-, N \ T], we use
the next result.

» Proposition 16. Let A := (ai,...,a; ,...,a;) € R™*" with rank(A) = r and v € R(A). Let A be the
matriz obtained by replacing the j1" column of A by ~y, and v = (vy,... JVjy e, Up) = Aty If v; # 0, let

1 T
Ui= v—j(—vl,...,—vj,l,l,—vjﬂ,...,—vr) . Then

- _ r B = 1/2
1A 2 = 151 AL+ (IALIE + 23 (ALY + 521140 13)
i=1
1#]

Proof. Because v € R(A), we have Av = AATy =~. Then, A = AO, where O := (ey,..., €i—1, Uy €jf1s--.,€r)
is non-singular, and we can verify that rank(A) = rank(A) = r and that

AA = AA' D)4 = AO(OTATAO) 1OTAT = A(ATA) AT = AAT.
Then, we have
AA = 404" = AAt = 404" = ATAAT = Ataed = At =04,

where the last implication holds because A has full column rank.
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Then, A= O~ 1AT, with ©~! = (e1,...,€j_1, D, €j41,.--,€), Or equivalently, Zj. = Al + EiA; , for i # j,
and Z; = EjA;_ . So, we finally have

—t B B 1/2 B - 1/2
1AL = (AL + maf) (Al +5,45)7) 7 = (JaL13 + 25l (A])" + 2 aLl)

for i # j, and ||E;H2 = |7, - HA;HQ The result follows. <

» Remark 17. Computing AI,(A;,)T for a given j and all ¢ € {1,...,r} to update the 2,1-norm of the M-P
pseudoinverse, as described in Proposition 16, at every iteration of our local-search procedure, is still quite time
consuming. To address this, we note that g;r‘ = AZT_ + 171»14;_ , for i # j, and E;r, = EjA;-_ . Therefore, defining
W := AT(A")™ we note that it is possible to compute ET(ZT)T by the following.

Wie + 0:0¢|| AL |13 + Wiy + Wyets, i # 4, L # s
il _ _ . . .
(A7) =45 (Wa+ 1471w i#50=j;
2| AL |13, i=j, =3

The update above drastically improves upon computing the A;[_(A}.)T from scratch.

4 Targeting row sparsity with ADMM

It is a common approach to induce row-sparsity for a matrix by minimizing its 2,1-norm, in order to take
advantage of the convexity of the problem addressed (see [25, 16, 18, 13] and [2, Section 6.4.2], for example).
However, we can observe from our numerical experiments, that the ah-symmetric reflexive generalized inverse
of a given matrix A € R"™*™ obtained with this approach, has in general significantly more nonzero rows
than the solution of the local-search procedure described in Section 3, for which the number of nonzero rows,
or equivalently, the 2,0-norm, is r := rank(A), the least possible number. On the other side, we observe that
the solution obtained by the local search has in general much larger 2,1-norm than a 2,1-norm minimizing
generalized inverse. Aiming at matrices with both nice features of having small 2,1- and 2,0-norms, we now
seek an ah-symmetric reflexive generalized inverse with 2,1-norm smaller than the local-search solution and
2,0-norm smaller than the 2,1-norm minimizing solution. Inspired by ideas in [14], we will present ADMM
algorithms to compute an ah-symmetric reflexive generalized inverses for A, with the 2,0-norm limited to
vi=wr+(1- u))||H§p}f |2,0 , where 0 < w < 1, and Hi’,i an optimal solution of (P;'!). More specifically, we
will present ADMM algorithms for nonconvex problems of obtaining a solution Z of ||[V1D™1 + V5 Z |20 < .
Initially, aiming at a more efficient application of the ADMM method, we do not consider the minimization of

the 2,1-norm, so the problem addressed is a nonconvex feasibility problem. Then, we investigate the impact on
the solutions by minimizing the 2,1-norm subject to the same nonconvex feasible set. Our goal is to compare
through numerical experiments, the solutions obtained by the ADMM algorithms proposed next, with each other
and also to the local-search solutions and the solutions of (P;™).

We wish to note that the ADMM approach that we develop, for handling an inequality-constrained mini-
mization problem in one variable by introducing a second variable, an indicator function on the second variable,
and linear linking constraints is a known scheme (at a high level); see [2, introductory passages of Section 5, and
Sections 5.2, 6.2 and 9.1], for example.

4.1 ADMM for limited 2,0-norm

By introducing a variable £ € R™*", we reformulate the feasibility problem of obtaining a solution Z of
H‘/’lDil + VQZ”Q’O < as

min{Zy(E) : E=ViD '+, 7}, (16)
where the indicator function Zy () is defined by

0, X e M;

Ta(X) = {+oo X ¢ M.
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for the set M := {X € R™*" : || X|l20 <7}
The augmented Lagrangian function associated to (16) is

L,(Z,E,\) :=Tu(E)+ g IViD™' + VoZ — E+ A - g 1AL

where p > 0 is the penalty parameter and A € R™*" is the scaled Lagrangian multiplier. We will apply the
ADMM method to (16), by iteratively solving, for kK =0,1,...,

VAR arg;nin L,(Z,E* AF), (17)
E* = argmin £,(Z* E,AF), (18)
AR . Aki%D_l VMt gL

Subproblem (17) is exactly the same as (9). Next, we detail how to solve (18).

Update of E.

M = argmin{Zu (B) + 5 1B = Y5},

where Y := ViD~ ' + V5, Z*+1 + A*. Although M is a nonconvex set, the exact solution for the above subproblem
can be efficiently computed (see [2, Section 9.1]). It is given by the projection of ¥ onto M, which we will denote
in the following by ITx((Y). Iy (Y') keeps the rows of Y with the + largest 2-norms and zeros out the other rows.

Initialization. To initialize the variables, we follow the approach described in Section 2.1 and Section 2.2. But
because of the nonconvexity of (16), instead of considering its dual problem to initialize A, we simply set A° := 0.

As in Section 2.2, we set E := V; D~ 4+ AV,

Stopping criteria Considering the nonconvexity of our feasibility problem, formulated as (16), we stop the
ADMM when a feasible solution is found, i.e., when ||[V; D! + V5Z¥||3 o <, (or when the time limit is reached).

Pseudocode. In Algorithm 3, we present the ADMM algorithm for (16).

Input: A€ R™ " A® e R"¥" E° € R™™" 0 < w < 1, r := rank(A), ||Hfz’;||2,o.
Output: H € R"*™,
U3,V :=svd(A), k:=0;
Get Uy, Vi,Va, D! from U, %, V;
M= {X €R™" ¢ || X|2,0 Swr+ (1 —w)[[H 20}
while not converged do
J:=E"—viD™' — A,
ZH = Vi,
Y :=ViD7 + Vo ZF T 4 AR
EFL = T (Y);
Ak+l = Ak 4 VlD_l +V2zk+l _ Ek+1'
k:=k+1;

H:=ViD™ U] + Vo Z*U7;

© ® N O ;s W N

iy
o

iy
[

Algorithm 3: ADMM for (16) (ADMM; )

4.2 ADMM for 2,1-norm minimization subject to limited 2,0-norm

Next, we introduce variable E € R™ " in (P?') and restrict it to solutions with 2,0-norm limited to =y,
reformulating it as

%ng{HEHg,l : E=ViD' +VaZ, ||E|20 <7} - (19)

Then, we reformulate (19) as

min {[|Ell21 + Zm(E) © E=WViD™ +V22Z}. (20)



Gabriel Ponte, Marcia Fampa, Jon Lee & Luze Xu 13

The augmented Lagrangian function associated to (20) is
_ 2
L,(Z.B,A) = |Ell21 + In(E) + £ WD + 22 = B+ A}, - LA,

where p > 0 is the penalty parameter and A € R™*" is the scaled Lagrangian multiplier. We will apply the
ADMM method to (20), by iteratively solving, for k =0,1,...,

ZF+1 .= argmin L,(Z, EF AR, (21)
z

E*1 .= argmin EP(Z’“H,E,A]“), (22)
E

Ak+1 = Ak + VlD_l + VvQZk-‘,J _ Ek+1.

Subproblem (21) is exactly the same as (9). Next, we detail how to solve (22).

Update of E. To update F, we consider subproblem (22), that is

. _ 2
E**1.— argmin {||E||271 +IM(E) + g [ViD™! + VazE ! - F 4 AkHF}

Ee]R'n Xr

— argmin { | Ell21 + £ |- YII}.} (23)
EEM 2

where Y := Vi D~ 4+ Vo, ZF+1 4 AR,

» Theorem 18. Let EFtL € R™ " be the optimal solution to the unconstrained version of subproblem (23),

that is,

ER = argmin{||E||2.1 + SlIE - Y%} (24)
Let

g(i) = SIYells — 1 BE = SIEE — i, (25)

forie N:={1,...,n}. Let ¢ be the permutation of the indices in N such that g(¢1) > g(d2) > -+ > g(dn).
Then, an optimal solution E¥+1 € R"™¥" of (23) is given by

Ek+1 TIPS
E£+1 = bi- Zfl = (26)
‘ 0, otherwise.

Proof. From (13), we see that
- 2
(i) if 1/p < [|Vi.|l2, then E¥*1 £ 0, and we can verify that g(i) = 2 (||Y,..|\ - %) >0,
(#) if 1/p > ||Yi.||2, then Ef“ = 0, and we can verify that g(i) = 0.
From (i) and (ii), we see that E¥*! = EF+Lif || EF+L||5 o < 7, and the statement of the theorem trivially

follows. Therefore, in the following, we assume that ||Ek+1||270 > . Note that in this case we have that
HE’;JlHQ > 0, for all i <+, so

||E§1+1||2 >0, for all i <~ and ||[EF™ a0 = 7. (27)

Next, we will demonstrate that there is no feasible solution to (23) with a better objective value than that of
E*+1. Let us suppose, by contradiction, that there exists a solution X € R™*" with || X||2,0 < 7, such that

1X o1 + SIX = Y% < I B o + SIE* - Y

P P
= Y WXl + S1Xs — Vil < ST IEE o+ 1B - Vi3, (28)
iEN iEN

In this case, there exists 7 € N, such that

p k Pk
165: 12 + 5 11 — Yills < IEX 2 + §||Ej.+1 ~ Y33 (29)
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Because E*1 is optimal and X is feasible for (24), we must have
P =~ J
112 + 51X = Y3115 > [1E5 o + SI1ES T = Y305, (30)

otherwise we would obtain a better solution than E¥*1 for (24), by replacing its 7-th row with Xj. .
From (29) and (30), we can see that Ejkfl # E?_‘H. Thus, from (26), we have Ej’f_"'l =0, and (29) reduces to

p p
1512 + S 1% — VRS 5!

2
2

Y;

Note that we cannot have X; = 0 in the inequality above, hence we have || Xj.

2> 0and |[EfT; = 0.
Now, we recall that || E¥*1||y9 = v and || X||2,0 < 1, therefore for each 7 that satisfies (29), there must exist a
distinct £ € N \ {J} such that || X, [|2 =0 and ||E§+1||2 > 0. Moreover, because ||E§+1||2 > 0 and ||EJ§+1||2 =0,

~

we see from (26) and (27) that £ € {¢1, ¢s, ... 0y} and 7€ {41, Pyr2, ..., On}, 50 g(£) > g(7), that is

p ~ P p ~ P =k
21,5 1B — DB — V32 213 - NEE o - ZIEET 3. (31)
Also, from (30), we can see that
P =k P ok p 14
P13~ I — 2UBE — 3 = UV 13 — 1 — 205 %33 (32)
From (31) and (32), we have that
2

p
5— 1 X502 — §||Xj- =Y l3

Y;

P 2 k41 P\ Tk+1 2 P
PV g — 1B e - EIEE - V3 2 £

We recall that X; =0 and E*! = 0. Moreover, ||E§+1|\2 > 0, thus Eéf“ = E’g“. Then, the last inequality is
equivalent to

P p
12 + £ — Y3 — 1 BS ), — £ BE - v, |3
k Pk 14
> B + EIEE = V3 - X2 — 21 — Y33,
which we rewrite as

p p
S NEE e + ZUEE — Vil — Xl — 21X Vil <0, (33)
i€{3,}
Taking into account the above, we see that for each 7 that satisfies (29), there is a distinct 0= Z(ﬂ, such
that (33) holds for (3, £(7)). Let N be the set of all indices 7 € N that satisfy (29) and the corresponding indices

~

£(7). Then we have

P P
SIEE e+ 1B = Vi3 = 3 (1Kol + 21 - Yal3)

iEN iEN
P p
=D B o+ B = Yall = X 2 — 511X = Yall3
ieN
p P
+ > B e+ SIBET = Yills — (1 Jla — S11X. — Vi3
iEN\N
<0,
which contradicts (28), showing that there is no better solution than E*¥*! to (23). <

» Remark 19. Tt is possible to verify that the result of Theorem 18 still holds if subproblem (23) is replaced by
the more general problem

EM = argmin } f(E;) + g IE—Y|2%,

EeM

where f : R” — R is nonnegative with f(§) = 0 if and only if 6 = 0. For example, we could have the 2,1-norm in
the objective function of subproblem (23) replaced by the 1-norm or the square of the Frobenius norm.
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» Corollary 20. Let 7 be the permutation of the indices in N := {1,...,n}, such that ||[Yr,. |2 > [Yr-ll2 > -+ >
IYz, |2 - Then an optimal solution of (23) is given by

Ti*

(34)

Yy, [l2—1 . . )
ot Y 1 < Yol and i <
0, otherwise.

Proof. Let us consider F¥+1 as the optimal solution of the unconstrained version of (23) defined in Proposition 6,
that is

(35)

Ti*

1Yy =1/ : ,
ER . { HY"’;HQ Py, if1/p<||Ys |l2;

0, otherwise.

Considering the notation and statement of Theorem 18, it suffices to prove that g(m1) > g(2) > -+ > g(7).

For all 4, such that 1/p < ||Y7,.
_P H (M) Y. —Y,.
5 2 [z, |2

2, we have

p 1Yy, lls = 1/p
P 1Y 3 - H( Yo
2

V.

2

g(mi) =

2

2
p 2 Y7 |2 — 1/P> p ( 1Yz, ]2 — 1/P) 2
=S lE - (R iy, — S (1 - 2 R s
1Y, ( s [ ) i
2
1 1 1
= PIYrlB = 1Yrll2 = — o= = (/oY= /5= ) -
2 P 2p 2 2p

We note that, because 1/p < ||Yz,.||2, we have /2| Y7,.

1/p <||Yzr, |2, and 1/p < [|Y7,.||l2,, as we have ||[Y;,.|[[2 > ||Y7,.||2, we also have g(7;) > g(7¢) > 0. Moreover, for
all 4, such that 1/p > ||Y~.,.||2, we have g(7;) = 0, confirming that g(m) > g(72) > --- > ¢(7,,). Finally, from the
ordering [|Yz,.|l2 > [[Yr,.[l2 = -+ > ||Y7,.|l2, it is clear that |[|[E¥FY |y > [|[E¥FY|e > -+ > |[EFFY|5, completing

the proof. <

29—/ ﬁ > 0. Then, for any pair of indices j, £ with j < ¢,

Initialization of the variables. We initialize the variables with the solution obtained by the ADMM for 2,1-norm
minimization described in Section 2.2.

Stopping criteria. We adopt the stopping criterion described in Section 2.2, additionally requiring that
[1H |20 < -

Pseudocode. In Algorithm 4, we present the ADMM algorithm for (20).

Input: A€ R™*" A°cR™™" E°cR™ ", p>0,0<w< 1, r:=rank(A), ||ng’$||2,0.
Output: H € R"*™,

1 U, 3,V :=svd(4), k:=0;

2 Get U1, Vi,Ve, D! from U, %, V;

8 Mi={X €R" ¢ ||X|l20 <7:=wr + (1 - w)[Hoptll20};

4 while not converged do

5 J:=FEF —viD™t — AR,

6 ZF = vy,

7 Y :=ViD ™! + Vo ZF 4 AF;

8 7 := permutation of indices in {1,...,n}, such that [|[Yr,.|l2 > ||Yr-ll2 > - > || Y7, |2 ;
9 fori=1,...,ndo

10 if |[Yr.]l2 > 1/p & i <y then EFF! .= WYT"; (see Cor. 20)

11 else Effl = 03

12 | A= AR VIDT 4 Ve ZR T - BT

13 k=k+1;

14 H:= V1D U7 + Vo z*UT;

Algorithm 4: ADMM for (20) (ADMMjy ;o)
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5 Numerical experiments

We constructed test instances of varying sizes for our numerical experiments using the MATLAB function sprand
to randomly generate m x n matrices A with rank r, as described in [10, Section 2.1]. The instances considered
in [10] were too small for our experiments, but we considered the results of this previous work by selecting
the formulations for our norm minimization problems as those in which Gurobi and MOSEK performed best,
namely (Piy3) and (Pf’l). We divided our instances into two categories related to m with n := 0.5m, r := 0.25m;
small instances with m := 100, 200, ..., 500 (S1, S2,..., S5) and large instances with m := 1000, 2000, ..., 5000
(L1, L2,..., L5).

We ran our experiments on ‘zebratoo’, a 32-core machine (running Windows Server 2022 Standard): two
Intel Xeon Gold 6444Y processors running at 3.60GHz, with 16 cores each, and 128 GB of memory. We consider

“*’ in column ‘Time’ of our tables, indicates

107 as the tolerance to distinguish nonzero elements. The symbol
that the problem was not solved to optimality because the time limit was reached, and the symbol ‘&’ indicates
that we ran out of memory. We set a time limit of 2 hours for solving each instance. We coded our algorithms in
Julia v.1.10.0.

In our first numerical experiment, we compare the solutions of ADMM); for (Pfy;) with the solutions of
Gurobi, and the solutions of ADMM, ; for (P2') with the solutions of MOSEK. We used Gurobi v.11.0.0 to

solve (Pfys) as a linear-optimization problem:

i >SN Fyj: F—=VoZU] > WV\D7'U], F+V,2U] > -ViD~'U] 3,
e nxXm

ZeR(n—r)x’r i=1 j:1

and we used MOSEK v.10.1.21 to solve (P12 ’1) a second-order-cone optimization problem:

n Dil
i P 3 <t i =1,... .
trélﬂgl) {th elV{ Z] 2_tl, ) , ,n}

ZeR(n—r)Xr =1

Our first goal is to compare solutions and running times of the ADMM algorithms to state-of-the-art
general-purpose convex-optimization solvers. For this comparison, in addition to running the ADMM algorithms
with the stopping criteria described in Section 2.1 and Section 2.2, where the residual tolerances depend not only

on the parameters €2** and ¢*®', but also on the values of the variables that are dynamically updated throughout
the iterations (see (6-7), (14-15)), we also run the ADMM algorithms with a fixed tolerance e for the Frobenius
norms of the primal and dual residuals. With this fixed tolerance, we have a more fair comparison with the
solvers that also work with a fixed tolerance. In the following, we refer to this second version of ADMM; and
ADMM3 1 with a fixed tolerance e, respectively, by ADMM{ and ADMMS , .

Our second goal is to compare the solutions and running times of ADMM; (and ADMMY) to ADMMs
(and ADMMEJ). With these comparisons, we verify whether the different norms used to induce sparsity and
row sparsity are effective and how much we actually lose in sparsity and gain in row sparsity when applying
ADMM,; ; compared to ADMM,; .

In Table 1, we show from the first to the last column, the instance, the method adopted, the different norms
of the solutions and the (elapsed) running time (in seconds). In the second column, the labels identifying the
methods are: Gurobi, ADMM; , and ADMMYS applied to solve (Pfy3) ; MOSEK, ADMM, 1 , and ADMMS ; applied
to solve (Pph).

The following parameters were used.

Gurobi: optimality and feasibility tolerances of 10™%;

ADMM; : 2bs = ¢l .= 1074, p := 3;

ADMME : € := 1074, p := 3;

MOSEK: optimality and feasibility tolerances of 10~°;

ADMM, ; : eabs = ¢rel .= 1077, p =1

ADMMS ;: €:= 1075, p:=1;

We note that we initially tried to select the values of €
ran our experiments with MOSEK using tolerance 10~4, we observed solutions with much higher 2,0-norms than
the solutions of ADMMS ; (probably because MOSEK is using interior-point methods). To get a fair comparison
between MOSEK and ADMMS ; with comparable solutions in terms of row-sparsity, we selected the smaller

abs - crel and e, all equal to 10~*. However, when we
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tolerance of 10~° for both. Finally, the small tolerance of 10~7 was selected for ADMMS, ; to highlight the fast
convergence of this algorithm even for small tolerances, which was not the case for ADMM]; .

Table 1 Comparison between ADMM and solvers

Inst. | Method || H|1 |Hllo [|H|l2,1 ||H]|[2,0 Time (sec)
Gurobi 194.28 3734 39.14 44 6.06
ADMMS¢ 194.28 3733 39.14 44 1.67

S1 ADMM; 194.29 4152 39.13 50 0.32
MOSEK 211.60 3824 36.10 42 1.43
ADMMSJ 211.60 3819 36.10 39 0.08
ADMM; 1 211.60 3819  36.10 39 0.08
Gurobi 539.70 14943 79.91 90 119.21
ADMMS 539.71 14927  79.91 90 71.58

g2 | ADMM; 539.79 16804  79.89 99 3.38
MOSEK 595.24 16222 73.41 84 0.38
ADMMEJ 595.24 16219 73.41 83 0.01
ADMMs ; 595.24 16219 73.41 83 0.02
Gurobi 868.19 33756 119.40 133 2295.54
ADMMS§ 868.19 33702 119.40 134 309.21

s3 | ADMM; 868.42 38962 119.43 150 7.48
MOSEK 972.46 34723 109.98 118 29.96
ADMMSJ 972.47 34729 109.98 117 0.24
ADMMs 972.47 34729 109.98 117 0.33
Gurobi - - - - *
ADMMS 1339.90 64174 163.73 194 870.73

S4 ADMM; 1340.32 73519 163.74 200 11.81
MOSEK 1504.61 67338 150.07 193 2.33
ADMMS ; | 1504.64 66956 150.07 171 0.26
ADMM,; | 1504.64 66956 150.07 171 0.33
Gurobi - - - - *
ADMMS§ 1870.64 100758 208.31 245 1030.52

S5 ADMM; 1871.28 115194 208.31 250 16.20
MOSEK 2102.71 106021 190.28 237 5.48
ADMMSJ 2102.77 105312  190.28 217 0.31
ADMM, ;| 2102.77 105312  190.28 217 0.48
Gurobi - - - - *
ADMMS 4886.76 409821 425.60 492 3178.79

L1 ADMM; 4890.11 471964 425.67 500 47.44
MOSEK 5637.29 437653 384.94 480 40.90
ADMMS5 ,; | 5637.67 435820 384.94 444 1.03
ADMM,; | 5637.67 435820 384.94 444 0.58
Gurobi - - - - *
ADMMS§ 11781.79 1622951 853.10 987 *

1.2 ADMM;, 11799.06 1901119 853.46 1000 141.72
MOSEK 14098.24 1757540 765.78 978 443.30
ADMMS ; | 14099.58 1746738  765.78 891 2.14
ADMM, ; | 14099.58 1746741 765.78 891 2.26
Gurobi - - - - *
ADMMYS |20459.62 3672370 1306.86 1488 *

L3 ADMM; |20495.70 4286145 1307.31 1500 292.84
MOSEK - - - - A
ADMM;I 24904.76 4014677 1160.70 1367 4.25
ADMM, ; | 24904.76 4014676 1160.70 1367 4.05
Gurobi - - - - *
ADMMS |30029.31 6474511 1738.97 1995 *

L4 |ADMM; |30089.82 7595298 1739.63 2000 475.33
MOSEK - - - - A
ADMMS ; | 36984.26 7075074 1547.08 1813 7.65
ADMM, ; | 36984.26 7075080 1547.08 1813 7.23
Gurobi - - - - *
ADMMS |40716.32 10285553 2191.30 2498 *

L5 ADMM; |40805.04 11876100 2192.73 2498 656.24
MOSEK - - - - A
ADMME’I 50516.23 11223830 1947.08 2297 14.40
ADMM,; |50516.22 11223836 1947.08 2297 12.91

From the results in Table 1, we see that with the application of Gurobi to our linear-optimization model
for (Piy3), we can only solve the three smallest instances. ADMMY converges for all small instances and for one
large instance as well. When using the looser dynamic stopping criterion, we have convergence of ADMM; for
all instances tested. ADMMY{ and Gurobi converge to very similar solutions when both converge, but ADMMS
converges much faster, showing the advantage of the application of the ADMM algorithm over our application of
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Gurobi to construct 1-norm minimizing ah-symmetric reflexive generalized inverses. ADMM; , with the dynamic
stopping criterion, converges much faster than ADMMY for all tested instances and, comparing the solutions of
both algorithms, we see only an increase of at most 0.1% in the 1-norm of the solutions obtained by ADMM; ,
although the 0-norms increase by about 10%.

Analyzing now the statistics for ADMMS,; and ADMM3 ;, we see that both algorithms converge for all
instances tested to solutions with the same 2,1-norms, and both take less than 15 seconds on the largest instance.
The ADMM for the 2,1-norm is robust and quickly converges to high-precision solutions. MOSEK did not solve
the three largest instances due to lack of memory, and for the other instances, MOSEK took much longer than the
ADMM algorithms and obtained solutions with the same 2,1-norms. The results in Table 1 show high superiority
of the ADMM algorithm proposed to construct 2,1-norm minimizing ah-symmetric reflexive generalized inverses,
when compared to our application of MOSEK. We note from the 2,0-norms of the solutions, that the minimization
of the 2,1-norm is in fact a more effective strategy to induce row sparsity than the minimization of the 1-norm.
Moreover, we always obtain fewer nonzero rows with ADMM3 ; than with MOSEK.

Finally, we can observe from the statistics in Table 1, that ADMMSj ; converges much faster than ADMM, . In
Figure 1, we illustrate the convergence of these algorithms, showing that the number of iterations for ADMMj ;
is also much lower. Although Figure 1 corresponds to instance L1 only, it illustrates the typical behavior in our

experiments.
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Figure 1 Convergence: ADMM; vs. ADMMos; ; m,n,r = 1000, 500,250 (Instance L1)

We also note from Table 1 that, as expected, ADMMY obtains the sparsest solutions among the four ADMM
algorithms tested, but at a high computational cost. Therefore, if our goal is to compute solutions quickly, we
should note that although ADMMS, ; aims at row sparsity, it is actually more effective than ADMM,; at obtaining
sparse solutions.

Finally, we note that our goal when setting the parameters of the solvers was to achieve the best possible
performance. In the case of Gurobi, this was achieved by letting Gurobi choose the algorithm. We also
experimented with selecting specific algorithms, but Gurobi did not perform well. From the Gurobi log for an
instance, we can see that it starts with a barrier method and then uses a dual simplex method, but this can
change depending on the difficulty of the instance for Gurobi.

For MOSEK, we can see that it recognizes each instance as a conic optimization problem, for which MOSEK
employs a primal-dual interior point algorithm. From MOSEK’s log for some instances, we can see that it performs
many fewer iterations than ADMM3; and ADMMS ;, but each iteration of MOSEK takes much longer than
the iterations of the ADMM algorithm. We can then conclude that, for the instances considered, solving the
linear system of equations to obtain the Newton direction in the primal-dual interior point method iterations is
much more computationally expensive than updating the variables in ADMMS5 ; with the closed-form formulas
presented in Algorithm 2.

In our second numerical experiment, our goal is to verify the efficiency of the ADMM algorithms described in
Section 4 (ADMM; o and ADMMjy 4 /o), in computing ah-symmetric reflexive generalized inverses within the
target 2,0-norm given by wr + (1 — w)||H§;’)1||2,0 , where ng}t is the solution obtained by ADMMS, ; . We also aim
at observing the trade-off between the norms of the ah-symmetric reflexive generalized inverses obtained by these
algorithms while varying w in the interval (0,1). We note that for w = 0, the target 2,0-norm is the 2,0-norm of



Gabriel Ponte, Marcia Fampa, Jon Lee & Luze Xu 19

the 2,1-norm minimizing generalized inverse H, 21;1 , while for w = 1, the target 2,0-norm is r, the smallest possible
2,0-norm of an ah-symmetric reflexive generalized inverse. Then, increasing w in the interval (0,1), we intend to
construct ah-symmetric reflexive generalized inverses with decreasing 2,0-norms, and we would like to see the
impact on the 1- and 2,1-norms of the matrices. We are particularly interested in verifying if the 1- and 2,1-norms
of the solutions obtained by ADMMj ¢ are too large, and how effective ADMM, ; /o is in decreasing the 2,1-norm
with respect to ADMM, o . We recall that the problems addressed by both algorithms are nonconvex, therefore
there is no guarantee of convergence of these ADMM algorithms. The first is a feasibility problem and seeks any
solution within the target 2,0-norm, while the second seeks solutions within the target 2,0-norm and minimum
2,1-norm. We run both ADMM algorithms for the large instances, for w = 0.25,0.50,0.75,0.80,0.90, 0.95, and
compare the solutions obtained with H, fpi and with the local-search solutions described in Section 3. The first
one, denoted in the following by LS, uses the absolute determinant as a criterion to improve a given solution.
The linearly-independent rows and columns of A used to construct its initial solution are obtained from the QR
factorization of A. The second one, denoted in the following by LS ; , starts with the solution of LS, and try to
improve it using the 2,1-norm as the criterion for improvement. In this case, the result in Proposition 16 is used
in the implementation. We recall that both local-search procedures construct ah-symmetric reflexive generalized

inverses with 2,0-norms equal to r.

Table 2 ADMMs o / ADMM, o for target 2,0-norm, for various w

Inst. | Method |H 1 I1H |lo |H |21 |H|]2,0 | Time (sec)
ADMM> 1 5637.7 435820 384.9 444 0.6
w = 0.25 6044.9  5796.4| 388481 388547 | 393.5 387.1 395 0.8  26.9
w = 0.50 6836.2  6325.5| 341730 341640 411.6 398.7 347 1.4 20.2
w =0.75 8956.9  7686.8| 293605 293557 | 483.2 441.9 2981 3.2 26.3

L1 |w=0.80 9759.6  8691.6 | 283825 283825| 512.1 474.1 2881 3.8  36.9
w = 0.90 12467.8 11164 | 265108 265133| 613.0 566.2 269 81 426
w = 0.95 15223.1 13143.9| 255298 255287 | 729.5 643.8 259 | 19.5 33.1
LS 10797.9 246392 589.9 250 4.4
LS2,1 10452.9 246373 570.5 250 9.4
ADMM: 1 14099.6 1746741 765.8 891 2.3
w =0.25 15084.8 14576.0 | 1557984 1558091 | 781.5 769.2 793 2.8 220
w = 0.50 17169.9 16068.1 | 1367070 1366850 | 807.8 790.0 695| 54  85.6
w=0.75 23083.7 20739.7| 1173280 1175007 | 932.4 883.6 597| 11.6  93.1

L2 |w=0.80 26747.9 22149.5|1133992 1137706 | 1020.3 915.0 578 | 12.6  83.7
w = 0.90 34401.6  30997.8 1061345 1061284 |1231.7 1138.1 539 | 81.8 155.5

w=095 | 51969.9 40647.4|1022152 1022053 | 1734.5 1412.2 519 (273.3 272.9

LS 32796.0 984545 1272.5 500 15.2
LS2.1 31583.0 984526 1232.4 500 66.2
ADMMo 1 24904.8 4014676 1160.7 1367 4.0
w = 0.25 26922.6 25896.1| 3568117 3567608 | 1184.4 1166.2 1212 6.9 114.5
w = 0.50 32515.0 29371.3|3116491 3115482|1249.9 1206.6| 1058| 15.1 121.1
w=0.75 45489.9 40631.5 | 2660981 2663715 | 1482.5 1395.7 904 | 28.1 183.0
L3 |w=0.80 51695.7 45042.0 | 2568254 2572501 | 1609.5 1485.9 873 | 34.8 287.2
w = 0.90 70276.9 61176.6 | 2387213 2389950 | 2027.8 1826.9 811 | 69.1 283.6
w = 0.95 94905.5 83185.4| 2298796 2298668 | 2580.9 2322.2 780(376.9 589.0
LS 69338.6 2209609 2131.2 750 26.8
LSa1 62062.7 2208832 1974.1 750 380.4
ADMM5 ; 36984.3 7075080 1547.1 1813 7.2
w = 0.25 40413.6  38780.2 | 6302160 6301531 | 1582.1 1556.5 1609 | 9.2 1475
w = 0.50 49000.8 44611.0 | 5519866 5517665 |1665.2 1612.3| 1406| 19.6 225.8
w = 0.75 69070.6  60934.9|4722393 4727485 |1967.3 1839.5 1203 | 35.5 4378
L4 |w=0.80 77766.4 68502.2 | 4559968 4567287 |2117.3 1964.7| 1162| 42.6 423.8

w=0.90 |112003.5 93549.8|4247329 4250758 |2747.0 2417.1 1081(103.0 727.3
w=0.95 |154855.3 129358.9 | 4086725 4090408 |3592.4 3125.0 1040 | 183.5 864.6

LS 124026.2 3932651 3162.3 1000 93.9
LS2,1 111118.3 3932550 2902.5 1000 1335.4
ADMM 1 50516.2 11223836 1947.1 2297 12.9

w = 0.25 55039.3  53092.0 9971973 9981248 | 1987.4 1958.6| 2035| 10.4 126.2
w = 0.50 66928.5 61609.2| 8713776 8715794 |2091.4 2033.1 1773 | 24.3 681.0
w=0.75 95752.6 84276.1| 7426600 7439856 | 2478.9 2329.6 1511 | 48.7 456.6
L5 |w=0.80 [106328.0 93241.4|7172048 7185451 |2636.9 2461.0 1459 | 61.0 668.3
w=0.90 |161475.1 131572.0| 6661864 6672091 | 3563.9 3073.8 1354 136.8 935.5
w=0.95 |222013.5 185469.1 | 6413109 6412843 |4653.3 4009.2 1302 | 332.1 1214.1
LS 195014.1 6160665 4401.7 1250 192.4

LS21 168359.4 6159949 3893.4 1250 5256.7

In Table 2, we have the same information presented in Table 1. In the second column, we identify the methods
addressed. For each value of w, we have in each column, first the information for ADMMsj, and then for
ADMMy 1 /o - Both algorithms always obtain solutions with the target 2,0-norm, and therefore, there is only one
result for ||H||2,0 for each w. Next, we present some important details about these algorithms.

For ADMM; 4 and ADMM, ; 9, we consider H;. to be a row of all zeros if || H;. |2 < 105,
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The parameter p is not used in the calculations of ADMM; o, so any p > 0 could be used to define the

augmented Lagrangian function considered in Section 4.1.

For ADMMS, ; 0 , we consider p := 10% until we obtain ||H|[2,0 <~ and the Frobenius norm of the primal

residual is less than 10~4. Then we update p at each iteration if the Frobenius norm of the primal residual

remains less than 1074, by setting p := p/a, where o ranges from 2 to 1, starting at the largest value. The
convergence of ADMM for a nonconvex problem is not guaranteed; and the selection of p described above was

important to obtain convergence of ADMM, ;o for all tested instances (see, for example, [2, Section 3.4.1],

for a discussion of the update of p in the ADMM algorithm). The large value of p used to start the algorithm

is related to the observed difficulty in satisfying the nonconvex constraint. Large values for p leads to a fast
convergence of the primal residual to zero, so we were able to satisfy |H|2,0 < y. However, with large p we
have very slow convergence of the Frobenius norm of the dual residual to zero. Therefore, when we have
|H|l2.0 < v with Frobenius norm of the primal residual less than 1074, we set p := p/a, if the Frobenius

norm of the primal residual remains less than 1074, Otherwise, we iteratively decrease o and then update p,

until the Frobenius norm of the primal residual remains less than 10~% with the current p or o = 1.

For ADMMj ; /g , in addition to using the solution of ADMM3 ; to initialize the algorithm, we experimented

with initializing it with the solution of ADMMj o, however, in this case the algorithm failed to converge for

some instances.

For ADMM, ; /o, we set the parameters eabs = erel .— 1074,

From the results presented in Table 2, we can observe that ADMM; o computes ah-symmetric reflexive
generalized inverses with the target 2,0-norms for all instances and all values of w in less than 400 seconds.
Increasing w leads to slower convergence (in Figure 2, we illustrate this result, where we see a better behavior of
the algorithm for w < 0.80). Despite disregarding the 1- and 2,1-norms in the formulation of problem (16), for
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Figure 2 Norms per iteration: ADMM for target 2,0-norm wr + (1 — w)||H§1;1t||2’0; m,n,r =
1000, 500, 250 (Instance L1)

which ADMMj, g is applied, the trade-off between the 2,0-norm and the 1- and 2,1-norms when w increases is very
clear from the results in Table 2. The 1- and 2,1-norms of the solutions are relatively small, probably because we
start ADMM3, ¢ with a Frobenius-norm minimizing solution (see discussion in Section 2.1). This initialization
was, in fact, very important in this case. When using different initializations we observed solutions with large
1- and 2,1- norms. For w = 0.80, for example, we see that ADMMS, ( is an excellent approach to construct
fast structured ah-symmetric reflexive generalized inverses with small 2,1-norms for our test instances, when
compared to the 2,1-norm of the local-search procedures, even LSy 1, that can actually obtain solutions with
significant smaller 2,1-norm than LS, but at a high computational cost. We note that ADMMj; g, for w = 0.80,
scales even better than the fastest local-search LS, converging in 61 seconds for the largest instance while LS
takes 192.4 seconds to converge. The number of nonzero rows in the solutions obtained with w = 0.80 is always
small when compared to H, 021,1 , and the 1- and 2,1-norms are always small when compared to the local-search
solution. Observing now the results for ADMM, ; /o , we see that it is effective in obtaining solutions with smaller
2,1-norm than ADMM5 o, but again, at a much greater computational cost. An important observation from
our experiments is that, with our parameter settings, the ADMM algorithms proposed for the two nonconvex
problems addressed in Section 4, converge for all tested instances.
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Figure 3 is a visual representation of the “L5 block” of Table 2. We are comparing ADMM3 o and ADMMj3 ; /9,
varying w € {0.25,0.50,0.75,0.80,0.90,0.95}, to obtain a row-sparse solution, for the largest instance that we
have considered. Additionally, we compare ADMMj ; (at the left of the figure), and the local searches LS and
LS2,1 (at the right of the figure). In blue, we show the 2,1-norms of the solutions, scaled by 1/2 for convenience.
The solid blue line corresponds to ADMM3 g and the dashed blue line corresponds to ADMMy ;g . In red, we
show the 2,0-norms of the solutions; they are the same for ADMMj g and ADMM3 ; /o . Under the horizontal axis,
the first row indicates the algorithm, with the numeric values corresponding to w for ADMMj3 g and ADMM, 4 /g .
The second row indicates the running times for ADMM, ; , ADMM, ¢ for each w, LS and LSy ; . The third row
indicates the running times for ADMM, ; /.

There is no overall winner, and the best choice depends on considering the 2,0-norm, the 2,1-norm, and
the elapsed time. For modest to moderate values of w, say w € {0.25,0.50,0.75,0.80}, we can see a reasonable
trade-off in 2,0-norm vs. 2,1-norm, and with a modest but increasing elapsed time. For the larger values of w, we
pay a large penalty in the 2,1-norm for further decrease in the 2,0-norm, and the elapsed time grows as well.
Still, some user might prefer the solution of say ADMMjy ; /o at w = 0.95 to the local search LS, giving a lesser
2,1-norm and only slightly greater 2,0-norm, albeit with a much greater elapsed time. If one is willing to suffer
a very long elapsed time, the local search LSy ; dominates both the 2,1-norm and 2,0-norm of ADMMjy ; /¢ at
w = 0.95.

——— 0.5]|Hlly, [ Hls, o
2350
°
Q@
2000 |
[6)
T 1650 |
1300 |
® ®
950 L@ I

ADMM, , 0.2|5 0.5’;0 0.%5 o.éo o.a;o 0.55 LIS LS,
[12.9] [10.4] [24.3] [487]  [61.0] [136.8] [3321] [192.4] [5256.7]
[126.2] [68L.0] [456.6] [668.3] [935.5] [12141]

Figure 3 Comparison of our algorithms aimed at row-sparsity on a large instance

6 Conclusions

The results from the numerical experiments performed in this work show that the four ADMM algorithms
developed are effective in obtaining sparse and row-sparse ah-symmetric reflexive generalized inverses. It
is important to note that only two of the four ADMM algorithms address convex optimization problems,
and there is no guarantee of convergence for the other two. Nevertheless, all four of the algorithms obtain
good results and always converge. The code and data associated with our experiments can be obtained at
https://github.com/GabrielPonte/admmGinv/.

If ensuring convergence to the global optimum is an important point, the algorithms ADMM; (aimed at
inducing sparsity) and ADMMj,; (aimed at inducing row-sparsity) are well suited, as they address convex
optimization problems. Both algorithms converge faster than general-purpose optimization solvers. Comparing
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both algorithms, the convergence of ADMMsy ; is much faster than ADMM); , and it converges in many fewer
iterations. ADMMy ; is robust and quickly converges to high-precision solutions. As expected, the minimization
of the 2,1-norm is more effective than the minimization of the 1-norm if we are aiming for low 2,0-norm (i.e.,
row-sparse solutions). But if we seek low 0-norm (i.e., sparse solutions), we naturally should instead minimize the
1-norm. ADMMY obtains the sparsest solutions, but we can expect a high computational cost to have convergence
to such solutions. If we are aiming for sparse solutions computed quickly, then ADMMj;; and ADMMS ; are
preferred to ADMMj .

If we do not require guaranteed convergence to a global optimum, the ADMM algorithms developed for the
nonconvex problems addressed, where we limit the number of nonzero rows in the solution, are very effective in
obtaining row-sparse solutions. Moreover, interesting solutions can be obtained with these algorithms by varying
the number of nonzero rows allowed. Decreasing this number from the 2,0-norm of the 2,1-norm minimizing
ah-symmetric reflexive generalized inverse of a given matrix A, until it approaches the minimum number of
rows (given by rank(A)), we see an increase in the 1- and 2,1-norms of the solutions. With an appropriate
number of nonzero rows allowed, ADMMj; ( becomes an excellent approach to quickly construct structured
ah-symmetric reflexive generalized inverses with small 2,1-norms. ADMMS5 ( scales even better than our fastest
local-search. ADMMj ;g , is effective in obtaining solutions with smaller 2,1-norm than ADMM; o, but at a
much greater computational cost. If one insists on a solution with minimum 2,0-norm, then the local searches
are quite appropriate. In summary, there is no overall winner, and all of our algorithms have their use, as one
trades off 2,0-norm, 2,1-norm and elapsed time.

We note that the ADMM algorithms for the 1- and 2,1-norms presented in Section 2.1 and Section 2.2 have
their convergence guaranteed to an optimal solution by general convergence results for ADMM algorithms that
can be found, for example, in [2, Section 3.2]. The nonconvexity of the feasibility problems addressed in Section 4
precludes the direct use of these results. There are convergence results for ADMM applied to nonconvex problems,
but the ones that we are aware of (for example, [22]) do not apply to our situation. Nevertheless, because we
were able to get practical convergence for our nonconvex ADMMSs, exploring a theoretical reason for this looks
to be a promising direction for future research.

ADMM is just one proximal-gradient algorithm, and there are other such algorithms, and relatives as well.
We see our work as opening the door for examining whether any other algorithms of this type may further
improve the state-of-the-art for the computation of row-sparse ah-symmetric reflexive generalized inverses.
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A Ranks one and two

Following the ideas of [23], we consider the construction of a 2,1-norm minimizing ah-symmetric reflexive
generalized inverse based in Theorem 7, for the cases where rank(A) € {1,2}.

» Theorem 21. Let A be an arbitrary m x n, rank-1 matriz. Choose any row s € {1,...,m} (except a zero row),
then define t := argmax ;{|Ag;| : j = 1,...,n}. Let @ be column t of A. Then the n x m matriz H constructed by
Theorem 7 over a, is an ah-symmetric reflezive generalized inverse of A with minimum 2,1-norm.

Proof. First, note that ||af|ly = ||(@"a)~'a"||s = ‘ WZL\T = m, and construct W from Lemma 14 with
2 2
E = |af||z. As we have a rank-1 matrix, W is an m x n matrix with all elements equal to zero except
Wst = ||af||2/Ast . Then, ATW is a matrix with all elements equal to zero, except for column ¢ which is
o AsllaTly Ay o AsiAy § = Al ey o [Asd
(ATW);; = 4o 2 = A, then (ATW AT, = Foeit and so [(ATW AT |2 = AT llalls = 3o s for

alli=1,....,n,5=1,...,m.
For ¢ =t we have an active dual constraint, and for i # t we have ||[(ATW A");.||]2 < 1. Then by weak duality,

we have that the constructed H is optimal for (P}™"). <

Generally, when rank(A) = 2, we cannot construct a 2,1-norm minimizing ah-symmetric reflexive generalized

inverse based on the column-block construction. Even under the condition that A is totally unimodular and

m = r, we have the example: A := [} {]. We have an ah-symmetric reflexive generalized inverse with minimum
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L [ 3+v3 V3-3
=%

2,1-norm %= (1 +V3 ) 3—-v/3 3—3 } . However, the three ones based on our column block construction
V3-3 34+V3

have 2,1-norm 1 + /2, 2, 1 + /2, respectively.

Next, we demonstrate that under an efficiently-checkable technical condition, when rank(A) = 2, construction
of a 2,1-norm minimizing ah-symmetric reflexive generalized inverse can be based on the column block construction.
Let T be an ordered subset of r elements from {1,...,n} and A := A[-,T] be the m x r submatrix of an m x n
matrix A formed by columns 7', and rank(/Al) =r. Let S be an ordered subset of r elements from {1,...,m},
such that A := A[S,T)] is a nonsingular matrix.

» Lemma 22. Let k € {1,2} and o(k) := {1,2} \ {k}. For rank 2, |A] |3 = %

Proof. We have Al = (ATA)7'A, then ||A] |2 = (ATA) P ATA((ATA)H)T = e (ATA) )T = (ATA)ley, =

A oll3
(A4 = FRTPATTR <

» Theorem 23. Let A be an arbitrary m x n, rank-2 matriz. For any j1,j2 € {1,...,n}, with j; < jo, let
A= [@;, a;,] be the m x 2 submatriz of A formed by columns j1 and jo. Suppose that ji,js are chosen to
minimize the 2,1-norm ofﬁ = A among all m x 2 rank-2 submatrices of A. Every column b of A, can be
uniquely written in the basis a;,,a;,, say b= Biaj, + Paaj, . Suppose that for each such column b of A we have
|B1] + |B2| < 1. Then the n x m matriz H constructed by Theorem 7 based on ﬁ; is an ah-symmetric reflexive
generalized inverse of A with minimum 2,1-norm.

Proof. Let oy := || Al ||2/||A2||2 and ay := || AL ||2/||A.1]|2, and construct W from Lemma 14 with

1ALl —an AL A,
—apAT A, AL,

)

so ATWAT = EA", and let k € {1,2} and o(k) := {1,2} \ {k}. Then we have

AT T AT ||‘;{]L||2 T T nan n
(AW AN |3 = || EpAT|5 = =222 (HA-kH%”A-a(k)Hg —( ‘kAvo—(k))QHAﬁ(k)”g)
A0kl

IALIZ (% ons a7

B A, T| A RIZNA o 13 = (AT Aox)?)

_ ||A£.||2 T AL (A4 _(AA N _IIALIB e

= == (AT Ak (A" A) o (k)0 (k) = (AT A) ko) (AT A)o (i) = =5 det(AT4) =1,
Ao r)ll3 Ao (k)ll3

where the last equation comes from Lemma 22. As b = Bia;, + [2a;j, , then

[57W AT}y = [|B1a], WAT + Bol, W AT|y < |82}, WAT [ + || B, WA
— [84] - G, W ATz + [Ba] - @, WATll2 = 18] + |l

where the inequality comes from the triangle inequality. Then |81| + |B2] < 1 = HEWAT”Q < 1, so by weak
duality, we establish that the constructed H is optimal. <
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