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Abstract In this paper, we present a majorized semismooth Newton-CG augmented
Lagrangian method, called SDPNAL+, for semidefinite programming (SDP) with
partial or full nonnegative constraints on the matrix variable. SDPNAL+ is a
much enhanced version of SDPNAL introduced by Zhao et al. (SIAM J Optim
20:1737-1765, 2010) for solving generic SDPs. SDPNAL works very efficiently for
nondegenerate SDPs but may encounter numerical difficulty for degenerate ones. Here
we tackle this numerical difficulty by employing a majorized semismooth Newton-
CG augmented Lagrangian method coupled with a convergent 3-block alternating
direction method of multipliers introduced recently by Sun et al. (SIAM J Optim, to
appear). Numerical results for various large scale SDPs with or without nonnegative
constraints show that the proposed method is not only fast but also robust in obtaining
accurate solutions. It outperforms, by a significant margin, two other competitive pub-
licly available first order methods based codes: (1) an alternating direction method of
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multipliers based solver called SDPAD by Wen et al. (Math Program Comput 2:203—
230, 2010) and (2) a two-easy-block-decomposition hybrid proximal extragradient
method called 2EBD-HPE by Monteiro et al. (Math Program Comput 148, 2014).
In contrast to these two codes, we are able to solve all the 95 difficult SDP problems
arising from the relaxations of quadratic assignment problems tested in SDPNAL to
an accuracy of 1079 efficiently, while SDPAD and 2EBD-HPE successfully solve
30 and 16 problems, respectively. In addition, SDPNAL+ appears to be the only
viable method currently available to solve large scale SDPs arising from rank-1 tensor
approximation problems constructed by Nie and Wang (SIAM J Matrix Anal Appl
35:1155-1179, 2014). The largest rank-1 tensor approximation problem we solved
(in about 14.5 h) isnonsym (21, 4), in which its resulting SDP problem has matrix
dimension n = 9261 and the number of equality constraints m = 12,326,390.

Keywords Semidefinite programming - Degeneracy - Augmented Lagrangian -
Semismooth Newton-CG method

Mathematics Subject Classification 90C06 - 90C22 - 90C25 - 65F10

1 Introduction

Let K be a pointed closed convex cone whose interior int(K) # ¢ and P be a
polyhedral convex cone in a finite-dimensional Euclidean space X" such that NP is
non-empty. For any cone C € X', we denote the dual cone of C by C*. For any closed
convex set C C A, we denote the metric projection of X onto C by Il¢(-) and the
tangent cone of C at X € C by 7¢(X), respectively. We will make extensive use of the
Moreau decomposition theorem in [11], which states that X = TI¢(X) — e« (—X)
for any X € X’ and any closed convex cone C € X'. Let S” be the space of n x n real
symmetric matrices and S’} be the cone of positive semidefinite matrices in S”. In
this paper, we focus on the case where X = §", K = K* = S'}. We are particularly
interested in the case where P = SQO, the cone of n x n real symmetric matrices
whose elements are all nonnegative, though the algorithm which we will design later
is also applicable to other cases. For any matrix X € S", we use X > 0 to indicate
that X is a real symmetric positive definite matrix.

Consider the semidefinite programming (SDP) with an additional polyhedral cone
constraint, which we name as SDP+:

P) max{(—C, X)| AX)=b, XeK, XeP} (1)

where b € " and C € X are given data, A : X — 9N is a given linear map whose
adjoint is denoted as A*. Note that P = X is allowed in (1), in which case there is no
additional polyhedral cone constraint imposed on X. We assume that the matrix 4.A4*
is invertible, i.e., A is surjective. The dual of (P) is given by

(D) min{(=b, y) | A*(N+S+Z=C, SeK*, ZeP. 2)
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The optimality conditions (KKT conditions) for (P) and (D) can be written as follows:

AX)=b=0, A* ()W +S+Z-C=0, 3)
(X, §)=0, Xek, SeK* (X, Z2)=0, XeP, ZeP*~

In order for the KKT conditions (3) to have solutions, throughout this paper we
make the following blanket assumption.

Assumption 1 (a) For problem (P), there exists a feasible solution Xy € S’} such
that

AXo)=b, Xo>0, XoeP. 4)

(b) For problem (D), there exists a feasible solution (yg, So, Zo) € " x S x S"
such that

A" o) +So+Zo=C, So>0, ZoeP 5)

Itis known from convex analysis (e.g, [3, Corollary 5.3.6]) that under Assumption 1,
the strong duality for (P) and (D) holds and the KKT conditions (3) have solutions.

For a given o > 0, define the augmented Lagrangian function for the dual problem
(D) as follows:

o
Lo(y,S,Z; X) = (—b, y)+ (X, A*y+S+Z—C)+EIIA*y+S+Z—C||2
o 1
= (b, y>+5||A*y+S+Z+o”X—C||2—Euxnz, (6)

where X € X,y € W, S € K*, Z € P*. We can consider the following inexact
augmented Lagrangian method to solve (D). Specifically, givenog > 0, (y°, §°, 2%)
N x KC* x P*, perform the following steps at the (k + 1)th iteration:

(YL, s 2Ky~ argmin{ L, (v, S, Z; X5) | y e W™, S € K*, Z € P*),
(7a)
Xk+l — Xk +O,k(A*yk+l + Sk+l + Zk+1 _ C), (7b)

where oy € (0, 400),k =0, 1, ... For a general discussion on the convergence of the
augmented Lagrangian method for solving convex optimization problems and beyond,
see [18,19].

Note that problem (P) can be reformulated as a standard SDP in the primal form by
replacing the constraint X € P with two constraints X — Y =0 and Y € P. In [26],
SDPNAL introduced by Zhaoet al. is applied to solve such a reformulated problem.
It works quite well for nondegenerate SDPs, especially those without the constraint
X € P. However, many of the tested SDPs (with the constraint X € P) in [26] are
degenerate and SDPNAL is unable to solve those problems efficiently. Motivated by
our desire to overcome the aforementioned difficulty in solving degenerate SDPs and
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to improve the performance of SDPNAL, we present here a majorized semismooth
Newton-CG augmented Lagrangian method by directly working on (P) instead of
its reformulated problem. We call this new method SDPNAL+ since it is a much
enhanced version of SDPNAL and it is designed for SDP+ problems (P). We should
emphasize that the technique of majorization plays a pivotal role in solving the inner
problem (7a), which leads to an alternating minimization between the blocks (y, §)
and Z.

The remaining parts of this paper are organized as follows. In Sect. 2, we introduce
amajorized semismooth Newton-CG method for solving the inner minimization prob-
lems of the augmented Lagrangian method and analyze the convergence for solving
these inner problems. Section 3 presents the SDPNAL+ dual approach. Section 4 is
on numerical issues. There we report numerical results for a variety of SDP+ and
SDP problems. We make an extensive numerical comparison with two other competi-
tive first order methods based codes: (1) an alternating direction method of multiplier
(ADMM) based solver called SDPAD by Wen et al. [25] and (2) a two-easy-block-
decomposition hybrid proximal extragradient method called 2EBD-HPE by Monteiro
et al. [10]. Numerical results show that SDPNAL+ is both fast and robust in achieving
accurate solutions.

For the first time, we are able to solve all the 95 difficult SDP problems arising
from the relaxations of quadratic assignment problems (QAPs) tested in SDPNAL
to an accuracy of 107 efficiently, while SDPAD and 2EBD-HPE successfully solve
30 and 16 problems, respectively. In addition, SDPNAL+ appears to be the only
viable method currently available to solve large scale SDPs arising from rank-1 ten-
sor approximation problems constructed by Nie and Wang [12]. The largest rank-1
tensor approximation problem solved is nonsym (21, 4), in which its resulting SDP
problem has matrix dimension n = 9261 and the number of equality constraints
m = 12,326,390. Finally, in order to demonstrate the power of the proposed majorized
semismooth Newton-CG procedure, we list the numerical results by only running the
convergent ADMM with 3-block constraints (ADMM+ in short) introduced by Sun
et al. [22]. As one may observe, although ADMM+ outperforms both SDPAD and
2EBD-HPE, it can still encounter numerical difficulty in solving some hard prob-
lems such as those arising from QAPs to high accuracy. The superior numerical
performance of SDPNAL+ over solvers based purely on first order methods such
as SDPAD and 2EBD-HPE clearly shows the necessity of exploiting second order
methods such as the semismooth Newton-CG method in order to solve hard SDP+
and SDP problems to high accuracy efficiently. While there has been a recent focus
on using first order methods such as those based on ADMM or accelerated proxi-
mal gradient methods to solve structured convex optimization problems arising from
machine learning and statistics, the extensive numerical results we obtained here for
matrix conic programming problems serve to demonstrate that second order methods
with good local convergence property are essential, if used wisely, for mitigating the
inherent slow local convergence of first order methods, especially on difficult prob-
lems.
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2 A majorized semismooth Newton-CG method for inner problems

Leto > 0and X € S” be fixed. In this section we will present a majorized semi-
smooth Newton-CG method for solving the following inner problems involved in the
augmented Lagrangian method (7a):

min{¢(y, S, Z) :=L,(y, S, Z: X) | y e W™, SeK* ZeP*. )

Note that problem (8) is the dual of the following problem:
1 ~
max[(—C,X} — 2—||X—X||2 | AX)=b, XeKk, XePl. (9
o

Since the objective function in (9) is strongly concave, (9) has a unique optimal solu-
tion. In order for its dual problem (8) to have a bounded solution set, we need the
following generalized Slater condition.

Assumption 2 There exists a positive definite matrix Xo € S Nrelint(P) such that
A(Tp(Xp)) = R", Xo >0, (10)

where relint (P) denotes the relative interior of P.

Note that in (10), 7p(Xp) is actually a linear subspace of S as X is assumed to
be in the relative interior part of the polyhedral cone P. When P = §”, Assumption 2
is equivalent to saying that

HA:S”efﬁmisonto, (11

3 Xo € 87 such that A(Xp) =b, Xo > 0.

From [17, Theorems 17 and 18], we have the following useful lemma.

Lemma 2.1 Suppose that Assumption 2 holds. Then for any a € 0N, the level set
Ly ={(,S,Z) e N xK*xP* | ¢p(y, S, Z) < a}isaclosed and bounded convex
set.

2.1 A majorized semismooth Newton-CG method
Consider (y, §, Z) € argmin{p(y, S, Z) | y e ", S € K*, Z € P*}. Let
C=C-0"'X.

Then we must have Z = I p« (5 —A*y — S). Therefore, problem (8) is equivalent to
the following optimization problem:

min {@(y, S) = (=b, y) + %HHP(.A*)/ +S—O|yen", Se IC*} .
(12)
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In order to introduce our majorized semismooth Newton-CG method for solving
(12), we need to majorize the second part of the objective function in (12) by a
convex, but not necessarily strongly convex, quadratic function. Specifically, for given
(yl, Sl) e R x K*and [ > 0, since

ITIp(A*y + 8 — O)|1> < ITIp(A*y + ' = O)|> + |4 y + S — Ay — 8|2
+2(Mp(A*y + 8 = C), Ay + 85— A%y — §)
= |A*y +S+Z - C|?,

where Z! := Tlps (C — A*y! — 81, we know that for (y, S) € R x S,

o o~
@(y,S) < (=b, y)+ EIIA*y +S+ 27z —C|?

o ~ —~
=iy, §) = (=b, ) + S I Ay +5 +o ' X -CNA 13)

where C! := C — Z!. Thus ¥; is a majorization function of @ at (y!, S') because
Yy, 8 = (!, S and ¥ (v, S) = ®(y, SV(y, S) € W™ x S". In order to find
an optimal solution for problem (12), for/ = 0, 1, .. ., we solve the following problem

min{¥(y, S) | y e R", S e KL} (14)

Observe that if (y, S) € argmin{¥;(y, S) | y € W", § € K*}, then we must have
S = M+ (C' — A*5 — 071 X). Thus we can compute y'*! and S'*! simultaneously
as follows:

. o s o= !

y'*! € argmin {soz(y):=<—b, M+ IMcAy+o IX-ChP | yemm},
(15a)

S = My (C! = A%y — 671X, (15b)

Note that we can only solve problem (15a) inexactly by an iterative method. Here we
will introduce a semismooth Newton-CG (SNCG) method for solving (15a). Specifi-
cally, for fixed X, C € §", we need to consider the following problem of the form

min {g(y) = (b, ) + TNy +0~ X =OF [yen"}. (16

The objective function in (16) is continuously differentiable and solving (16) is equiv-
alent to solving the following nonsmooth equation:

Vo(y) = Al (X + 0 (A*y —C)) —b =0, yenR". (17)

Since Iy (+) is strongly semismooth [21], we can design a SNCG method as in [26]
to solve (17), and expect fast superlinear or even quadratic convergence.
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Let y € N be fixed. Consider the following eigenvalue decomposition:
X+o0(A5-C)=0T; 0, (18)
where Q € R™" is an orthogonal matrix whose columns are eigenvectors, and

I'5 is the diagonal matrix of eigenvalues with the diagonal elements arranged in the
nonincreasing order: Ay > A > --- > A,. Define the following index sets

a={i|r >0}, a:={i]|Ar <0}

We define the operator Wg : 8" — S" by

WY(H):= Q(£0(Q'"HQ)Q", HeS", (19)

[P

where “o”” denotes the Hadamard product of two matrices and

_ )\’
5 = | Boa Vea | vj=—rt— ica, jea, (20)
Vo 0 Ai =X

where Eqq € 81! is the matrix of ones. Define V}? : W — S by

ygd =0 A[Q(Z o (Q"(A*d) 0)) O"1, d e N". 21
For any y € 0", define
3p(y) =0 Ao (X + o (A*y — C))A*, (22)

where 3T (X + 0 (A*y — C)) is the Clarke subdifferential of ITx () at X + o (A*y —
C). Note that from [9], we know that

3’e()h = *p()h Vh € ®", (23)
where 3% () denotes the generalized Hessian of ¢ at 7, i.e., the Clarke subdifferential
of Vg at 3. However, note that (23) does not mean that 3%¢(3) = 3%¢(¥). Actually,
it is unclear to us whether the latter holds. Fortunately, from Pang et al. [14, Lemma
11] we know that

Wy e M (X + o0 (A*5 = C))
and thus VY = o AWOA* € 320(3).

Now we will introduce the SNCG algorithm for solving (16). Choose y° € R,
Then the algorithm can be stated as follows.
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338 L. Yang et al.

Algorithm SNCG: A Semismooth Newton-CG Algorithm (SNCG(yD,)NC,U)).

Given p € (0,1/2), 7 € (0,1), 7 € (0,1], 1,72 € (0,1), and 6 € (0,1). Perform the jth
iteration as follows.

Step 1. Given a maximum number of CG iterations N; > 0, compute
1y = min(7, || Ve(y)) 7).

Apply the conjugate gradient (CG) algorithm (CG(n;, N;)), to find an approxima-
tion solution d/ to

(Vi +e;I)d = =Vo(y'), (24)
where V; € 9*p(y7) is defined as in (21) and ¢; := 7 min{r, |V (y?)| }.
Step 2. Set o; = 6™/, where m; is the first nonnegative integer m for which

oy + 6" d) < o(y’) + pd™(Vo(y?), ). (25)

Step 3. Set ¢/t =yl 4+ a; .

The convergence results for the above SNCG algorithm are stated in Theorems 2.2
and 2.3 below. We shall omit the proofs as they can be proved in the same fashion as
in [26, Theorems 3.4 and 3.5].

Theorem 2.2 Suppose that Assumption 2 holds. Then Algorithm SNCG generates a
bounded sequence {y’} and any accumulation point y of {y’} is an optimal solution
to problem (16).

Theorem 2.3 Suppose that Assumption 2 holds. Let y be an accumulation point of
the infinite sequence {y’} generated by Algorithm SNCG for solving the problem (16).
Suppose that at each step j > 0, when the CG algorithm terminates, the tolerance n;
is achieved (e.g., when N; =m + 1), i.e,,

1Y) + (V; +e;Dd’ || < ;. (26)
Assume that the constraint nondegenerate condition

Alin(Tc(W)) = R" (27)

holds aLW = l'[;c(f( +o(A*y — 5)), vyhere lin(T;C(W)) denotes the lineality space
of Txc (W). Then the whole sequence {y’} converges to y and

Iyt =301 = oy’ — 1. (28)

For notational convenience, for any y € R and S € S§", let Y := (y, S). Define
the linear map M : " x §* — S”" by

MY := A*y+S VY = (y,5) € W" x S". (29)
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Let B := (b,0) € R x §" and C := R™ x K*. Then problem (12) is equivalent to
min {q)(y) — (=B, Y) + %HHP(MY +o ' X—O)? | v e c} (30)
and the function ¥;(y, S) in (13) can be rewritten as
YY) =¥(y,S)=—(B, Y)+ %IIMY +o'X —C+ 7

Furthermore, ¥ = (3, §) is an optimal solution of
min{;(Y) | Y € C} (31)

if and only if J is an optimal solution of problem (15a) and S=n o (CH — A5 —
o~ 'X).Given&; € (0, 1) and & € (0, 00), we will use the following stopping criteria
for terminating Algorithm SNCG:

(AD '™ < e - FUVEED, Y YY),

(A2) Y — [ — v ()| < & @i — wr'+h)1.

We can now state our majorized semismooth Newton-CG method for solving (12)
as follows:

Algorithm MSNCG: A Majorized Semismooth Newton-CG Algorithm
(MSNCG(y°, 5% Z2° X, 0)).

Given & € (0,1), & € (0, +00). Perform the Ith iteration as follows.

Step 1. Starting with 3’ as the initial point, apply Algorithm SNCG to minimize ;(-)
to find ™! = SNCG(y!, X, 0) and S := Il (C — A*y'+ — Z! — 071 X)) satisfying
(A1) and (A2).

Step 2. Compute Z'*! = IIp. (C — A*yl+! — S — 571X).

Next, we establish the convergence of Algorithm MSNCG.

Lemma 2.4 Suppose that Assumption 2 holds. Then for Algorithm MSNCG, (A1) and
(A2) are achievable.

Proof If Y! — T (Y! — V(YY) = 0, then one can take Y'*! = ¥/ to satisfy (A1)
and (A2). Next, we assume that Y/ — TIe(Y! — V@ (Y!")) # 0. Then Y! is not an
optimal solution of problem (31). Let Y be an arbitrary optimal solution of problem
(31). Then Y = MY — V¥(Y)). So (Y — Y, (¥ — V¥ (Y)) — Y) < 0, ie.,
(V@ (Y), Y —Y) > 0, which implies

(Vo (Y, Y =Y) = (v (rh) — v, v =Y) = oM - YHIP. (32)

Since

(Y > w@) = v + vy, ¥ —vh + %HM(?— YHI2,  (33)
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we obtain that (V¥ (Y"), ¥ — Y) + MY — ¥')||> < 0. This implies
(v Yh, Y -v! <o. (34)

Then by using (32), (33), (34) and the fact that ¥ = IT¢(Y — V¥ (Y)), we know that
for given &1 € (0, 1) and & € (0, 00), there exists § > 0 such that

3

YY) <y -= |<W<Y’) Y — Y,

1Y = e — V‘I’I(Y))II < HWIY) - w1)?,

for all Y € C satisfying ||Y — ?I| < §. Let {ij};rjg be the sequence generated by
SNCG(y X, o) with 7% := y/. Foreach j > 0, let §/ := Iy« (C — A*y/ — Z! —
~1X). Then by Theorem 2 2, we know that {(yf S7)}is a bounded sequence and any
accumulatlon point of {(3/, S )}, say Y: = (9, S) is an optimal solution to problem
(31). Thus there exists a sufficiently large j such that yitl.— ()7-/ , S/ ) satisfying (A1)
and (A2). O

Theorem 2.5 Suppose that Assumption 2 holds. Let Algorithm MSNCG be exe-
cuted with stopping criteria (A1) and (A2). Then it generates a bounded sequence
(YL, S, Z1YY and any accumulation point y, §) of {(y!, SHY} is an optimal solution
10 problem (12) and hence (3, S Z) is an optimal solution to problem (8), where
Z:= Ip:(C — A*y — S — o71X). Furthermore, | Z!™' — Z!|| - 0 as | — +oc.

Proof By (A1), we have @ (Y1) < ¢yt < w(vh — %1|<W/,(Yl), yl+ —
Yhl=oxh — %1|(Vl1/l(Yl), Y!*1 — Y!)|. Hence, the sequence {@ (¥')} is nonin-
creasing.

By Lemma 2.1, we know that the level set £ := {Y € C | ®(Y) < &Y} is
a closed and bounded convex set. Then the sequence {¥'} is bounded and so is the
sequence {Z'}. Let Y be an accumulation point of {Y"}. Then @(Y!) — CD(?) and
(Vo (Yh, YH —yly > 0asl — oo. Furthermore, ¥ (Y)) — ¢ (Yt — 0 as
| — oo.

By noting that

G = v + (v, Y -yl + %uM(Y’*‘ -YHiz, 3%

we get from (A1) that

(v, Y vl 4 %HM(Y”‘ —vhH? S—%I(V‘I’I(Yl), Yyt —yh<o.
(36)
Since (V¥ (Y, Y+t —Y!y — 0asl — oo, we obtain from (36) that
IMYT —YH| =0 as | — . (37)
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For any [ > 0, denote A; := Y/ — ITo(Y! — V@ (¥!)). Then we have

1Al < 1Y — Te(r™! — vy (v
HTe (Y™ — v (v h) — e (v — vy )
< 5W ) — w4+ Ve — Vet

By direct computations, we have for/ > 1,

IV (Y — ve (r'th)
= oM MY 467X —C+ Z)) —o M*MpMY' T + 671X — O))|
= loM*(Z" = Z"Y| < o MFIMETH = Y,

where we have used the fact that

1ZF = Z' = ITp+(C — 0 7'X = MY'H!) = Tps (C — 0 7' X — MY
< M@ =Y. (38)
Thus, by (37) and the fact that (llfl(Y ) — lI’;(YH‘l))z — 0 as/ — oo, we derive that
[Az+1l = Oas l — 00. Since Y is an accumulatlon point of {Y 11, we obtain that
Y- I'IC(Y VcD(Y)) = 0. By the convexity of @, Yisan optimal solution of problem

(30).
Finally, by using (37) and (38), we know that | Z!*! — Z!|| - 0as/ - co. O

3 A majorized semismooth Newton-CG augmented Lagrangian method

Forany k > O and (y, S, Z) € " x §" x §", denote

(3, S, Z) == Lo (3, S, Z; X5), (39)

n Lo, (v, S, Z: X5 if (y, S, Z) € 2 := RW" x K* x P*,

G (y. 5. 2) = [ oy - (40)
+00 otherwise.

Since the inner problems in (8) are solved inexactly, we will use the following standard
stopping criteria considered in [18,19] to terminate Algorithm MSNCG:

(B1) gpe(yFH!, SK+H1 ZKH) —infy < €, e >0, 52 ex < 0o

(B2) g (yF+!, S5, ZKY) —inf gy < (87 /200X ! — XK|I, 8 = 0, 372,
Sk < 00.

(B3) dist(0, 9 (y*T!, S¥F1, K1) < (8, /o) 1 X4+ — X¥||, 0 <5, — 0.

Just like SDPNAL, each iteration of the MSNCG algorithm can be quite expensive.
Thus it is crucial for us to find a reasonably good initial point to warm start Algo-
rithm SDPNAL+. We can certainly do so by solving the inner problem (8) by using
any gradient descent type method. However, for this purpose we find that ADMM+
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introduced by Sun et al. [22] is usually more efficient than other choices. Now we can
present our SDPNAL+- algorithm as follows.

Algorithm SDPNAL+: A Majorized Semismooth Newton-CG Augmented La-
grangian Algorithm (SDPNAL+(y% S Z° X° 0¢))

Stage 1. Use ADMM+ to generate an initial point
(40,89, 2%, X0, 6g) — ADMM+(y°, S, 2°, X°, o).

Stage 2. For k = 0,..., perform the kth iteration as follows:

(a) Using (y*, S*, Z*) as the initial point, apply Algorithm MSNCG to minimize
or(-) to find (yF*l Sk+L Zk1) = MSNCG(y*, S*, 7% X* o}) and XF+1 =
XE 4 o (APt 4 Sk 7B O satisfying (B1), (B2) or (B3).

(b) Update o411 = poy, for some p > 1 or 041 = 0y

Remark 3.1 (a) As mentioned in the introduction, if (P) is reformulated as a stan-
dard SDP and Algorithm SDPNAL+ is applied to this reformulated form, then
SDPNAL+ reduces to SDPNAL proposed in [26].

(b) Note that numerically it is difficult to compute dist(0, 8<f>k(Wk+1)) in the
criterion (B3) for terminating Algorithm MSNCG directly, where WX*! =
(yk+1, sk+1 zk+1) Fortunately, we have from [18] that

(dist(0, dx (W*T1))? = [Tz, ey (= Ve (W) )2
= 1Tz, (1) (= Vo (WF )| 2
H g, (ste1y (= Vsgr (W) |12
HI M7, 201y (= Vze (WD) |12
= |AX" + o R — bI?
Mg, (sten (—oe R — X5))1?
HIMg, ey (—oe R — X517

where R]L‘)Jrl = Afyktl 4 gkl 4 7kl _ €. Observe that the first term in
the last equality can readily be evaluated. The third term can also be computed
easily since P is a polyhedral cone. The second term is again computable as we
shall show next. Let A; > Ay > ... > A, be the eigenvalues of gk+1 being
arranged in a nonincreasing order. Denote @ := {i |A; > 0, i = 1,...,n} and
a := {1, ..., n}\a. Then there exists an orthogonal matrix P € R"*" such that

Ay O
k+1 __ o T
S —P|:0 O}P,

where A, is the diagonal matrix whose diagonal entries are A; fori € a. Write
P = [Py Py] with P, € %"*1*l and Py € %"*I%l. From [1], we know that the
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tangent cone of S7 at S**1 € S can be characterized as Isn (S =(B e S" |
PIB Py = 0}. Let H = PT(—oy Rl — X*)P. Then

H, Hy;
k+1 ko oo oo T
HTK*(SHI)(—UkRD - X" = P(H&a H‘Sfl (H&&))P ’

We can obtain similar theorems on the convergence of SDPNAL+- as SDPNAL ([26,
Theorems 4.1 and 4.2]). The global convergence of Algorithm SDPNAL+ follows
from Rockafellar [19, Theorem 1] and [18, Theorem 4] without much difficulty.
Theorem 3.1 Suppose that Assumption2 holds. Let Algorithm SDPNAL+- be executed
with stopping criterion (B1). If there exists (yo, So, Zo) € " x S x 8" such that

A*(yo) + So+Zo=C, So >0, Zoerelint(P*), 41)

then the sequence {X*} C P generated by Algorithm SDPNAL+ is bounded and
(XXY converges to X, where X is some optimal solution to (P), and {(y*, S, Z*)} is
asymptotically minimizing for (D) with max(P) = inf(D).

If {X*} is bounded, then the sequence {(y*, S, Z*)} is also bounded, and all of its
accumulation points of the sequence {(y*, S, Z¥)} are optimal solutions to (D).

Next we state the local linear convergence of Algorithm SDPNAL+-.

Theorem 3.2 Suppose that Assumption 2 holds. Let Algorithm SDPNALA- be executed
with stopping criteria (B1) and (B2). Assume that (D) satisfies condition (41). If
the second order sufficient conditions (in the sense of the conditions in [2, Theorem
3.137]) holds at X, where X is an optimal solution to (P), then the generated sequence
{(XKy c P is bounded and {X*} converges to the unique optimal solution X with
max(P) = min(D), and

I X5 — X|| < 0 |1 X* = X || Y k sufficiently large,

Sfor some 0 € [0, 1) with the property that O, <K 1 if 0 — 0o for any sufficiently
large 0. The conclusions of Theorem 3.1 about {(y*, ¥, Z¥)} are also valid.

Proof The conclusions of Theorem 3.2 follow from the results in [19, Theorem 2] and
[18, Theorem 5 and Proposition 3] combined with [2, Theorem 3.137]. O

4 Numerical experiments
4.1 SDP+ and SDP problem sets
In our numerical experiments, we test the following SDP+ and SDP problem sets.

(i) SDP+ problems coming from the relaxation of a binary integer nonconvex
quadratic (BIQ) programming:

min [1xTQx +{c, x) | x€{0 1}”—1] (42)
5 , , .
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This problem has been shown in [4] that under some mild assumptions, it can equiv-
alently be reformulated as the following completely positive programming (CPP)
problem:

1
min[§<Q, Xo) + (¢, x) | diag(Xo) =x, X = [Xo,x;x7,11€Cl, |, (43)

where CZP denotes the n-dimensional completely positive cone. It is well known that
even though C ;’, , 1s convex, itis computationally intractable. To solve the CPP problem,
one would typically relax C}), to S " NSL, and the relaxed problem has the form (P):

>0°

min 1(Q, Xo) + (¢, x)
s.t. diag(Xp) —x =0, a=1, X= |:X7Q z:| € Si, XeP, “4

X

where the polyhedral cone P = {X € S§" | X > 0}. In our numerical experiments, the
test data for Q and c are taken from Biq Mac Library maintained by Wiegele, which
is available at http://bigmac.uni-klu.ac.at/bigmaclib.html.

(i) SDP and SDP+ problems arising from the relaxation of maximum stable set
problems. Given a graph G with edge set £, the SDP and SDP+- relaxation 8(G) and
0+ (G) of the maximum stable set problem are given by

0(G) = max{(ee!, X): (Eij, X)=0, (G, j)e& (I, X)=1, XeS},

(45)
0+(G)=max{(ee’, X):(E;;, X)=0, G,j)e&, (I, X)=1, XeS%, XeP),
(46)

where E;; = e,-e; + eje; and e; denotes the ith column of the identity matrix, P =
{X € §" | X > 0}. In our numerical experiments, we test the graph instances G
considered in [20,23,24].

(iii) SDP+ relaxation for computing lower bounds for quadratic assignment prob-
lems (QAPs). Let IT be the set of n x n permutation matrices. Given matrices
A, B € §", the QAP is given by

vhAp 1= min{(X, AXB) : X € IT). (47)
For a matrix X = [x,...,x,] € W, we will identify it with the n2-vector x =
[x1;...; x,]. For amatrix Y € R"zxnz, we let Y/ be the n x n block corresponding

to x,-x/.T in the matrix xx7. It is shown in [16] that vGap 15 bounded below by the
following number generated from the SDP+ relaxation of (47):

v:=min (B® A, Y)

st.Or  Yi=1 (I Yi)y=¢8; VI<i<j<n, (48)
(E, YV)y=1 V1<i<j<n, YeS&!, YeP,
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where the sign ® stands for the Kronecker product, E is the matrix of ones, and §;; = 1

if i = j, and O otherwise, P = {X € 8"2 | X > 0}. In our numerical experiments,
the test instances (A, B) are taken from the QAP Library [8].

(iv) SDP+ relaxations of clustering problems (RCPs) described in [15, eq. (13),
uptoaconstant]:

min{(-W, X) | Xe=e,(I, X)=K, XeS8|, XeP} (49)

where W is the so-called affinity matrix whose entries represent the similarities of
the objects in the dataset, e is the vector of ones, and K is the number of clusters,
P ={X € §" | X > 0}. All the data sets we tested are from the UCI Machine Learning
Repository (available at http://archive.ics.uci.edu/ml/datasets.html). For some large
data instances, we only select the first n rows. For example, the original data instance
“spambase” has 4601 rows, we select the first 1500 rows to obtain the test problem
“spambase-large.2” for which the number “2” means that there are K = 2
clusters.

(v) SDP+ problems arising from the SDP relaxation of frequency assignment prob-
lems (FAPs) [7]. Given a network represented by a graph G and an edge-weight
matrix W, a certain type of frequency assignment problem on G can be relaxed into
the following SDP (see [5, eq. (5)]):

max ((471) L(G, W) — 1Diag(We)X)

s.t. diag(X) =e, X € Y,
—EVeX=2/(k—1) ¥(i,j)eUCE,
—EVeX <2/(k—1) V(,Jj) € E\U,

(50)

Wh¢re k > 1 is an integer, L(G, W) := Diag(We) — W is the Laplacian matrix,
ElV =¢; eJT + eje! with e; € )" being the ith standard unit vector and e € %" is the

vector of all ones. Define M;; = —ﬁ if (i, j) € E, and M;; = 0 otherwise. Then
(50) is equivalent to

max ((%) L(G,W)— %Diag(We)X)

s.t. diag(X) =e, X eSS, X-MeP, ©Dh

where P ={X e&" | X;; =0, V@i, j)eU; X;;=0, V(,j) € E\U}.
We should mention that we can easily extend our algorithm to handle the following
more general SDP+ problem:

min{(C, X) | AX)=b, XeK, X—-MeP}, (52)
where M € X is a given matrix. Thus (51) can also be solved by our proposed
algorithm.

(vi) SDP relaxations for rank-1 tensor approximations (R1TA) [13]:

max{(f, y) | M(y) € S}, (g, y) =1} (53)
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where y € RwNn, M (y) is a linear pencil in y. The dual of (53) is given by
min{y | yg — f = M*(X), X €S} (54)
Itis shown in [12] that (54) can be transformed into a standard SDP (up to a constant):
min{(C, X) | A(X)=b, X eS8}, (55)

where C is a constant matrix and A is a linear map, which depend on M, f, g.

4.2 Numerical results

In this subsection, we compare the performance of our SDPNAL+ algorithm with
two other competitive publicly available first order methods based codes for solv-
ing large-scale SDP+ and SDP problems: an ADMM based solver, called SDPAD
(release-beta2, released in December 2012) developed in [25] and a two-easy-block-
decomposition hybrid proximal extragradient method, which was called 2EBD-HPE'
(v0.2, released on May 31, 2013) and we call it 2EBD here, introduced in [10]. Since
we use the convergent ADMM with 3-block constraints introduced by Sun et al. [22]
(which was called ADMM3c but we call it ADMM+ here to indicate that it is an
enhanced version of ADMM with convergence guarantee) to warm start SDPNAL+,
we also list the numerical results obtained by running ADMM+- alone for the purpose
of demonstrating the power and the importance of the proposed majorized semismooth
Newton-CG algorithm for solving difficult SDP+ and SDP problems.

All our computational results for the tested SDP+ and SDP problems are obtained
by running MATLAB on a Linux server (6-core, Intel Xeon X5650 @ 2.67 GHz, 32 G
RAM).

In our numerical experiments, we measure the accuracy of an approximate optimal
solution (X, y, S, Z) for (P) and (D) by using the following relative residual:

n =max{np, np, nic, 1P, NKc*, NP+, Nc1, Nc2}, (56)

_ 1Ax-p] _ AT y+S+Z—C|| _ M (=Xl _ Il (=X

where np = “TEprs 10 = g K = SERT TP = SERT
_ 09l _ I0p(=2)] _ X 8 __lx. 2) .
e = It 0 TP = 1oz 101 = TSt 162 = trxiazy Addi

tionally, we compute the relative gap by

L+ [(C, X)|+ (b, »)|

Ng (57)

Lete > 0be a given accuracy tolerance. We terminate both SDPNAL+ and ADMM-+
when n < ¢.

1 http://www2.isye.gatech.edu/~cod3/CamiloOrtiz/Software_files/2EBD-HPE_v0.2/2EBD-HPE_v0.2.
zip
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Note that SDPAD can be used to solve SDP+ problems of form (P) with P = 82,
directly and we stop SDPAD when n < ¢, where 7 is defined as in (56). However, it
is shown recently that the direct extension of ADMM to the multi-block case is not
necessarily convergent [6]. Hence SDPAD, which is essentially an implementation of
the direct extension of ADMM with the step length set at 1.618 for solving the dual
of SDP+ problems, does not have convergence guarantee in theory.

The implementation of 2EBD including its termination, along with ADMM+- and
SDPAD, is done in the same way as in [22]. For 2EBD, we reformulate QAP, RCP
and R1TA problems as SDP problems in the standard form as these problems do not
appear to have obvious two-easy blocks structures.

In our numerical experiments, we also use a restart strategy for SDPNAL+- if it is
not able to achieve the required accuracy for the tested SDP+ problems. For some
problems, even though np and np can reach the required accuracy tolerance, ny or
nc1 may stay above the required tolerance or stagnate. This may happen, as in the case
for SDPNAL, because many of these SDP+ problems are degenerate at the optimal
solutions. One way to overcome this difficulty is to apply ADMM+ to (P) using the
most recently computed (y, S, Z, X, o) to restart SDPNAL+ when its progress is
not satisfactory. From this point of view, our proposed algorithm is quite flexible. In
addition, the penalty parameter ¢ is dynamically adjusted according to the progress
of the algorithm. A greater o ensures faster convergence in theory but it leads to a
more difficult inner problem (7a). Hence we adjust o in order to balance this dilemma.
However, the exact details on the restart and adjustment strategies are too tedious to
be presented here. Note that MSNCG can be viewed as an alternating minimization
between the blocks (y, S) and Z for solving problem (7a). Naturally we can try to
alternately minimize the blocks (y, Z) and S, for which the computational cost of the
generalized Newton system is cheaper due to the simple structure of P. However, the
overall cost can be much more expensive because the piecewise linear structure of
ITp(-) generally does not give rise to a well-conditioned generalized Hessian, which
leads to a slower convergence for solving the problem (7a).

Table 1 shows the number of problems that have been successfully solved to the
accuracy of 107 in n by each of the four solvers SDPNAL+, ADMM+, SDPAD
and 2EBD, with the maximum number of iterations set at 25,000 or the maximum

Table 1 Number of problems

. Problem set SDPNAL+ ADMM+ SDPAD 2EBD
which are solved to the accuracy

of 106 in 0 (no.)\solver
0 (58) 58 56 53 53
04 (58) 58 58 58 56
FAP (7) 7 7 7 7
QAP (95) 95 39 30 16
BIQ (134) 134 134 134 134
RCP (120) 120 120 114 109
RITA (55) 55 42 47 18
Total (527) 527 456 443 393
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computation time set at 99 h. As can be seen, only SDPNAL+ can solve all the
problems to the accuracy of 107°. In particular, for the first time, we are able to solve
all the 95 difficult SDP+ problems arising from QAP problems to an accuracy of 10~°
efficiently, while ADMM+, SDPAD and 2EBD can successfully solve 39, 30 and 16
problems, respectively.

Tables 2 and 3 show the numerical results obtained by SDPNAL+- with the tolerance
e = 107° for a subset of of the tested problems (the full set of numerical results
can be found at http://www.math.nus.edu.sg/~mattohkc/publist.html/). The first three
columns of each table give the problem name, the dimension of the variable y (m),
the size of the matrix C (ny) and the number of linear inequality constraints (n;) in
(D), respectively. The middle five columns give the number of outer iterations, the
total number of inner iterations, the total number of iterations for ADMM+, and the
objective values (C, X) and (b, y). The relative infeasibilities and gap, as well as
times (in the format hours:minutes:seconds) are listed in the last eight columns. It is
interesting to note that all the tested problems (especially the QAPSs) can be solved to
the required accuracy 1079 efficiently by SDPNAL+.

Tables 4 and 5 compare SDPNAL+, ADMM+, SDPAD and 2EBD on a subset of
the tested SDP+ and SDP problems, respectively, using the tolerance ¢ = 1075, We
terminate ADMM+-, SDPAD, 2EBD after 25,000 iterations or 99 h. As can be seen,
except for SDPNAL+, the required accuracy is not achieved for most of the tested
QAPs after 25,000 iterations for the solvers ADMM+, SDPAD and 2EBD. For the
last three solvers, they typically converge very slowly when 1 falls below the range of
10~* to 1073, For R1TA problems, SDPNAL+ is significantly faster than the other
3 methods and it seems that only SDPNAL+ can solve those large scale (n > 2000)
problems efficiently.

We observe that although ADMM+ and SDPAD perform similar steps in each
iteration cycle (except that the former perform one extra update on the variable
y to ensure the convergence of the algorithm), the former can be more efficient
than latter on many tested instances. The main factors to account for the differ-
ence in the performance could be (a) ADMM+ can take a larger step length for
updating the multiplier (it is shown in [22] that the step length can be taken to be
larger than (1 + V/5)/2 when a certain checkable criterion holds); (b) it uses a more
effective adjustment strategy for updating the penalty parameter o; (c) in addition,
ADMM+ also performs rescaling of the SDP data and restarting the algorithm when-
ever the ratio in || X¥|| and max{||S*|, || Z¥|, ||A*y* ||} deviate, say more than 20 %
from 1.

Figure 1 shows the performance profiles of SDPNAL+, ADMM+, SDPAD
and 2EBD for all the 527 tested problems. We recall that a point (x,y) is in
the performance profile curve of a method if and only if it can be solved exactly
(100y) % of all the tested problems at most x times slower than any other method.
It can be seen that SDPNAL~+ outperforms the other 3 methods by a significant
margin.
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Performance Profile (58 6, 58 6, 7 FAP, 95 QAP, 134 BIQ, 120 RCP,
55 R1TA problems) tol = 1e-06

(100y)% of problems

= SDPNAL+

= = = ADMM+ 7
*« SDPAD
+ 2EBD

0 L L L L L L L L
1 2 3 4 5 6 7 8 9 10

at most x times of the best

Fig. 1 Performance profiles of SDPNAL+, ADMM+, SDPAD and 2EBD on [1,10]
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