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Abstract

We study the problem of decomposing the Hessian matrix of a Mixed-Integer Convex
Quadratic Program into the sum of positive semidefinite 2x2 matrices. Solving this problem
enables the use of Perspective Reformulation techniques for obtaining strong lower bounds
for MICQPs with semi-continuous variables but a non-separable objective function. An
explicit formula is derived for constructing 2x2 decompositions when the underlying matrix
is Weakly Scaled Diagonally Dominant, and necessary and sufficient conditions are given
for the decomposition to be unique. For matrices lying outside this class, two exact SDP
approaches and an efficient heuristic are developed for finding approximate decompositions.
We present preliminary results on the bound strength of a 2x2 Perspective Reformulation
for the Portfolio Optimization Problem, showing that for some classes of instances the use
of 2x2 matrices can significantly improve the quality of the bound w.r.t. the best previously
known approach, although at a possibly high computational cost.

Keywords: Mized-Integer Quadratic Programming, Semicontinuous variables, Portfolio
Optimization, Scaled Diagonal Dominance, Matrix Decomposition.

1 Introduction

We are interested in the solution of Mixed-Integer NonLinear Programs (MINLP) with semicon-
tinuous variables, but where the objective function is not separable among the semicontinuous
variables. To simplify the discussion we will mainly refer to Mixed-Integer Quadratic Programs
(MIQP) of the form

min 27 Qz + ¢z + Ty (1a)

st. Ar+ By <b (1b)

Liyi <z <wyi ieN (Lc)

yi € {0,1} ieN (1d)

where z = [z;]ieny € R" (N = {1,2,...,n}), Q@ € R™™" is symmetric and positive semidefinite

(PSD), A, B € R™*™ and ¢, ¢, b, | and u are real-valued column vectors of appropriate dimen-
sions. Constraints (1c¢) and (1d) imply that each z; is a semicontinuous variable governed by the
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binary variable y;; that is, z; = 0 if y; = 0 and z; € P; = [l;,w;] if y; = 1. We require each P; to
be a compact interval (i.e., —oo < l; < u; < 00). The formulation can be made more general in
several ways, e.g., by allowing the constraints A(z) and the objective function g(x) to be nonlin-
ear (but, hopefully, convex for the approach to provide significant benefits), or having “other”
variables and (possibly, convex) constraints, but we will stick to (1) for notational simplicity.

When @ is diagonal, we have

xTQx - ZieN Qllx? ) (2)

and the problem is well-suited for application of the Perspective Reformulation (PR) technique.
This amounts to replacing the objective function with its convex envelope with respect to the
semi-continuous constraints (1c¢)—(1d), which is obtained by substituting (1la) with

min ),y Qiix? /yi + g’z +cly | (3)

where we assume that 2?/y; = 0 if y; = 0. Note that Y ieN Qiiw? y; is the perspective function
of (2). Despite its appearance, (3) is convex and therefore its continuous relaxation

min Y ey Qiiz?/yi + ¢T x4+ Ty

st. Ax+By<b
Liy; < i < uy; ie€N
yi € [0,1] ieN

can be efficiently solved. (Henceforth, we will use the notation P to denote the continuous
relaxation of a Mixed-Integer Nonlinear Programming Problem P, and PR as shorthand for the
continuous relaxation of a perspective reformulation, known as a Perspective Relazation.) For
instance, one can either iteratively approximate it by using linear approximations (Perspective
Cuts [10]), or reformulate it as a Second-Order Cone Program and solve it in one blow with
existing approaches [12], or even consider using specific reformulations [8].

In the present paper, we are interested in the case where the objective function (1la) is
not separable (ie. @ is not a diagonal matrix). A simple but effective extension of the above
approach to the non-separable case was proposed in [10, 11], and refined in [21]. The main idea
is to reformulate (1) as

min { Yoy 0iz? + 27 (Q — diag(d))z + ¢'z + Ty : (1b)—(1d) } , (4)

where 0 > 0 is a vector chosen such that @ — diag(d) = 0. One can then apply the PR to the
separable part of the objective function in (4), which leads to

min { .oy 6ixd/yi + 27 (Q — diag(0))x + ¢"x + Ty : (1b) — (1d) } . (5)

The advantage of (5) is that its continuous relaxation (5), the PR, often provides a strictly
better bound than the continuous relaxation of (1). Clearly, the quality of the bound depends
on ¢, and, intuitively, “the larger d, the better the bound”.

In this paper, we generalize the above approach by attempting to extract k£ x k principal
submatrices from (Q, where k is small. This leads to either an approximate or an exact decom-
position of @ into k x k matrices. We show how the Perspective Reformulation technique may
then be extended to each of the extracted k x k matrices to obtain a potentially tighter convex
relaxation for (1), as a result of incorporating more of the structure of @) into the PR. For general
k, the problem of finding a “large” or even an “optimal” collection of k x k matrices to extract
is shown to amount to the solution of a semidefinite program. For the case k = 2, we give a



characterization of the matrices () which have an exact decomposition (ie. the remainder after
the extraction is zero), and we derive a closed form expression for the matrices in the decompo-
sition whenever such a decomposition exists. Moreover, we show how for a general matrix ¢ the
characterization may be exploited to devise an efficient heuristic for finding approximate 2x2
decompositions. We remark that in [4] a similar idea (philosophically) has been used to develop
convex MIQP reformulations of non-convex MIQPs. However, whereas in [4] the authors add
a large non-diagonal matrix to the Hessian of the objective function, here we extract k& x k
principal submatrices, where & is small.

The structure of the paper is as follows. In Section 2 we review the relevant literature on the
diagonal extraction technique (5). In Section 3 we show how to compute the PR of a general
non-separable k-dimensional MIQP with semicontinuous variables for arbitrary (but, in fact,
necessarily “small”) k. In Section 4 we present two semidefinite programming approaches for
extracting approzimate k X k decompositions of (). In Section 5 we give a characterization of
the class of matrices having an exact 2x2 decomposition and we show how to construct an exact
2x 2 decomposition when one exists. In Section 6, we exploit the characterization to devise alter-
native, faster (possibly heuristic) approaches to compute approximate 2x2 decompositions. In
addition, we discuss the relationships between our approach and a method of extending the PR
to non-separable quadratic functions independently developed in the recent [1]. Finally, in Sec-
tion 7 computational results showing the efficiency and effectiveness of the proposed approaches
are reported, and conclusions are drawn.

Throughout the paper, the following notation is used. R = {z € R : x > 0}. For a given
n x n matrix A, diag(A) is the diagonal matrix whose i-th diagonal element is A;;. Given an
n-vector d, diag(d) denotes the n x n diagonal matrix whose i-th diagonal element is d;. (A, B)
= trace(AT B) whenever A € R™" and B € R™ " and ||A|| = \/(A, A). I denotes the n x n
identity matrix. A(A) is the set of eigenvalues of A and p(A) = max{|A| : A € A(A)} is its
spectral radius. P = {(i,j) € N x N : i < j}. If t € R, then sgn(t) is the sign of ¢t. The
remaining notation is fairly standard.

2 Related work on diagonal extractions

In this section, we give an overview of the methods proposed in the literature for extracting 1 x 1
principal submatrices from Q; that is, extracting a diagonal matrix diag(d) and reformulating (1)
as (5). As already pointed out, the quality of the bound provided by the continuous relaxation
of (5) depends on 4. In [10] a simple and inexpensive way of choosing d, based on an eigenvalue
computation, was used. In [11] an SDP approach was proposed. In particular, given a vector of
weights a = [a;];en > 0 for the individual components of §, finding the “largest” possible § can
be cast as the following dual pair of SemiDefinite Programs (SDP):

maxs { ey @i : Q= Y,y D6 =0, 520}

: 6
ming { (Q, F) : diag(F)>a , F=0} ©)

where D' = eieiT, e; being the i-th vector of the canonical basis of R™. The idea is that the
weights a; should be chosen in order to reflect the different relevance of having a large quadratic
coefficient for each x; in (4). In [11], unitary weights were used for simplicity, while an approach

for finding the “best possible” ¢ based on solving the following program, was proposed in [21]:

maxs ming, ¢’z +cly+ Yo 6zt yi +27(Q — diag(8))z (Ta)
st.  (Ib)—(1lc) , ye[0,1]" (7b)
st.0>0, Q—diag(d) =0 (7c)



It is plain to see that the above program indeed produces the best possible lower bound. It
is also easy to see that it is “easy”, as the function ¢(§) = min,y { (7a) : (7b)} is clearly
concave in J, being the pointwise infimum of (infinitely many) linear functions in §, indexed
over x and y. Indeed, (7) can be formulated as an SDP. In [21] this is done using Lagrangian
duality arguments, but an alternative—and perhaps simpler—approach based on SDP duality is
as follows. Since the innermost objective function of (7) is convex in x,y and concave in §, and
the feasible region is bounded in the (z,y) component, we may interchange the maximization
and minimization in (7) [18, Corollary 37.3.2], to obtain

ming , {mTQx—l—qTx—i—cTy—i—w(x,y) : (1b) , (1c) , y €0, 1]”} , (8)
where Y(x,y) = maxg { Sien (@ yi —x2)6; + Q —diag(d) =0 , §>0 } . 9)

Clearly, (8) is a convex program: the feasible set is convex, and the objective function is convex,
¥ (x,y) being the pointwise maximum of infinitely many linear functions in § (and the rest being
convex from the start). To cast (8) as a single SDP it suffices to perform the variable change
® = @ — diag(d) (= 0), which yields §; = Q;; — P;;; then, one can write

maxe (xazT —Vix,y), )
.t. Ov )= ii Ly ] P
vla) = 3 Quatfyi+ Mt (P00 IS (10)
iEN P =0

where 0% = eiejT + ejel’ (the symmetric matrix having 1 only in the elements (i, j) and (4, )
and zero elsewhere) and V(z,y) = >,y D'2?/y;. The dual of the maximization problem in
(10) is

ming {(Q, F) : F = za” —V(z,y), diag(F) >0} .

Now, a well-known application of the Lemma on the Schur complement gives

Fral —Viz,y) = 1 i =0
- ’ - x F4+V(z,y) | —
Analogously, using the well-known
v >0, w>0, w>zj/yy = [wi i } =0,
Ti Yi
one ends up with the SDP form of (8)
minz,y,F,w qT:U + CTy + ZieN anz + <Q s F>
s.t. (1b) , (1c¢) , ye€[0,1]™ , diag(F) >0
1 zT
— . 11
[;1: F—i—diag(w)]_o (1)
[ Wi ] =0 ieN
Ti  Yi

If the strong duality property holds for (10) (e.g., if @ > 0), then solving (11) provides the
best possible lower bound and the corresponding optimal solution (x,y). This could be used
to compute the optimal § as in (9), but in fact that is already provided by the dual variables
of the diag(F) > 0 constraint. This is important as typically one does not want to solve (11)
at all iterations of an enumerative approach to the original (1), for the large-scale SDP (11)
is rather costly to solve. Instead, this is only done once at the root node to compute the



“best possible” diagonal, denoted by ¢;, which is then kept fixed throughout the branch and
cut (B&C) algorithm. This has been shown [9, 21] to be significantly better than using the
diagonal, denoted by ds, obtained from the (much cheaper) SDP problem (6); that is, the extra
time spent in the SDP is largely compensated by the reduction in B&C time, at least for “hard”
instances. Note, however, that as branching occurs the optimal solution (z,y) of the continuous
relaxation changes; therefore, “deep down” in the enumeration tree §; may no longer be the
optimal choice. In fact, in [21] it is reported that using a convex combination of §; and s is
sometimes preferable.

3 Perspective relaxations for MIQPs with indicator constraints

We now study the problem of computing “good formulations” of (small-scale) MIQPs of the
form (1). We start by considering the basic convex 2x2 MIQP with semi-continuous variables

min { g1127 + 2qu22122 + q2273 ¢ Ly <@ <wy , yi € {0,1} ie{l,2}}, (12)

where the Hessian is positive semidefinite, i.e., g11 > 0, g2 > 0, and q11g22 > (q12)? (the case
where either ¢11 = 0 or g22 = 0 being, clearly, uninteresting). For simplicity we omit linear terms
(both in z and in y) in the objective function, which can of course be present, because they
would just pass unchanged through the derivation: the perspective function of a linear function
is the original function.

We want to derive the tightest possible reformulation of (12), a task for which there is no
lack of theory. For instance, we could use the standard RLT [20]. Also, an in-depth study of
the polyhedral structure of the set is available in [14]. For our purposes, however, the following
simple tools are perhaps better suited.

3.1 The Perspective Reformulation of Alternatives

Let us consider a more abstract setting, where we have a set K of (indices of) different finite-
dimensional spaces. That is, we see 2 € R" as partitioned into z = [2¥]reck; alternatively,
N = {1,...,n} is partitioned as N = Upc g N*, with N¥ N N* = () for all k # h (and each N*
nonempty). We will require each 2% € RIN*I to be either 0 or to live in a compact set; for our
purposes we can assume these to be polyhedra, i.e., P* = { 2% : AFzF < b* }, although this is
not necessary in general. It is well-known that compactness of the P* is equivalent to the fact
that their recession cones only contain 0, i.e., { ¥ : A¥2* <0} = {0}. On each P* we have
a closed convex function f¥(z*) + ¢¥. We then consider the alternatives function in the global
space, where only the variables in any one of the subspaces at a time can be different from 0:

fE@F)y +cF if ke PP and 2t =0V h € K\ {k}
flz)=4¢ 0 ifx=0 . (13)
+o0 otherwise

Computing the convex envelope @of (z) of (13) is a simple task. Let us define B* as the n x |N¥|
block-structured matrix with |K| blocks, such that all the blocks are zero except for the one
corresponding to the variables in N* which is the identity matrix. Introducing auxiliary variables



T = [Z*]rex and 0 = [0F]rcx, one can just write from the very definition that

cof(x) = mingg ZkeK Qkfk(:ik) (14a)
ste et <1, (14b)

Sper 0FBR R =2 (14c)

ARZF <k 6k >0 ke K (14d)

In (14c), due to (13), if for k # h one had x; > 0 and x; > 0 for i € N* and j € N", then
f(x) = +00. Hence, the only feasible way to choose Z* is for it to only have nonzero values for
i € N*. In other words, (14c) equivalently reads “6*z* = 2* for all k € K”, leading to

eof(z) = min{ >, OFfF(a?/0F) © 3o 0F <1, ARak <bFOF 6, >0 ke K} . (15)

In plain words, the convex envelope of the alternatives is just the sum of the individual convex
envelopes plus the simplex constraint “), g 6% < 17. If §* were binary variables, that alone
would guarantee that at most one of the alternatives be chosen. This is precisely how we will
use the result. We remark that the above development is closely related to the work of [6].

3.2 The 2-dimensional case

Using the above result we can now easily compute the PR of (12). This simply starts with the
(somewhat awkward) reformulation

min q11(21)? + qo2(23)? + qu1(21)? + 2qro2122d? + goo(23?)? (16a)
st.oa; =al+a>  , y=y +y”? ie{1,2} (16b)
Ly' <z <uy' , Ly <ai® <uy® ie{l,2} (16¢)
v+ +yP <1 (16d)
', v,y e{0,1} . (16e)

The aim of (16) is apparent: by enumerating all three possible nonzero configurations that
the binary variables can take ([y1 = L,y = 0] = [y = 1], [y1 = 0,90 = 1] = [¢* = 1],
[y1 = yo = 1] = [y'? = 1]), we are forcing upon (12) the alternatives structure of (13). Note that
(16b) are not really constraints, but rather ways of recovering the value of the original variables
given that of the newly introduced ones; in other words, the problem can be rewritten without
the original z; and y;, substituting them away using (16b). We can now apply (15), obtaining
the PR

min  qui(e])?/yt + q22(23)? )y + [ @i (21?)? + 2quea2 03 + qoa(23?)? | /y*?

17
st. (16b) , (16¢c) , (16d) , y', v% y'2>0. (a7)

Although (17) is of significantly larger dimension than (12), having 11 variables instead of 4, it
also has 4 equality constraints that can be used to project away 4 of the variables. This leads
to the more compact

. qu(ey — fﬁ%z)z q22(x2 — 33%2)2 1 12 12 q11  qi12 37%2
i PR 12 12 [ Ty T3 ] 12
-y Y2 — Y Yy q12 422 oo

st Ly —y"?) <wi— 2 <wiyi — ™), Ly™ <z <uy'? ie{l,2}

ity —yi<l, oy >y g >yt Y2 >0,



This formulation uses only three variables more than the original one, hence it may be a rea-
sonable starting point to develop solution approaches actually using these ideas. However, let
us mention that any modern solver confronted with (17) would probably do the substitutions
itself, so we won’t really differentiate between the two. Also, an in-depth polyhedral description
of the projection of (17) to the space of the original variables has been provided in [14], which
therefore could be applied to avoid the introduction of the new variables. This might be useful
also in view of the fact that further variables are necessary if the objective function has to be
reformulated in terms of conic constraints to pass the above formulation to a (MI-)SOCP solver;
that is, (17) have to be rewritten as

min  w' + w? + w'?
st.  (16b) , (16c) , (16d) , y', v% y'2>0
12
qi1 412 x
Wz ) 0 ) 0z [ o] | IEY
q12 Q422 )
which requires three further variables. However, the use of polyhedral techniques to replace
the conic formulation, albeit of possible computational interest, would not change the quality

of the obtained lower bounds, which is what this paper is mainly aimed at, and therefore its
exploration is left for future research.

3.3 Higher dimensions

The above technique can obviously be used to compute convex envelopes in higher dimensions,
although of course the size of these grows exponentially fast. For instance, the 3x3 case amounts
to enumerating all 22 — 1 = 7 nonempty subsets of the set ¢ = {1, 2, 3}, i.e., the possible
configurations C(t) = 28\ 0 (= {{1},{2},{3},{1,2},{1,3},{2,3},{1,2,3} }) of the indices of
the three binary variables yi, y2 and y3 which have the value 1, excluding the all-0 case. Then,
for each ¢ € C(t) we define one single variable y¢, plus “copies” z§ of z; for all i € ¢. The zf
variables are naturally partitioned in 2l — 1 = 7 variable-length sub-vectors according to the
configuration, i.e., x = [v].cc(;) where 2¢ = [2§];c.. We accordingly define the sub-matrices Q°
of the [t| x [t| (= 3 x 3) Hessian @ of the problem restricted to the indices in ¢. This finally
yields
min - Yoo [(@9)TQ]/y

S.t. Xr; = ZCEC(t)IiEC .Tf 7/ S t
Yi = ZcEC(t):iEc y° iet (18)
Liy® < zf < wy° ceC(t) , iec
ZCGC(t) ye<1
y¢e€{0,1} ceC(t)

Extending (18) to the generic k x k case is straightforward: one just has to change the definition
of t. However, given the combinatorial explosion in the size of the formulation, it is likely that
these ideas can only be of practical use (if ever) for very small values of k. This is similar to what
happens in the RLT technique [20] of which this is clearly a special case: while a hierarchy can be
defined which provides tighter and tighter relaxations as k grows, the size of the corresponding
formulations grows so rapidly in k£ that only k& = 2, or occasionally k& = 3, have ever found
practical application.

In our case, a further issue has to be considered: the above reformulations only work for
small matrices, while the applications require much larger ones (e.g., n in the hundreds). Since
it is clearly impractical to develop formulations with & = n, the idea is to extend the approach
described in §2 to the k > 2 case. That is, we seek to (approximately) decompose @ as the sum



of several k x k PSD matrices, to each of which the technique can be separately (and, hopefully,
efficiently) applied.

4 SDP approaches for finding approximate kxk decompositions

In this section we explore the direct generalization of the approach described in §2. That is,
we define the problem of approximately decomposing the PSD matrix @ in (1a) as the sum of
(many, much) smaller matrices as an SDP. We explore both the simple approach where only
@ is considered, as well as the exact approach where all the constraints in (1) are taken into
account to find the “best” possible decomposition. We of course start with the 2x2 case.

Definition 4.1 For each (i,7) = p € P let EP = [e;, ej] € R"*2, where as usual ey, is the h-th
vector of the canonical basis of R™. Given a PSD matriz QQ € R™™ we say that () admits a 2x2
decomposition (or equivalently is 2x2-decomposable or is 2x 2D) if and only if the following set
of conic (semidefinite) constraints has a solution with respect to the variables IIP € R?*2 (i.e.,
[P are 2x 2 matrices):

Q=Y ,epr ErTIP(EP)T (19a)
7 = 0 peP (19D)

Observation 4.1 Let p = (i,j) € P and 71';5 be the offdiagonal entry of the 2 x 2 matriz I19.
From equation (19a) it is straightforward to derive that if Q admits a 2x2D then sz = Qij-

Clearly, it is possible to restrict P to the set of indices of nonzero elements of @, provided
that each row/column has at least a nonzero. Indeed, Q;; = 0 implies that IIj, = Q;; = 0;
then, one can also set I1Y} = II5, = 0, as the diagonal elements of the II” matrices (which must
necessarily be non-negative) can always be increased without violating (19b). For the general
case where () has some all-zero row/column (save for the diagonal), consider that the existence
of a 2x2D is invariant w.r.t. symmetric reshuffling of the rows and columns of @Q: just pre/post

multiply each of the blocks by the appropriate permutation matrix. Hence, w.l.o.g. we can

assume that 0
_ 11 0
Q - |: 0 Q22 :| Y (20)

with Q22 diagonal, and each row/column in Q17 having at least one nonzero off-diagonal. Hence,
one can just decompose (Q11, and the 2x2D of @ is then obtained by just adding to that Qa9
(which is diagonal, and therefore trivially 2x2D).

Thus, detecting a 2x2D is a polynomial-time problem. Analogously, it is easy to write as
an SDP the problem of extracting “the largest possible decomposition” of (. Similarly to (6)
one may arbitrarily choose a linear objective function in the ITP variables; alternatively (and,
perhaps, more naturally since the problem is already conic anyway) one might consider

min{ 182 : Q=&+ ,p EFIP(E)T | (19b) , &= o} . (21)

Clearly, the optimal value of (21) is zero if an only if (19) has a solution. Any feasible solution
to problem (21) can then be used to define a 2x 2 Perspective Reformulation (2x2PR for short)



of (1) as follows:

Ppii)2 P32 P2\ T TP PP
T T T p (2i7) p @) (@Pr) TP
minz' Pz +q x+c'y+ Z I3, T 2o o (22a)
p=(i.j)€P
s.t. (1b)—(1d)
xisz’i—i—mf’p , y; = yPt 4 yPP peEP , i€p (22b)
LiyPt < a:f’i <wuiyPt o, LyPP < abP < wgyPP peP |, icp (22¢)
yrP Pt yPd <1 p=(i,j) €P (22d)
gl oy, PP e {01}, PP € {0,1} p=_(ij)€P. (22¢)
Here, the constraints (22b)—(22e) as well as the right-most sum in the objective function (22a)

are obtained by replicating (17) and (16e) for each pair (i, j) € P. However, there is no guarantee
that the optimal solution to (21) provides the best lower bound in the corresponding 2x2PR,
i.e., the continuous relaxation of (22). Yet, as for the one-dimensional case discussed in §2 it is
possible to write the problem of finding the 2x2D that provides the best bound by maximizing
the continuous relaxation of (22) over all approximate decompositions (II, ®). Interchanging
max,/min then yields

P)2
ng}yn le+cly+ max (@, zal) + Z < (yzp’i) (zg(,)j)z + W ) Hp> (23a)
’ p=(i.j)EP 0 7
sit. (1b)—(1c) , (22b)-(22d)
Yyt PP e [0,1] p=(i,j) €P (23b)
y e [0,1" (23¢)
Q=0+ pEPTIIP(EP)T | (19b) , @ = 0. (23d)

One can now proceed as in the one-dimensional case by computing the dual of the inner maxi-
mization problem. This is made slightly easier by defining

A 01 - 1 0 - 0 0
12 _ 1_ 2 _
on-|va] e=[os] -0 ] 2
so as to express the equality constraint in (23d) as
(012, 117) + (0, @) =20y (1,5) € P

Zj>i<ﬁlvnij>+2j<i<f)27Hji>+<Dia(I)>:Qii ZGN ’

where O% = E%(EY)T. The dual of the inner SDP problem then is

min > cp2Qpfp + > ien Qiifi (25a)
8.t ZpEP OPfp+ 2 ien Dif; = za” (25Db)
zP?)2
412 Al 72 ( yzpvi) 0 PP (gP )T .
O“fp+D fi+D°f; = (a2 +T p=(i,j) € P. (25c¢)
ypaj

When z and y are variables, the conic constraints (25b) and (25c) are nonlinear. However, they
can be transformed into linear constraints by introducing auxiliary variables and constraints, as



follows:

1 T
0 26a
[w ZpePOfp"‘ZeNDfZ] 20
0'2f, + D'f; + D? w0y = (i,j) € P 26b
o+ D fi+ D°fi= | w | p=(i,j) € (26b)
w?
pzl. =0 peEP , ic€p (26¢)
A T
WP PP
[ P ] =0 peP , (26d)

with WP obviously being 2x2 matrices. All in all, (23) then is

min ¢’z +cly+ > pep 2Qpfp + 2 ey Qiifi

(27)
st (1b)—(lc) , (22b)—(22d) , (23b)—(23¢) ., (26)

which is a rather “large” SDP as n grows. As we shall see, actually solving (27) can be rather
challenging. However, it is poised to produce a tighter lower bound than (6), and our main
interest is in evaluating how significant the improvement in bound quality is. We remark that the
dual optimal solution of the constraints (26b) provides the optimal 2x2D IIP, p € P. Extending
both phases of the approach—finding the decomposition and defining the corresponding PR—to
the k x k case for generic k is now almost straightforward, mostly boiling down to defining the
appropriate notation. However, our results will show that the approach is already extremely
demanding for £ = 2, and likely even more so when k grows larger. Hence, the detailed derivation
of the k x k case is better left to the Appendix A.

5 Exact 2x2 decompositions

In this section, we give a characterization of the PSD matrices having an exact 2x2 decompo-
sition (in the sense of Definition 4.1) and we show how to construct 2x2 decompositions when
they exist. We assume n > 2 throughout, unless otherwise stated.

We begin with the following observation. Recall that a square matrix A € R™" is weakly
diagonally dominant (WDD) if |a;;| > .., ai;| for every i € N.

Observation 5.1 If Q = 0 is WDD, then Q is 2x 2-decomposable.

Proof: First, since @ > 0, we have Q;; > 0 for all © € N. Next, note that by Observation 4.1 the
non-diagonal entry of IT¥ must be equal to Q;; in any feasible 2x2D, therefore system (19) has
a solution if and only if the following one is feasible:

Z] J;éz Z QZZ ) S N (28&)
77;]”;'] 2 Qij (i,4) € P (28b)
7 >0, 77 >0 (i,j) € P, (28¢)

where ij and 7r§-j represent the diagonal entries of IT%.
For every i € N, arbitrarily choose convex multipliers {ai*} ki © Ry such that ), i aik =
1, and for each j € N with j # i define m;” by

7 =1Qy| + af (Qn‘ = Dkt |Qikz|) - (29)
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By weak diagonal dominance of () and the fact that Q;; > 0, we have 7rfj > 0. Moreover,

i > 1QullQul = QF . and
Zz;z# Wffl = Zz;z# |Qu| + (Zz;z# 0‘?) (Qii - Zk:k# |Q“€|)
= D Qul + Qii — 3 pp s |Qik| = Qi -

Being WDD is sufficient, but not necessary for a PSD matrix to be 2x2-decomposable, as
can be seen from the following example:

2 2 1 120 10 1 000
25 1|=[240[+]000|+]|011 (30)
11 2 00 0 101 01 1

However, a necessary and sufficient condition may be obtained from a slight relaxation of weak
diagonal dominance. A square matrix A € R"*" is weakly scaled diagonally dominant (WSDD)
if there exists a positive definite diagonal matrix D € R™*™ such that DAD is WDD. In other
words, A is WSDD if and only if there is some n-dimensional vector d > 0 such that

|diqiidi| > 32552 ldiaijds| = aglds = 3255 aigld;  Vie N . (31)

A straightforward calculation shows that the matrix in (30) is WSDD, for example using D =
diag(7/4,1,3/2).

There are many (at least 40) known characterizations of WSDD matrices (see for instance

[5, 17, 19] and the references therein). In particular, in the following theorem, the equivalences

(2) <= (3) <= (4) are well-known. Nevertheless, we include the proofs of these implications

for completeness, as well as to motivate Proposition 5.1, in which we give an explicit formula

for constructing 2x2 decompositions when they exist. The proof we provide for the implication
(3) = (4) is essentially [19, Theorem 11].

Theorem 5.1 Given @Q = 0, let D = diag(Q) and V = Q — D. If Qi > 0 for all i € N, then
the following are equivalent:

(1) Q is 2x2-decomposable;

(2) D£|V| =0, where |V|];; = |Vij| for every (i,j) € N x N;
(3) p(II — Q) < 1, where Q = D~2QD";

(4) Q is WSDD.

Proof: 1t is straightforward to show that in the case where @) is reducible, each of (1)—(4) holds
for @ if and only if it holds for each of its irreducible components. Hence, we can restrict to the
case where @ is irreducible. We prove a cycle of implications.

(1) = (2): Note that the system (28) is identical for every matrix Q € A(Q), where

AQ)={Q €S, : diag(Q) = diag(Q) , |Qij| =1Qi| Vi.je N} ,

and Sy, is the set of n x n (real-valued) symmetric matrices. Hence, if @ is 2x2D, then so is
every @ € A(Q). As already mentioned, Q) being 2x2D immediately implies that @ > 0, hence
Q = 0 for every Q € A(Q). Since D + |V| € A(Q), the result follows.

(2) = (3): Suppose that D £ |V| > 0. Then, since D > 0, we have
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0<D 2(D£|V)D2=1+D2|Q-DDz=I+|Q—1|,

where Q = D"2QD ™. Hence, A(|I —QJ) € [-1,1], and therefore p(|I — Q]) < 1.
(3) = (4): Suppose that p(|I — Q|) < 1. Since Q is irreducible, so is |I — Q|; hence, by
the Perron-Frobenius Theorem [13, 16], there exists an eigenvalue A € A(|I — Q|) such that

A = p(|I — QJ); moreover, there is an associated eigenvector z > 0. Thus, for every i € N we
have

Zj:j;éi 1Qijlz; = I — Qliz = Ay < xi = Quwi
Hence, @ is WSDD, and therefore so is Q.
(4) = (1): Suppose @ is WSDD. Then, there exists a diagonal matrix U > 0 such that
UQU is WDD. By Observafci?r'l'S.l, UQ'U then has a 2x2D, say UQU = 3 ; j\cp EJﬁJ(EJ )T.
Hence, @ = 2 jyep UlEITY (UL E9)T Which'('jan be reW?‘itten as @ = 'Z(i,j)eP E"fJH’J(E’])T
where the diagonal entries of II¥ are given by ) = Uglﬁ? Uizl and 7'(';] =U. ngﬁ;j U ];1. This
completes the proof.

Remark 5.1 After the submission of the initial version of our manuscript, it was brought to our
attention that the equivalence between weak scaled diagonal dominance and 2x 2-decomposability
has been independently demonstrated in [3, Lemma 9] (see also [15, Theorem 3.1] and [2, Remark
2.2]).In fact, the equivalence is a natural consequence of results in [5] characterizing the class of
positive semidefinite WSDD matrices as the matrices having factor width at most 2.

In Theorem 5.1, the assumption that @;; > 0 for all # € NN is not restrictive and is only
made for convenience. Indeed, if ();; = 0 for some ¢ € N, the fact that Q > 0 entails that
Qij = Qj; = 0 for every j € N. Hence, we can assume w.l.o.g. that () can be partitioned as in
(20), where all diagonal elements of )11 are nonzero, and Q22 = 0 (the zero matrix). It is then
straightforward to show that ) has a 2x2D if and only if 17 does.

Proposition 5.1 Under the hypotheses of Theorem 5.1, assume in addition that Q is both 2x 2D
and irreducible and let (A, ) be an eigenpair for |I — Q| such that X = p(|I — Q|) and = > 0.
Arbitrarily choosing t; € [\, 1] for each i € N, a 2x 2D of Q is given by

i _ tilQulV@Qi . L @il —t) Vi, jEN,i#] . (32)

‘ M/Qj; n—1
Proof: First note that A > 0, since otherwise Q would be diagonal, and therefore reducible,
contradicting the hypothesis. Hence, each m;” is well-defined. Next, since 0 < t; < 1 for each
i € N, we have m; Y >0. In addition,

7,] z]>tz|Qz]’Vsz _1 tj‘QZj|\/QJJ _1 titj 2A> 2‘
- )\\/@ ] A\/@ ] 'L )\2 1] — 177

since t; > A, t; > A. Furthermore, for every i € N,

S Z<u|@jr@xj+@ﬁ<1—ti>>: tmzrwg Oul—t)

o 1 .
jii jiji Qjji " i g V

— t'LQ” Z |Q7’J =+ Q”(l — tl) b Qu |I Q‘z$ + sz( - 1)

AZ; jii#i V QnQ]j
= Qi+ Qii(l —t;) = Qi - g
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In the case where @ is 2x2-decomposable but reducible, (32) is not necessarily well-defined,
since we may have z; = 0 for some ¢ € N. However, in this case () can be brought, by symmetric
exchanges of rows and columns, to a block-diagonal form with & diagonal blocks Q", h =1,... .,k
(cf. (20)), each of which is irreducible. Then, (32) can be applied to each of the blocks Q"
separately, where (x, \) is the eigenpair associated with |I — diag(Qh)_%thiag(Qh)_% |.

It is also possible to characterize when the 2x2D obtained by (32) is unique:

Corollary 5.1 Under the hypotheses of Theorem_5.1, assume in addition that Q) is irreducible.
Then @ has a unique 2x 2D if and only if p(|I — Q|) = 1.

The proof of this result is somewhat long, and so it is deferred to Appendix B.

To conclude this section we comment on the connection between our results and the well-
known fact that any PSD matrix ) can be written as a non-negative combination of at most
n rank-1 PSD matrices, ie., Q = >,y /\ZazleT For example, one may choose {z;}ieny C R”
to be any orthonormal basis of eigenvectors for @, and {\;}ien € R4 to be the corresponding
eigenvalues. If Q has a 2x2D, then it can also be written as the sum of O(n?) sparse matrices.
Interestingly, it is always possible to choose the terms of the 2x2D so that, besides being sparse,
they are also rank-1. We remark that this result was arrived at independently (and via a shorter
proof) in [3, Lemma 9].

Proposition 5.2 Let n > 3. For any n X n 2x2-decomposable matrixz () there exists a 2x 2D
such that rank(I1¥) < 1 for all (i,5) € P.

Again, the proof of this result is deferred to Appendix B. It can be seen that the rank-1
2x2D for a given @ is not necessarily unique. For example, it is straightforward to check that
the rank of every block in the decomposition (30) is equal to 1. Yet, another possible rank-1
decomposition is:

2 21 220 201 00 0
25 1|=[230[|+[000][+]021
11 2 000 103 01 %

This is tied to the fact that one can choose different objective functions f in (47) (cf. Appendix
B), leading to different rank-1 decompositions.

6 Heuristic approaches for approximate 2x2 decomposition

We now combine the results of §5 with those of §2 to propose fast heuristics for finding ap-
proximate 2x2Ds of a matrix ) without the need of solving large SDP problems like (21). The
observation is that for any Q > 0, we know:

e how to select the “largest” diagonal D > 0 such that @ — D > 0, which just amounts to
solving the “small” SDP (6), with any choice of a (or even using ||Q — diag(d)||* as the
objective function);

e the quick formula (32), just requiring a largest eigenvalue computation, which gives us an
exact 2x2D for (), whenever one exists.

In other words, we want to write Q = R + ){, where X is 2x2D and R > 0, so that R—the
remainder—is as small as possible. If p(|I — Q) < 1, i.e., Q is 2x2D, we can quit immediately
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(X =@, R=D =0). Otherwise we can exploit the (obvious) fact that a diagonal matrix is
surely 2x2D. We therefore restrict R to have the form

R(e) =e(Q - D)

for ¢ > 0 and any fixed D such that R(1) = @@ — D > 0 (for instance, but not necessarily,
the optimal solution to (6)). This choice immediately implies that R(e) = 0 for any ¢ > 0.
Furthermore,

X(E)=Q—-R(e)=(1-¢)Q+eD . (33)

Clearly, X (1) is 2x2D. Also, for any ¢ we have a quick way to detect whether or not X(¢)
is 2x2D. Hence we can just do a binary search with € € [0,1] to look for the smallest £ such
that X (e) is 2x2D. Having found this €*, we then use X (¢*) to generate the 2x2D via (32),
shouldering the remainder R(¢*). The process is independent of how D is computed, only
provided that @ — D > 0. This is relevant, because one can use both ds and d; (cf. (9)/(8)).

Interestingly, the process can be iterated. Basically, one is exploring the space of all pairs
(X, R) such that @ = X + R, X is 2x2D, and R > 0, among which we surely know the trivial
one (0,Q). Given any feasible pair (X, R), we can easily compute a diagonal D (e.g. by solving
(6) with @ = R) such that R — D > 0: this means that (X + D, R — D), is another feasible
pair, clearly better than the previous one (if D # 0). In other words, we can make an improving
step in the direction (D, —D); from there we take a step in the direction (@, 0) with the above
idea, i.e., finding the smallest € such that X (¢) is 2x2D. We note, however, that with “obvious”
choices of D the process does not iterate long. In fact, assume that D has been obtained by
solving (6). Because R(¢*) = ¢*(Q — D), if one solves (6) again with Q@ = R(e*), clearly the
optimal solution can only be 6 = 0. Indeed, assume by contradiction that a D’ # 0 such that
e*(Q — D) — D’ = 0 exists: this means that e*(Q — D — (1/e*)D’) = 0, i.e., D + (1/¢*)D’ was
feasible for (6) before. But, clearly, D + (1/¢*)D’ is a better solution to (6) than D, whatever
reasonable objective function one chooses. Despite this, the approach is able in some cases to
find very good solutions in a short time (as shown in the next section).

Although the above heuristic is very efficient in practice (cf. §7), we remark that by changing
the requirement that each X (&) be 2x2D (hence WSDD) to the stricter requirement that each
X (e) be WDD, an explicit formula can be obtained for the optimal value of € that does not
require any eigenvalue computations (although at the possible expense of the quality of the
bound on (1)). Indeed, by (33) X (¢) is WDD if and only if

edii + (1 —€)Qii = (1 —€) 30,4 |Qy| VieN . (34)

Let N™={i€N : vi:=3,,;1Qi| — Qi > 0}; if N~ =0 then @ = X(0) is WDD, and hence
2x2D already. Otherwise, since d;; > 0 for each ¢ € N, (34) holds if and only if

adii/vizl—e Vie N~ .
Solving the above for €, we obtain
X()isWDD = e>1/(1+v) where y=min {dj/v; :i€ N} .

Taking e = 1/(1 + ), a 2x2D for X (¢) may be obtained immediately via the formula (29).

We remark that in [1], an alternative decomposition-based approach has been independently
developed for finding convex relaxations of (1) which has some features in common with the
approach we have outlined in this section. In [1], the authors observed that the quadratic form
associated with an arbitrary symmetric matrix ) may be decomposed as follows:

e'Qr =31, (Qn' =D ki \Qij|) 27+ Yy Y 1Qusl (i + sgn(Qij)x;)* . (35)
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We note that (35) may be obtained from the following decomposition of Q:

: Qijl Qi

=diag(z) + >, _(; nep EP @iy J EP)T 36
@ =diag(>) + Syper 2| 100 &0 | ) (30
where z is the n-dimensional vector such that z; = Qi — >_,;|Qij| for each ¢ € N. In [1], a
convex relaxation of (a special case of) (1) is obtained by taking a sum of the convex envelopes
of each of the (1 and 2-dimensional) terms in (35) with respect to the feasible set of (1).

7 Computational results and conclusions

We now present computational results aimed at assessing whether formulations employing the
2x2PR, i.e., (22), have the potential of improving lower bounds w.r.t. state-of-the-art ones
using the PR of the diagonal terms only. For this we have used the Mean-Variance portfolio
optimization problem already employed in [8, 9, 10, 11, 12, 21], and available at

http://www.di.unipi.it/optimize/Data/MV.html .

The interested reader is referred to these references for details on how the instances were gen-
erated, as well as the behaviour of solution approaches based on the PR with diagonal terms
only (the covariance matrix @ is often estimated using a factor model, i.e., @ = D + L, where
D is a non-negative diagonal matrix and L is a low-rank PSD matrix, see e.g. [7]). However,
we could not use the same instances used there (with n € {200, 300,400}) as some of the ap-
proaches do not scale to those sizes; instead, we considered instances with n € {25,50}. We
constructed instances mirroring those used in the literature, i.e., (initially) with three different
kinds of matrices Q: diagonally dominant ones (“p”, or “4” instances), almost but not quite
diagonally dominant ones (“z”, or “0” instances), and strongly not diagonally dominant ones
(“n”, or “—” instances). All those instances had @ > 0; we also found that matrices with neg-
ative (off-diagonal) elements behaved quite differently. Hence, for each instance we produced a
second instance by changing the sign of all the off-diagonal elements of ). These are SDP when
the original matrix is of type “p”, but not necessarily when it is of type “z” or “n”; hence, the
matrices were, whenever necessary, corrected by adding to them the smallest possible diagonal
that restored @ »= 0, a la (6). We denote by “0”, “y” and “m” the instances thusly produced
W w »

starting from, respectively, “p”, “z” and “n” ones. For each type we produced 10 different
instances by changing the seed of the random generator.

We tested 6 different approaches:

1. Dy and D; denote the bounds obtained by the diagonal PR (5) when § is obtained by
solving (6) and (7), respectively;

2. 2x2, and 2x2; denote the bounds obtained by the 2x2PR (the continuous relaxation of
(22)) when the 2x2D is obtained by solving (21) and (27), respectively;

3. 2x2" and 2x 2! denote the bounds obtained by the 2x2PR (the continuous relaxation of
(22)) when the 2x2D is obtained from the heuristic of §6, starting from the diagonal D,
and D, respectively.

Tables 1 and 2 report, for each approach, the gap of the corresponding relaxation w.r.t. the
optimal integer solution (in percentage) and the running time (in seconds) required to compute
it. A number of comments is necessary:
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e The optimal integer solution has been obtained by running a B&C solver (in particular,
Cplex 12.7) on the diagonal PR (5), with the D; diagonal. While “p”, “z” and “n”
instances can be solved quickly (cf. e.g. [8, 9] for much larger sizes), the same does not
hold for the new “0”, “y” and “m” instances, some of which required many days of CPU
time to be solved because of the rather weak bounds. Since the optimal solution was
obtained with high accuracy (1e-4 relative), the gaps have been computed as (ub—1b)/ub,
where ub is the value of the best feasible solution produced by the B&C, and (b the lower
bound produced by each PR. Most often the gap is rather computed as (ub — 1b)/1b,
which is the safe option when ub can be arbitrarily far from the optimal value. In our case,
however, the formula is sensible because ub is very close to the optimal value. Furthermore,
this makes comparison between the different lower bounds more accurate. Finally, as the
tables will show, for several instances even the best bounding procedure returns (the very
weak) b = 0; with the formula we adopted this gives a gap of 1 = 100%, whereas the
standard formula would be ill-defined.

e Presenting the results is not trivial, because they have a very large variance not only
between different classes of instances, but even within the same class. Hence, reporting
averages is not a feasible option, as they would hide too much detail; on the other hand,
for space reasons we cannot report results for all instances. The compromise we reached is
to present individual results, but only for half of the instances (the “odd ones”); the results
on the other half are completely analogous, and would not change the overall picture.

e Computing the bound is typically a two-stage process: first either the diagonal or the
2x2D is computed, and then the PR using them is solved. In the tables, “t.” is the time
for the first, and “tb.” that for the second. The exception is 2x2;, where one computes
at the same time both (but at a rather astonishing price). Also, 2x27 and 2><2;‘ first
compute a diagonal, and then the 2x2D out of it; for these cases, “t.” refers to the latter
phase, as the time for computing the diagonal can be found in the corresponding columns
Dy and D;.

e Running times are on Intel Core i7@2.5 Ghz. The bound is computed solving (5) or (22)
formulated as SOCP using Cplex 12.7, while the SDP problems are solved with SeDuMi
1.1. In some cases, these choice may not be the ones attaining the best performances. For
instance, the best solver for computing Dj, according to [11], is DSDP. Also, the SOCP
formulation is often not the best approach to compute the PR in the diagonal case, as
shown in [8, 9, 12, 21]. However, the running times of (22), and even more of (27), are so
large as to make it hardly relevant to discuss the best solution approaches for the diagonal
cases. Furthermore, always using the same solution approaches improves consistency of
the results.

Table 1 and 2 paint an uncharacteristically varied panorama. The only constant results are:

e The gaps provided by 2x2", are almost always identical, or at least extremely close, to

those obtained by 2><2{L (using Dy); when the former provides better gaps the difference is
minor, and in a few cases (eg., 25-n-i and 50-z-1) the converse actually happens.

e Most often, the gaps provided by the (very cheap) heuristic, basically irrespective of the
choice of the starting diagonal, are identical, or at least extremely close, to those of the
much more costly 2x2;. Sometimes the SDP-based approach produces visibly better gaps
(e.g., 25-n-i and 50-n-i), but when this happens the bound is typically not the best one.
Although we don’t report them, we can add that the objective function values (in the
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th.

Table 1: Results with different decompositions for

gap

Dy
t th.

gap

t.

2X 2
tb.

gap

2x2h

th.

gap

n = 25.

2% 20
th.

gap

2)(21

t.

gap

25-p-a
25-p-c
25-p-e
25-p-g
25-p-i

0.28
0.28
0.28
0.28
0.29

0.04
0.03
0.03
0.03
0.03

2.28
2.48
1.83
2.16
0.71

0.75 0.04
0.65 0.03
0.63 0.03
0.65 0.03
0.64 0.03

2.21
2.36
1.46
1.75
0.56

5.12
5.94
5.82
5.35
5.28

1.14
1.33
1.21
0.94
0.76

2.21
2.30
3.70
1.74
2.33

1.81
1.94
1.90
1.93
1.67

2.21
2.30
3.70
1.74
2.33

2.24
2.49
2.41
2.55
2.42

2.21
2.30
3.70
1.74
2.33

6.5e+3
1.0e+4
1.1e+4
8.2e+3
9.3e+3

2.21
2.30
1.29
1.71
0.55

25-0-a
25-0-c
25-0-e
25-0-g
25-0-1

0.51
0.93
0.33
0.29
0.29

0.03
0.03
0.03
0.03
0.02

3.95
8.23
17.26
10.33
14.93

0.68 0.03
0.61 0.03
0.61 0.03
0.63 0.03
0.65 0.02

2.83
5.09
15.30
8.11
13.65

7.31
7.34
7.04
6.95
7.24

1.21
1.17
0.83
0.93
0.83

2.81
2.48
8.90
3.06
6.58

2.49
2.67
2.42
2.67
2.14

2.81
2.48
8.90
3.06
6.58

2.33
2.55
2.24
2.47
2.14

2.81
2.48
8.90
3.06
6.58

2.5e+3
2.4e+3
1.4e+3
2.2e+3
1.4e+3

2.80
2.47
8.90
3.05
6.58

25-z-a,
25-z-c
25-z-e
25-z-g
25-z-1

0.29
0.29
0.29
0.29
0.29

0.04
0.04
0.03
0.03
0.03

2.39
3.06
0.02
1.55
0.98

0.65 0.03
0.64 0.03
0.67 0.03
0.66 0.03
0.65 0.03

1.84
2.44
0.00
1.32
0.81

5.63
5.78
5.66
7.70
6.05

0.71
0.60
1.21
1.75
1.09

16.18
15.27
0.07
1.33
0.97

2.42
2.82
1.50
3.48
2.65

16.26
15.83
0.07
1.39
1.00

2.22
1.81
1.65
2.59
2.01

16.26
15.72
0.08
1.55
0.98

1.6e+4
1.9e+4
1.4e+4
1.4e+4
1.4e+4

1.50
1.64
0.00
1.21
0.78

0.38
0.36
0.36
0.36
0.36

0.01
0.01
0.03
0.04
0.03

100.0
100.0

2.14
24.57
15.96

0.78 0.01
0.73 0.01
0.69 0.01
0.63 0.04
0.66 0.04

100.0
100.0

2.10
24.57
15.97

8.17
8.04
8.51
8.66
8.28

0.72
0.81
1.11
1.42
1.07

100.0
100.0
0.32
9.14
3.49

1.27
1.26
1.32
2.28
1.57

100.0
100.0
0.32
9.14
3.49

1.20
1.26
1.32
2.29
1.75

100.0
100.0
0.32
9.14
3.49

1.2e+3
1.4e+3
3.3e+3
3.5e+3
2.6e+3

100.0
100.0
0.21
8.71
1.61

0.29
0.28
0.28
0.29
0.28

0.02
0.03
0.02
0.03
0.03

2.79
3.04
2.00
4.24
2.68

0.65 0.03
0.65 0.02
0.63 0.03
0.63 0.03
0.59 0.03

1.78
2.04
1.39
4.08
1.37

7.91
8.05
8.34
7.25
8.82

1.31
1.21
1.04
1.04
1.81

11.97
12.12
7.94
4.19
8.60

1.75
2.04
1.71
2.00
1.74

12.10
13.04
9.81
4.23
9.15

4.10
1.84
1.79
1.76
2.78

11.24
12.66
9.74
4.12
9.43

1.5e+4
1.4e+4
1.8e+4
1.4e+4
1.7e+4

0.27
1.42
0.38
4.06
0.35

2.69
0.57
1.13
0.41
0.38

0.03
0.03
0.02
0.04
0.02

100.0
99.55
100.0

5.32
100.0

0.67 0.01
0.69 0.03
0.67 0.01
0.65 0.03
0.65 0.02

100.0
99.55
100.0

5.32
100.0

8.38
8.74
7.89
8.96
7.95

0.81
1.20
0.71
1.30
0.67

100.0
98.59
100.0

4.79
100.0
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1.35
1.73
1.20
1.69
1.30

100.0
98.59
100.0

4.79
100.0

1.45
1.97
1.23
1.78
1.39

100.0
98.59
100.0

4.79
100.0

1.2e+3
1.5e+3
1.3e+3
3.0e+3
1.3e+3

100.0
98.59
100.0

4.66
100.0



Ds
t. th.

Table 2: Results with different decompositions for n = 50.

gap

Dy
t. tb.

gap

t.

2X 24
tb.

gap

2% 2"
tb.

gap

t.

2% 20
th.

gap

2><2[

t.

gap

50-p-a
50-p-c
50-p-e
50-p-g
50-p-i

0.38 0.07
0.31 0.06
0.32 0.06
0.32 0.05
0.32 0.06

1.47
2.45
0.89
0.83
1.33

0.98 0.06
0.95 0.07
0.92 0.06
0.97 0.05
0.95 0.05

1.23
2.16
0.33
0.73
1.24

172.91
182.99
173.14
169.28
164.57

13.47
12.60
13.08
14.77
15.81

1.20
2.11
1.40
0.72
1.25

39.33
27.51
41.42
45.43
36.86

1.20
2.11
1.40
0.72
1.25

6.5e-4
6.7e-4
7.5e-4
7.5e-4
7.0e-4

39.10
38.13
43.97
43.98
38.26

1.20
2.11
1.40
0.72
1.25

1.6e+5
1.6e+5
2.0e+5
2.2e+5
2.6e+5

1.20
2.11
0.26
0.68
1.24

50-0-a
50-0-c
50-0-e
50-0-g
50-0-i

0.38 0.06
0.36 0.07
0.34 0.07
0.32 0.06
0.36 0.06

18.17
15.71
21.84
19.84

5.24

0.99 0.14
0.96 0.08
0.96 0.06
0.91 0.06
0.92 0.07

14.26
9.32
17.18
15.90
2.35

172.69
172.75
176.68
175.49
174.82

11.25
10.25
15.03
10.04
12.99

3.31
2.44
7.95
6.32
2.27

43.13
42.01
57.43
39.26
33.67

3.31
2.44
7.95
6.32
2.27

7.7e-4
7.4e-4
7.4e-4
7.2e-4
6.4e-4

43.69
39.08
57.04
40.58
28.75

3.31
2.44
7.95
6.32
2.27

1.6e+5
1.8e+5
1.4e+5
1.0e+5
1.9e+5

3.31
2.44
7.95
6.31
2.27

50-z-a
50-z-c
50-z-e
50-z-g
50-z-1

0.32 0.07
0.32 0.06
0.32 0.07
0.39 0.06
0.32 0.06

0.46
2.79
2.86
3.46
2.92

0.98 0.06
1.02 0.06
0.96 0.06
0.94 0.07
0.97 0.07

0.30
1.53
1.16
2.52
1.79

220.37
229.32
193.93
213.51
226.16

16.64
10.11
8.39
7.66
12.10

0.41
10.28
10.97
11.62

3.65

39.13
34.27
38.50
42.13
40.59

0.45
11.61
11.45
12.32

4.72

1.8e-2
2.2e-2
2.5e-2
2.3e-2
1.9e-2

31.77
21.71
22.97
21.62
28.12

0.42
11.21
11.30
12.16

4.83

2.4e+5
2.8e+5
3.5e+5
2.2e+5
2.2e+5

0.27
0.62
0.51
2.24
1.36

50-y-a
50-y-c
50-y-e
50-y-g
50-y-i

0.46 0.03
0.43 0.03
0.46 0.03
0.47 0.04
0.45 0.05

8.80
99.76
100.0
100.0
94.62

0.99 0.11
0.97 0.07
0.99 0.02
1.00 0.02
1.06 0.07

8.80
99.76
100.0
100.0
94.62

207.35
204.27
190.83
206.13
202.14

15.44
15.13
7.56
8.39
16.70

0.16
98.09
100.0
100.0
73.27

69.33
132.16
34.98
37.45
65.71

0.16
98.09
100.0
100.0
73.27

6.1e-4
6.9¢-4
6.5e-4
8.1e-4
8.3e-4

67.33
139.86
37.44
39.14
162.52

0.16
98.09
100.0
100.0
73.27

2.6e+5
8.6e+4
8.9e+4
7.9e+4
1.6e+5

0.14
98.09
100.0
100.0
73.26

50-n-a
50-n-c
50-n-e
50-n-g
50-n-i

0.33 0.06
0.32 0.07
0.32 0.10
0.32 0.07
0.32 0.12

3.99
4.67
3.12
3.04
3.92

0.99 0.10
1.01 0.07
0.99 0.06
1.01 0.08
0.98 0.07

2.83
2.85
1.54
1.66
1.98

252.97
258.48
240.48
247.21
258.87

13.72
13.38

9.62
13.88
14.72

2.60
7.68
9.23
1.51
6.75

43.35
47.34
43.33
44.48
44.46

3.97
10.85
11.90

2.56
10.10

2.0e-2
1.9e-2
2.5e-2
2.7e-2
2.2e-2

28.47
26.42
20.50
27.39
26.78

3.24
9.89
10.85
1.68
9.07

3.2e+5
2.8e+5
3.0e+5
2.4e+5
2.6e+5

2.43
1.05
0.36
1.45
0.57

50-m-a
50-m-c
50-m-e
50-m-g
50-m-i

0.48 0.06
0.48 0.11
0.45 0.03
0.49 0.14
0.45 0.07

59.97
100.0
100.0
36.35
98.51

1.04 0.09
0.96 0.07
0.94 0.08
0.96 0.09
1.04 0.07

59.97
100.0
100.0
36.35
98.51

201.50
200.48
192.65
206.09
200.08

15.55
6.85
6.76

17.69

14.65

15.47
100.0
100.0

6.03
90.22
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68.26
75.53
53.00
114.13
65.97

15.47
100.0
100.0

6.03

90.22

7.6e-4
9.6e-4
7.0e-4
8.4e-4
9.3e-4

82.80
118.41
130.69

89.59
110.19

15.47
100.0
100.0

6.03
90.22

2.2e+5
8.9e+4
9.5e+4
2.9e+5
1.4e+5

15.38
100.0
100.0

6.02
90.22



sense of (21)) of the 2x2D produced by the heuristics are almost indistinguishable from
those of the 2x2D of (21).

Also, as expected D; is always at least as good as Dy, and 2x2; is always at least as good as
the other two 2x2D. Other than that, almost all cases show up. The “optimal” (and extremely
costly to obtain) 2x2; can be barely distinguishable from the “optimal” D;, and even from
the very cheap Ds. It can also be quite close to the other two 2x2D; in some cases, all the
approaches provide extremely weak bounds. In some cases, 2><2;1 and 2x2, are much better
than both D, and Dy; in other cases they are very significantly worse. In some cases 2x2; is
visibly but not dramatically better than the other two 2x2D, in others the gap is abysmal. In
general, the difference between the “optimal” choices D;/2x2; and the corresponding “cheap”
ones D;/2x2, can be anywhere between negligible and humongous.

It is therefore difficult, at this stage, to draw significant conclusions about when using 2x2D
could be promising for computationally solving convex MIQPs with semi-continuous variables.
The only clear result is that finding the 2x2D by standard SDP approaches does not appear to
be feasible for problems of even moderate size. The time for solving (22) is also rather too large
for comfort. Yet, improving the time for solving the 2x2PR and/or the SDP is conceptually
possible: both have been done for the diagonal case [11, 8]. Furthermore, the results clearly
show that, under the right circumstances, the approach can yield significantly stronger bounds
than the best ones available so far. In this sense, our results look more promising than those
reported in [14], which were limited to only one class of tridiagonal matrices. Actually making
use of those bounds would require overcoming substantial hurdles, relative to both efficiently
finding “good” 2x2D (as, in several cases, those provided by the heuristic are not so), and
efficiently solving the 2x2PR once this is done. Both aspects are nontrivial, but conceptually
possible. Therefore, we believe it is fair to state that the idea proposed in this work warrants
further investigation.

A Approximate decompositions in higher dimensions

Similarly to §3.3 we mainly discuss the case of finding 3x3 decompositions, but the arguments
can be extended in a straightforward way to the general k£ x k case. As already noted, and
confirmed by our computational experience (cf. §7), “large” values of k are unlikely to be of any
practical significance.

The starting point is just defining the set T' = { (i,j,k) € N X N x N : i < j <k} of all
possible triples. To each t € T' we then associate the n x [t| (= n x 3) matrix E' = [e;, e;, €]
and the [t| x |t| (= 3x3) matrix I'!, which immediately defines the analogous of (21)

min{||c1>|y2 Q=0+, ETHENT | T'=0 teT , @50} . (37)

Any feasible solution of (37) is an approximate 3x3D of @), which is an exact 3x3D if and only
if the optimal value is 0. Given any approximate 3x3D, using the notation defined in §3.3 we
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can easily define the corresponding 3x3PR:

min z7®x + ¢"x + Ty + 3007 Do (@) T (T ate Syt (38a)
s.t. (1b) — (1d)
Ti = ZCEC(t) riec w?c Y= ZcGC(t):iEc yhe teT , 1eN (38b)
Ly < 20 < uy™e teT , ceCt), icc (38)
Deccm ¥y <1 teT (38d)
yh € {0,1} teT , ceC(t) (38e)

As in §3.3, in (38a) (I'")¢ denotes the submatrix of I'* restricted to the rows and columns
corresponding to the indices in ¢. For instance, for t = (i,4,k), ()1 =Tt (D)7} is the
(i,j)-th principal 2x2 submatrix of I'*, and (I'*)* = I'*. Combining (37) with (38) again yields
the problem of finding the 3x3D providing the best bound. This again starts with the following
min-max analogous to (23)

tc)T
t
m}ynq To 4 y—Hgax (@, z2T +E < E ,F> (39a)

tc
teT \ceC(t) y”
s.it. (1b)—(1c) , (38b)-(38d)

cel0,1]] teT , ceC(t) (39b)
y € [0,1]" (39¢)
Q=0+, ETHENT |, T'=0 teT , =0 (39d)

where Z%¢ in (39a) denotes the |c|-vector 2:¢ extended to a [t|(= 3)-vector by filling it with zeroes
for the indices i ¢ c¢. For any i € ¢ and j € ¢ we also define the [t| x |t| (= 3x3) matrices D%
having a 1 on the diagonal entry corresponding to the position of index 4 in ¢, and O%% having
a 1 on the two off-diagonal entries corresponding to the position of the pair (i,j) (cf. (24)), so
as to express the equality constraint in (39d) by

Sterijct{ O, T + (07, @) =2Q;; (i,j) € P

ZteT:iet<Dt’iaFt>+<Dia‘I)>:Qz‘z‘ i €N
The dual of the inner SDP problem then is
min 35 sep2Qijfij + 2 ey Qiifi (40a)
st 2 ep O fij + Xy D' fi = wa” (25b)
i y ft,c(i.t,c)T
Z O’“fij‘i'ZD’lfii E . teT (40b)
(4.5)Ct i€t ceC(t)

and the nonlinear constraints (25b) and (40b) can be rewritten as

M1 AxT ] - (262)
L2 Yigyer O fij + 2ien D' fi |
Z(zg ct OY fij + i DV fi = DceC(t) whe teT (41)
t,c t,c
(Mt/c)T gt,c =0 teT , ceC(t) (42)
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Each W€ in (42) is a |¢| x |c| matrix, and W€ in (41) denotes W extended to a |¢| x [¢| matrix
by filling it with zeroes for the indices i ¢ ¢. All in all, (39) then is

min g7z + Ty + 3 syep 2Qii fij + ien Quifi
s.t. (1b) — (1c) , (38b) —(38d) , (39b) —(39c) , (26a) , (41)— (42)

While the derivation clearly works for any k& > 3, a fortiori the continuous relaxation of such a
large SDP is going to be extremely challenging to solve as k grows.

B Proofs of Corollary and Proposition

Proof of Corollary 5.1.

Proof: Let © > 0 be the Perron-Frobenius eigenvector for |I — Q| (associated with the eigenvalue
A = p(|I —Q))) and define the matrix W = XDfé\Q|D7%X, where X = diag(x) and D =
diag(Q). Since X D3 =D":3Xis invertible, there is a one-one correspondence between 2x2D’s
of W and 2x2D’s of |Q| (and thus of Q) whenever either W or |Q)] is 2x2-decomposable. Hence,
Q has a unique 2x2D if and only if W does. Next, observe that we have

plI-QN <1 = [-Qlr= <2+, |Qlr; <z =|Qulr; YieN
= D 1| Qijlry < |Qule = > i Wig < Wi VieN . (43)
Moreover, p(|I — Q) = 1 <= > j.j+i Wij = Wii. Hence, the proof will be complete when we

show that W has a unique 2x2D if and only if Zj:j# W;; = Wy; for every i € N.

For the forward direction, suppose by way of contradiction that W has a unique 2x2D and
> j.jzi Wij # Wi; for some i € N. Since @ is 2x2-decomposable, p(|I — Q[) < 1; hence by (43)
we must have ) iji Wi; < Wy;. But then, observe that any two distinct choices of the convex

multipliers {agk}k;k# in (29) yield different values for the variables ij with j # ¢, and hence
distinct 2x2D’s, contradicting the assumption that the 2x2D of W was unique.

For the backward direction, suppose that Zj:j £i Wi; = Wy for every @ € N. Then, one
possible 2x2D of W is given by setting

=Wyl Vi, jeEN,i#]. (44)

Denoting this 2x2D by [[T¥ l(i,j)ep, assume by way of contradiction that there exists another
2x2D [11¥]; syep # [11Y](; jyep- For each (i,j) € P define the 2 x 2 (diagonal) matrix A" :=
1% — 1. We denote by A¥ and A;-j the diagonal entries of A%. We claim that tr(A%) > 0,
with equality holding if and only if A% = 0. Indeed, the claim is clearly true when AY, A7 > 0.

So, suppose instead that (without loss of generality) A? < 0. Since 0 < IT¥ = IT% + AV using
(44) we obtain

Wyl = < &% = () + A7) +AY)
= (Wil + AN (Wil + A7) = Wyl + Wil (A7 + A) + ATA]
Simplifying and rearranging we obtain

A;](‘Wij‘ + A7) > —A7 W] . (45)
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Since 119 = 0, we must have that
Wil + A7 =m + A7 =77 > 0. (46)
Moreover, note that if (46) holds with equality, then (45) gives 0 > —A;j \Wij| = (A;j )2, contra-
dicting A < 0. Hence, the inequality in (46) is strict, and thus (45) is equivalent to
AWyl AT Wyl

AY > S — AV
DT W+ AY (Wi ’

Hence, tr(A%Y) = Azj + Aé-j > 0, which proves our claim. But note that

> iyep tr(AY) = tr (Z(i,j)eP Nj) =tr (Z(i,j)ep 9 =3 jyep Hij) =tr(W-W)=0.

Hence, we must have that tr(A%) = 0 for every (i,j) € P, which by our claim implies that
A = 0 for every (i,j) € P, contradicting the assumption that [Hij](i’j)ep + [Hi‘j](i’j)ep. This
completes the proof of the backwards direction. O

Proof of Proposition 5.2.
Proof: Assume that Q is 2x2-decomposable. Let P = {SC N : |S| =2} andlet f: P - N
be defined by
- n if {i,5} ={1,n o
i = { i =tk gyer

min{i, j} otherwise

For convenience, we will write f(,j) instead of f({i,j}). It is easy to see that f is onto. Indeed,
if i =1, then f(i,2) = i; if i = n, then f(i,1) =4; and if 2 <i < n — 1, then f(i,n) = i. With
I = [I19 l(i,j)ep consider the optimization problem

max { g(T) = Y(; hep iy ¢ (28) ) (47)

Since @ has a 2x2D, (47) is non-empty, in addition to being closed and bounded, and therefore
it has an optimal solution II. We claim that for this solution, the inequalities (28b) are all active.
Indeed, suppose by way of contradiction that, for some {i,j} € P,

705l > QF (> 0), (48)

where without loss of generality we can assume f(i,j) = j. Since f is onto, there exists r(i) €
N\ {i,7} such that f(i,r(i)) = i. So, for any € > 0, we may define the point II(¢) by

—e ifk=i, l=j
m(ep =S al+e ifk=i, l=r(i) Vi leN, k£1.
it ifk#iork=dandl ¢ {j,r(:)}

We claim that for all sufficiently small e > 0, TI(¢) is feasible in (47). Indeed, (28c) and (28b)
hold since by (48) we have
m(e)? = ﬁ'? —e>0 and () 77(e)V = (7Y — e)fr;j > ij .

7 K3

Furthermore, (28a) holds since
i _ij _i,r(i il
Zl:{i,l}eﬁ W(ﬁ)il = (7 —¢) + (7, © +e€)+ Zl:{i,l}eP, #jr@) T = Qii -
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Moreover,

g@(€e) = Xpner @y

7 4,7 (%)
= ()75 + 7Oy T Lkt P sy, b2 Gir@) T
i (i)

_ =i — _ =kl
= 7Tj] + (7 )+ Z{k,l}eP:{k,l};ﬁ{i,j},{k,l};ﬁ{i,r(i)} T (k.1
= D ikiyep ﬁ]}l(k,l) +e=g(Il) + e > g(IT) ,

contradicting the optimality of II. Hence, the inequalities (28b) must all be active at II, which
implies that the determinant of all II¥ is zero, i.e., the II¥ all have rank at most one. O
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