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1 Introduction

A conic convex program is an optimization problem for which the objective is linear and the
constraint set is given by the intersection of an affine space with a convex cone. As such, it
contains as special cases the linear programming problem, the quadratic programming problem,
and most notably, the semidefinite programming problem. Recently, the latter problem has been
the focus of many studies due to mainly two reasons. First, it has a wide range of applications
in, among others, system and control theory [11] and combinatorial optimization [1]. Second, it
appears that interior point methods are well suited for solving this type of optimization problems,
see e.g. [27, 28, 30, 31, 32, 40].

In this paper, we consider the following conic convex programming problem

inf  La
st. x—be A (P)
ek,

where A is a linear subspace of ", K is a convex cone in ", ¢ and b are vectors in ®”. Throughout
this paper we assume, without loss of generality, that ¢ and b lie in A and its orthogonal complement
respectively. We shall denote this conic convex program by CP(b,¢, A,K). Notice that in this
setting, the convex cone K is not necessarily closed, and consequently, the domain of the conic
convex program may not be closed either.

The importance of duality theory is well recognized in the context of convex programming.
Among other things, it has played a central role in detecting infeasibility, lower-bounding the
optimal objective value, and in the design and analysis of iterative algorithms for solving linear and
quadratic programs. Indeed, if the optimal value p* of (P) is finite and the infimum is attained,
then an optimal solution of (P) should consist of a feasible solution #* with ¢'2* = p* and a dual
certificate proving the claim that p* is indeed the infimum. Similarly, infeasibility of (P) can be
established by using a Farkas—type dual solution.

To a large extent, duality results for linear programming can be generalized to the setting of
conic convex programming, as was pointed out by Duffin [15]. However, certificates in the context
of conic convex programming, such as those proposed in [15], can be infinitely long. More recently,
Borwein and Wolkowicz [10] proposed a regularization scheme which results in certificates of finite
length. We will see however, that checking the feasibility (correctness) of regularized certificates can
be a nontrivial task. Fortunately, the structure of regularized certificates is now well understood
for an important class of conic convex programming, viz. semidefinite programming, due to the
recent results of Ramana [34].

Since computational algorithms can only generate approximate solutions and certificates, we
are led naturally to study the properties of approximate dual solutions for CP(b, ¢, A, K). We will

see that while exact dual solutions provide a lower bound on the optimal value of a conic convex



optimization problem, approximate dual solutions provide a lower bound for the optimal value of
‘reasonably’ sized (primal) solutions. Our analysis of approximate solutions follows the approach
initiated by Todd and Ye [42].

This paper presents a unified treatment of duality theory for finite dimensional conic convex
programming. We consider the conic convex programming problem in its most general form in the
sense that we do not make such assumptions as closedness, pointedness, solidness, or constraint
qualifications. We carefully survey some existing results known for CP(b, ¢, A, K), and show that
various duality results that were previously known only for the case of closed, pointed and / or
solid convex cones can be extended to this general setting. Many new and interesting proofs and
examples make the survey self-contained.

This paper is organized as follows. Section 2 introduces the terminologies for describing fea-
sibility and related issues in conic convex programming. Section 3 provides some relevant results
from convex analysis. Characterizations of strong feasibility, boundedness and related issues are
discussed in Section 4. In Section 5, we present several extensions of Farkas’ lemma to conic con-
vex programming, yielding characterizations of (in)feasibility and strong infeasibility. Section 6
contains comprehensive duality results of conic convex programming. In particular, it provides a
derivation of the relationships between the standard primal and dual conic convex programming
problems. In Section 7, we give a new and simplified treatment of regularization. In Section 8, we
study the structure of regularized programs in the special case of semidefinite programming, and
this leads to Ramana’s semidefinite programming duality. The exact meaning of inexact solutions
is revealed in Section 9. This paper is concluded with some final remarks in Section 10.

Notation. Given a set §, we let cl S, int S and rel S denote the closure of S, the interior of
S and the relative interior of S respectively. If S is a subset of R and A is an m X n matrix, then

the image of § under the linear mapping A is denoted by AS, i.e.
AS={y e R" |y = Az, forsomez € S}.

The kernel, the image and the rank of A are denoted by Ker A, Img A and rank A respectively. If
A is a linear subspace, then P4 denotes the orthogonal projection matrix onto A. The dimension
of A is denoted dim A. In particular, there holds dim Img A = rank A. If A is a symmetric matrix,
we write A = 0 if and only if A is positive semidefinite.

Given a vector z € R”, we let ||z|| denote a norm of z, for which the dual norm is ||z]|*, i.e.
el = max{y™e |yl = 1.

The Euclidean norm of z is denoted by ||z||2. The distance from a vector z € R™ to a convex set
S CR"is
dist(z,S) = inf ||z — s]|.
st ) = inf [l — s|

Similarly, we let

. no_ . !
dist(8,8") = ;Ielgdlst($78)



denote the distance between two convex sets § and §’. The Minkowski sum of § and &' is
SeS' ={zeR"|z=z+yforsomez eS8, yecSY
and the (asymmetric) difference of § and &’ is
S\S={zeS|z¢gS}.

We let Ry ( R4y ) denote the half-line of nonnegative (positive) real numbers.

2 Terminologies and Preliminaries

A convex cone is by definition a set K with the property that {0} € K and
aKeK)=K, forall a>0.

Instead of ‘convex cone’, some authors prefer the name ‘nonempty convex cone’ for the above
notion. Let K* denote the dual cone of K, i.e.

K*:={seR"|sTK CR,}.

The cone —K* is also known as the polar cone of K [38]. It is easily verified that the dual cone K*
is convex and closed. We let sub K denote the largest linear subspace that is contained in K, i.e.

sub K = KN (=K).

Notice that
subK* = {s € R" | sTK = {0} };

we define K+ :=subK*. A convex cone K is said to be pointed if subK = {0}; K is said to be solid
if int K # @. The linear subspace that is spanned by elements of K is

span K := K @ —K.

Example 1 Let K = R x Ry x {0}, then K* = {0} x Ry x R, span K = R? x {0}, subK =
R x {0} x {0} and K+ = {0} x {0} x R.

Consider now problem (P), i.e. the conic convex program CP(b, ¢, A, K). If K is closed, we say
that (P) is a closed conic convex program. The set of feasible solutions of (P) is

Fp = (b—l—.A)ﬂ/C.



It is easy to see that

Fp=Fpd(ANK). (1)

If 2 € ANK, then x is called a direction (or a recession direction in the terminology of Rockafel-
lar [38]);  is an interior direction if it belongs to ANrel K. If z is a direction and —z is not, i.e.
z € (ANK) \ sub(ANK), then z is a one-sided direction. If = € AN K is such that c'z < 0,
then z is a lower level direction; such x is a one—sided lower level direction if —x is not a lower level
direction. An improving direction is a direction z with ¢'z < 0. An improving direction sequence
is a sequence ™M, 2 in K such that ¢T2(® < —1 for all 7 and

lim dist(z(, A) = 0.
11— 00

Notice that if there exists an improving direction, then there certainly exists an improving direction
sequence. We will see later that the converse is in general not true.

If sub (AN K) # {0}, it is often convenient to restrict ourselves to solutions in (sub (AN K))*.
Namely, it follows from (1) that

Fp = (]:p N (sub (AN IC))J‘) @ sub (ANK).
Based on this observation, we say that @ € R" is a normalized feasible solution of (P) if
x € Fpn (sub(ANK)*.

Obviously, if AN K is pointed, then any feasible solution is a normalized feasible solution.

Example 2 The standard LP problem
. ~T T 1 m
min{¢'y | Ay+s=0b,y e R, s> 0},

where A is an m X n matriz, can be cast as a conic conver program CP(b,c, A, K) in R™T" by

letting
T

bTi=l0 3T, T=]eT 0],
A = Ker { AT I}, K=R" xR,
where I denotes the identity matriz of order n. Since in this case there holds
sub (AN K) = (Ker AT) x {0}",
the normalized feasible set is
FpN(sub(ANKNT = {(y,s) € Fp |y e ImgA}.

It is customary in linear programming theory to assume that A has full row rank, i.e. Img A = R™,

which implies that Fp consists only of normalized feasible solutions.



The set of interior solutions is defined as
o
Fp:=FpNnrelK.

We say that (P) is feasible (or consistent) if Fp # () and (P) is strongly feasible (or super—consistent

in the terminology of Duffin [15]) if ](i'p# (. If (P) is feasible but not strongly feasible, then (P) is
said to be weakly feasible.

Strong feasibility as defined above is also known as the generalized Slater’s constraint qualifi-

cation.

Obviously, if (P) is feasible, i.e. if (b4 .A) N K # 0, then dist(b+ A, K) = 0. The converse is in
general not true, even if K is closed; see Example 3 at the end of this section. This observation gives
rise to the definition of weak infeasibility, which is sometimes referred to as sub—consistency [15] or
asymptotic consistency [5]. Problem (P) is said to be weakly infeasible if

dist(b+.A,K) =0 but Fp=10.
If
dist(b+ A, K) > 0,
then (P) is called strongly infeasible.

Let
* s T
p*:=inf ¢ Fp
denote the optimal value of (P). The set of feasible solutions for which the optimal value is attained
is
Fp={z e Fp|ctae =p},
and the normalized optimal set is

Fp 0 (sub (ANK)*E.

Problem (P) is said to be solvable (or convergent in the terminology of Duffin [15]) if Fj # 0. A
special case of unsolvability occurs when p* = —oo. In this case, we say that (P) is unbounded.
Notice that if (P) is feasible and there exists an improving direction, then (P) is unbounded.

Associated with (P) is a dual program (D), viz.

inf bTs
st. s—ce AL (D)
s €K

In other words, the dual of the conic convex program CP(b, ¢, A, K) is by definition the closed conic

convex program CP(c, b, AL, K*). In analogy to the definitions of Fp, ](i'p7 p™ and F5 for the primal
program, we define

Fpi=(c+ AYNK*  Fpi=(c+A") Nrel K,



and

& :=infb ' Fp, Fp:={secFp|bls=d*},

for the dual program. If (D) is weakly (in)feasible, strongly (in)feasible or solvable, then (P) is said
to be dual weakly (in)feasible, dual strongly (in)feasible or dual solvable, respectively. Similarly,
(P) is said to have a dual level direction, dual improving direction, etc., if (D) has a level direction,
improving direction, etc. We will see later that if K is closed, then the dual of (D) is again (P).

The following example illustrates some of the terminologies introduced above.

Example 3 Consider the program CP(b,c, A,K) in R, with

b=[0 0 1] e=[0 & 0]

A={z e R |2, =0,23=0},
and Y

l safof3 963;2 - 0}.
Then K* = K and At = {s € ®% | s5, = 0}. The primal is weakly infeasible,

0 1/\/5 >0, =o00.
V2 -
s sV gL
83/\/5 ) a
Hence, the dual is strongly infeasible if co < 0, weakly feasible and solvable with optimal value
d* =0 if co = 0, and strongly feasible and unbounded if c3 > 0.

IC:{$€§R3

p* = inf {CQ$2

The dual is
d* = inf {83

Example 3 is a semidefinite programming problem. We refer to Vandenberghe and Boyd [45]
for an introduction to semidefinite programming and its applications.

3 Basic properties of convex cones

The result below is quoted from Corollary 16.4.2 of Rockafellar [38]. We give a direct proof for

completeness.

Lemma 1 Let Ky and Ky be two convexr cones, then

KinKs = (Ky @ Ky)*



Proof: By definition, we have

T € (ICl ) ICQ)*

if and only if
$T(IC1 D ICQ) Q §R_|_.

Since 0 € K1 N K3, the above relation is equivalent with
$TIC1 Q §R_|_, $TIC2 Q §R_|_,

Le.z € KT NKS.

a

Based on Lemma 1, one may guess that the cones K7 & K3 and (Kq N Ky2)* are identical.

However, this is in general not true even if Ky and Ky are both closed, since the Minkowski sum

T
K7 & K% may not be closed. For instance in Example 3, we have { 0 0 1 } € cl (A& K), but
T
(00 1] gask

Corollary 1 Let K be a convex cone. Thenspan K = (subK*)* = KL i.e. span K is the smallest

linear subspace containing K.

Proof: Apply Lemma 1 with Ky = K and K3 = =K.

a

Recall that a solid convex cone in " is by definition a convex cone K for which int K # ), or
equivalently, for which the smallest subspace containing K is £". Hence, we obtain from Corollary 1
that K is solid if and only if K* is pointed. Notice however, that if K is not closed then K may be
pointed whereas K* is not solid. (For instance, consider £ = (% x R44)U{0}. )

Notice from Lemma 1 and Corollary 1 that

(sub (A N K™)T = (sub (A A7)
= (sub(ABK))
= span (A& K).
Hence, it follows that
Fp Nspan (A& K)
is the normalized dual feasible set.

A well known result is the bipolar theorem (see Duffin [15], Ben-Israel [4] and Rockafellar [38],

among others).



Theorem 1 (bipolar theorem) Let K be a convex cone in R". There holds

cl K=K

The bipolar theorem shows the nice symmetry between the dual pair (P) and (D): if K is closed,
then CP(b, ¢, A, K) is the dual of the conic convex program CP(c, b, AL, K*).

The bipolar theorem gives a dual characterization of ¢l K. Theorem 2 below gives a dual

characterization of rel L. To the best of our knowledge, this characterization is new.

Theorem 2 Let K be a convex cone in R". Then
r €rel K

if and only if
x €span K, aT(K*\Kt) C R y.

Proof: Let s be an arbitrary nonzero vector in (K* \ K1), and let § denote the nonzero orthogonal
projection of s onto the subspace K+. By definition, x € rel K implies that there exists a positive
number §(s) such that @ — 6(s)s € K. This yields

0<sT(z—5(s)8) =5z —d(s)||8])2 < sz
Moreover, since rel K C span K, we have & € span K.

Conversely, suppose that 2 € span K is such that 2T (K* \ K1) C R, . Since 27K+ = {0} (see
Corollary 1), it follows that 2T C Ry, ie 2 € K. Let

e :=inf{zTs|s € K*Nspan K, ||s|| = 1}.

Then € > 0, because K* and span K are closed. By construction, we have for all y € span K, y # 0,

and s € K* that
T €
(o i) 2o
Iyl

which implies that x € rel K™, Using the bipolar theorem, it follows that z € rel K.

a

The following lemma gives a formula for the relative interior of a Minkowski sum of cones. It
follows from Corollary 6.1.1 in Rockafellar [38], but we give a direct proof for completeness.

Lemma 2 Let Ky and Ky be convexr cones in ®*. Then

rel (K1 & Kg) = (rel K1) & rel K.



Proof: From Corollary 1, we know that span (K1 & K2) is the smallest linear subspace containing
K1 @ K3. Since
span (Ky & K2) = (spanKy) & span Ky,

it follows that
x € (relKy) Drel Ky = x € rel (K1 @ Ky). (2)

On the other hand, we have clrel K1 = cIl Ky and clrel K9 = ¢l K9 because K; and Ky are convex,
and hence

K1 Ky Cel((rel Kq) & rel Kg), (3)

where we used the fact that the closure of a set is the union of that set with its limit points.
Relation (3) implies that
rel (K1 & K2) C (rel K1) & rel K. (4)

Combining (2) and (4) yields

(rel K1) & rel Ko = rel (K1 & Ky).

In fact, Lemma 2 holds not only for convex cones but also for more general sets known as robust
sets. (A set S is said to be robust if it satisfies clrel S = ¢l S.) This fact can be shown by the same

proof as used in Lemma 2.

The following lemma shows how an invertible linear transformation of a cone affects its dual.

Lemma 3 Let K be a convex cone in R" and let M € R"**" be an invertible matriz. Then

(MTK) = M~IK™.

Proof: We note the following relations

ye (MK = yITMIKCR,
— MyecK”
= ye MK



4 Characterization of strong feasibility
Combining Lemma 1, Theorem 2, and Lemma 2, we obtain the following result.

Theorem 3 There exists a primal interior solution if and only if there exists no one—sided dual
level direction.

Proof: By definition, a conic convex program CP(b, ¢, A, K) has an interior solution if and only
if (b+.A)NrelK #0, ie.
be Adrel K =rel (Ag K),

where we used Lemma 2. From Theorem 2, we know that the above relation holds if and only if
bespan (ADK), b ((ADK)\ (ADK)Y) C Ry,
which, using Lemma 1, is equivalent with
bI(AL NK™) = {0}, bT((AXNK™) \sub(ATNK") C Ry,

i.e. there exist no one—sided dual level directions.
a

The above characterization of strong feasibility was established by Carver [12] for the case that
K = R%. For general solid closed convex cones, the result can be found in Fan [17], Duffin [15],

and Berman and Ben-Israel [6]. Notice however, that Theorem 3 above is applicable also if K is

not solid.

Special cases of Theorem 3 are the arbitrage and pricing result in the theory of financial mar-
kets [22] and well known theorems of Lyapunov, Stein and Taussky in matrix theory (see the
discussion in Berman and Ben-Israel [6] and Berman [5]). Applying Theorem 3 to the conic convex
program CP(0,0,.4, K) yields a characterization of the existence of primal interior directions:

Corollary 2 Consider a conic convex program CP(b,c, A,K). There exists a primal interior di-
rection, i.e.

Anrel K #0

if and only if there is no one—sided dual direction.

If K = R (the polyhedral case), Corollary 2 reduces to a classical result of Gordan [21] and
Stiemke [39].

Combining Theorem 3 and Corollary 2, it follows that if there exists an interior direction
(ANrel K # 0), then there must also exist an interior solution (](i'p7é 0).

10



Based on Theorem 3, we derive a characterization of the existence of improving interior direc-

tions:

Corollary 3 Consider a conic convex program CP(b,c, A, K). There exists a primal improving

interior direction, i.e.

cT(ANrelK) ¢ Ry

if and only if the dual is infeasible and there is no one—sided dual direction.

Proof: Notice that if ¢ = 0 then there exist no primal improving directions, and the dual has a
feasible solution, viz. 0 € A+ N K*.

Suppose now that ¢ # 0. Below, we will construct an artificial conic convex program, for
which the interior solutions correspond to primal improving directions of the original program.
The corollary will then follow as an application of Theorem 3. First, since ¢ € A, there holds

LQ—I-(AﬂKercT):{x €A|chg:_1},

el
Hence, z is a primal improving interior direction if and only if there exists some « > 0 such that

c

ax € <_W + (AN Ker CT)) Nrel K.
2

Applying Theorem 3, it follows that there exist primal improving interior directions if and only if

the conic convex program CP(—¢/||¢||3,0, ANKere!, K) has no one-sided dual level directions. The

dual of CP(—¢/||¢||3,0, AN Kercl, K) is CP(0, —¢/||¢||3, AL & Img e, K*), and if it has a one—sided

level direction s, it must be contained in (AL & Imgec) N K*. Since ¢ € A, it follows that either

c's > 0 and there is @ > 0 such that as € (c 4+ A+)NK, or c's =0 and

se(AFNKM\ - K"
Hence, CP(—c/||c||3,0, ANKerc!, K) has no one-sided dual level directions if and only if the conic
convex program CP(b, ¢, A, K) is dual infeasible and has no one-sided dual directions.

a

We remark that Nesterov, Todd and Ye [33] called a closed conic convex program strictly
infeastble if it has a dual improving interior direction. Corollary 3 shows that a program is strictly
infeasible in the sense of [33] if and only if it is infeasible and has no one-sided directions. We will
see in Corollary 4 that strict infeasibility implies strong infeasibility.

The relation between dual directions and primal strong feasibility has now been fully investi-
gated. We now proceed to study the relationships between dual directions and boundedness of the
dual feasible set, the dual lower level sets and the dual optimal set.

11



Lemma 4 Consider a conic convex program CP(b, ¢, A, K) for which the primal is strongly feasible.
Let s, s in K* Nspan (A® K) be a sequence with

hm dlSJE(S(Z)7 c+ AJ') = 07 Iim sup bTS(i) < 0.

i—+oo i—00

Then s, i =1,2, ..., is a bounded sequence.

2)

Proof: Suppose to the contrary that K*Nspan (A& K) contains some sequence s ) such

that

Jim |50

=0, (5)
whereas lim; ., dist (s, ¢ + A*) = 0 and lim sup,_, .. bTs() < oo .

Without loss of generality, we assume that Hs(i) > 0 for all ¢ and that the limit

—
SRR = O]

exists. Since the sequence s()/ Hs(i)
it follows that

,i=1,2,... is contained in the closed cone K*Nspan (ADK),

y e K*Nspan (A @ K) = £* N (sub (AL N K7L, (6)

where we used Lemma 1. Moreover, using (5) we have

| s
Y T RN PO E "
and, since limsup;_, ., bTs0) < oo,
T ()
by = lim blst =0. (8)

i—oo |||
By construction, ||y|| = 1, so that (6)—(8) implies
ye(AtnK)\ —K*, bly=0,

i.e. y is a one-sided lower level direction, which contradicts the primal strong feasibility (see The-
orem 3).

a

Theorem 4 Consider a conic convex program CP(b,c, A,K). If the dual is weakly infeasible then
the primal has no interior direction.

12



Proof: Apply Lemma 4 to the dual feasibility problem CP(0,¢, A, K).

a

Combining Theorem 4 with the dual characterization of (primal) interior directions (Corollary 2)
yields the following result.

Corollary 4 Consider a conic convex program CP(b,c, A,K). If the dual is weakly infeasible then
the dual has a one—sided direction.

Notice that Corollary 4 is stated in terms of the dual program, since the closedness of K* is
essential for this result.

Theorem 5 A dual feasible conic convex program is primal strongly feasible if and only if the
normalized dual optimal set is nonempty and bounded.

Proof: If the normalized dual optimal set is nonempty and bounded, then there is obviously no

one—sided dual level direction. Using Theorem 3, this implies that ](i'p# 0.

Conversely, we know from Lemma 4 that if ](i'p# 0 then any sequence st s(2), . of normalized
dual feasible solutions with lim;_c, b¥s() = d* is bounded. Since Fp is nonempty and closed, it
follows that the normalized dual optimal set is nonempty and bounded.

a

Corollary 5 Consider a dual feasible conic convex program. The normalized dual feasible set is
bounded if and only if there exists a primal interior direction.

Proof: Apply Theorem 5 to the dual feasibility problem CP(0, ¢, A, K).

a

5 Farkas—type lemmas

In the previous section, we have discussed a dual characterization of strong feasibility. We will now
give a characterization of strong infeasibility.

Lemma 5 (First Farkas—type lemma) Consider a conic convex program CP(b,c, A,K). The

primal is strongly infeasible if and only if there exists a dual improving direction.

13



Proof: By definition, the primal is not strongly infeasible if and only if dist(b+ .A, K) = 0. Since
dist(b 4+ A, K) = 0 if and only if there exists a sequence (1), z(2), .. in K such that

lim Pyia® =10
fim a0,
we obtain the relation

dist(b+ A, K)=0<=becl P,y K. 9)

It is easy to see that a linearly transformed convex cone is also a convex cone. Therefore, we can
apply the bipolar theorem, which states that

AP, K = (PyK)™. (10)
Combining the relation (9)-(10) yields
dist(b+ A, K) =0 <= b (P4 K)* C Ry, (11)
where

(PAJ_IC)* = {O' S R | O'TPAJ_IC g %4_}
= {oeR"| PyoeK"}
= (K*nAYHY + A

Combining the above relation with (11) and noting b € AL, we obtain

dist(b+ A, K) = 0 < b1 (K* N AL) C R,

For the case that K = ®7}, Lemma 5 reduces to the famous lemma of Farkas [18]. For general
closed convex programming, the result has been established by Duffin [15] and Berman [5].

Applying Lemma 5 to the conic convex program CP(c, b, AL, K*), we see that
dist(c+ A, L) =0 <= " (ANK™) C Ry, (12)

However, from the bipolar theorem we have K** = ¢l K. This together with Theorem 4 leads to the
following characterization of feasibility for conic convex programs satisfying a generalized Slater
condition.

Corollary 6 Consider a conic convex program CP(b,c, A, K) with ANrel K # (. There holds

Fp#£D

if and only if
cT(ANK) C Ry

14



Proof: Since ANrel K # (), we have
ANcK=c(ANK).

Hence, we can replace K** with K in relation (12). Moreover, we know from Theorem 4 that (D)
cannot be weakly infeasible. The corollary thus follows from relation (12).

a

The result of Corollary 6 is due to Wolkowicz [46]. For the special case that K is closed and
pointed, Corollary 6 reduces to a generalization of Farkas’ lemma as it can be found in many papers,
including [6, 5, 4, 14, 1, 44].

Naturally, we are also interested in a characterization of feasibility without a Slater-type con-

dition. We can easily obtain such a characterization from Lemma 5.

Lemma 6 (Second Farkas—type lemma) A conic convex program CP(b, ¢, A, K) is dual feasible
if and only if there does not exist any primal improving direction sequence.

Proof: Notice that if ¢ = 0 then 0 € Fp and ¢ K = {0}. In other words, we have dual feasibility

and no primal improving direction sequence if ¢ = 0. It remains to consider the case that ¢ # 0.

Suppose ¢ # 0. We use a similar technique as in the proof of Corollary 3, namely we will
construct an artificial conic convex program, for which the dual improving directions correspond
to dual feasible solutions of the original program. The corollary will then follow from Lemma 5.
First, since ¢ € A, there holds

c's>0 and s (A"@Imge)NK”

if and only if
as € (c+ AN NK*  for some a > 0.
We conclude that the dual feasible set (¢ + .AL) N K* is nonempty if and only if the conic convex

L
program CP(—c/||¢||3, 0, (AJ‘ @ Img c) ,K) has a dual improving direction. Applying Lemma 5,
it follows that Fp # 0 if and only if

_ L
dist (—02 + (At & Imge) ,/c) > 0. (13)
el
From Lemma 1, we have
—C L —C
+ (At @ Imge = — 4+ (ANKere!)
lell3 ( ) lell3

= {zcA|cta=-1)

This implies that (13) holds if and only if there exists no primal improving direction sequence.
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primal dual

Interior direction Bounded normalized feasible set

Strongly feasible Nonempty and bounded normalized optimal

set
One-sided level direction, but no improving

Weakly feasible

direction sequence

Improving direction sequence, but no im-
Weakly infeasible p & q 3

proving direction
Strongly infeasible Improving direction

Strongly infeasible and no one-sided direc- . . .
Interior improving direction

tion

Table 1: Feasibility characterizations (‘if-and-only-if’) for dual feasible closed conic convex pro-

grams

a

The result of Lemma 6 can also be found in Duffin [15], with a different proof. It is remarkable
that this is the only reference where we have found this beautiful characterization of feasibility.

Table 1 summarizes the feasibility characterizations for dual feasible closed conic convex pro-
grams. Since duality is completely symmetric for closed conic convex programs, we can make an
analogous table of dual (in)feasibility characterizations for primal feasible programs. The charac-
terizations that are listed in Table 1 are direct applications of Corollary 5, Theorem 5, Theorem 3,

Lemma 6, Lemma 5 and Corollary 3.

6 Strong duality

It is well known that if (P) is a linear program and p* is finite, then strong duality holds, i.e.
p* + d* = 0. Our objective is to generalize the strong duality result for linear programming to
conic convex programming. Notice that, for a general conic convex program, it is possible that d*
is finite but (P) is weakly infeasible (see e.g. Example 3 with ¢; = 0). This means that we should
allow an arbitrarily small constraint violation for the primal and define its subvalue as:

pT o= lifg inf{ctz |z € K, dist(z,b+ A) < €}.

If (P) is strongly infeasible, then p~ = oo, but for weakly infeasible programs, the subvalue is

possibly finite. We also define a matrix M.,

Mc::ll _C], (14)



where I denotes the identity matrix of order n.
Lemma 7 Let v € R, and consider a conic convex program CP(b,c, A, K). Then there holds

dist ([ f; ] +MI(A % {0)), K % 3%+) —0

if and only if p~ <.

Proof: By definition, we have p~ < v if and only if there exists a sequence (1), 2(2), . in K such
that

lim dist(z, 64+ A4) =0, lim T2 < 4. (15)

1—+00 1—00
Letting '

$7(;_)|_1 := max{0, v — cTac(i)} fore=1,2,...,
we obtain a sequence (z(1), xfll_gl), (2, xff_gl), ...in K X Ry with
200 b T
1—+00 xn+1 Y

Conversely, if (2%, xfj_)l_l) €K xRy, i=1,2,... is asequence satisfying (16), then (1) 22

is a sequence satisfying (15).

a

Lemma 8 Let v € R, and consider a conic convex program CP(b,c, A, K) with dist(b+.A,K) = 0.
Then there holds
[ 07 3 [ (K xRy 0 MIHAS X R)) SRy

of and only if d* > —~.

Proof: Notice that

1
ML= “l. (17)
0 1
By definition, we have d* < —~ if and only if there exists a vector s € Fp such that
bls + v < 0.
Letting s,41 := 1, we see that
[ § ] € (K*xR)NMTH AL xR), b's+vs,41 <0. (18)
Sp+1
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Conversely, suppose that there exists (s, s,41) satisfying (18). Notice that if s,,41 = 0 then s is
a dual improving direction which contradicts the assumption that dist(b+.4, ) = 0 (see Lemma 5).
Hence, s,41 > 0 and s/s,+1 € Fp. Moreover, we have

d* < cvs/spp1 < =7,

which completes the proof.

a

Combining Lemmas 7 and 8 with the extended Farkas’ lemma, we obtain a strong duality
theorem:

Theorem 6 (Strong duality) Consider a conic convex program CP(b,c, A,K). If the dual is
infeasible and the primal is strongly infeasible, then

p~ =d* = oo.

Otherwise, there holds
p- = —d*.

Proof: First consider the case of primal strong infeasibility, i.e. dist(b+ A4, K) > 0. In that we
case, p~ = oo. From Lemma 5 it then follows that there exists a dual improving direction. Hence,
we have d* = —oo = —p~ if there exists a dual solution, and d* = oo = p~ otherwise.

It remains to consider the case dist(b+ A, K) = 0. Given v € R, we know from Lemma 7 that

b
p~ <y & dist (l ] + MI(A % {0}),K x §}?+) = 0.
g
The above relation implies, using Lemma 5 and Lemma 3, that
P <y = [ 07 4 ] ((K xR0 M AT X R)) C Ry

Applying now Lemma 8 yields

p <y &= d" > —7.

Since 7 is arbitrary, it follows that
p- = —d*.

Since p* > p~, we obtain from Theorem 6 the weak duality relation
P> —d (19)
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For the case that the primal and the dual are not both infeasible, we see from the above theorem

that p~ = —d*. We will now show that if the primal has an interior solution (generalized Slater

*

condition), then the subvalue coincides with the optimal value, i.e. p* = p~. Hence, we can

strengthen the duality result for the case in which the generalized Slater condition holds. We thus
arrive at the following strong duality theorem.

Theorem 7 (Slater duality) Suppose that ](i'p# (0. Then

*

pt=p = -d".

Moreover, if p* > —oo then
Fp #0,

and the normalized dual optimal solution set is bounded.

Proof: Observe that since ](i'p# (), there holds
cdFp=(b+A) Nck.

Therefore, for the purpose of proving the theorem, we can assume without loss of generality that

K is closed, i.e. K = K**.

Analogous to the definition of p~, we define the dual subvalue d~ as

d™ = lifg inf{bls | s € K*, dist(s,c+ AL) < €}.

Applying Theorem 6 to the conic convex program CP(c,b, AL, K*), we obtain p* = —d~ > —d*.

Hence, if p* = —o0o then d* = co and the theorem holds true. It remains to consider the case that
p* = —d~ > —oo. By definition, the condition
d-=—-p" <

means that there exists a sequence s(1), (2 ... in K* N span (A& K) with

lim dist(s®,c+ AL =0 and limsupbTs®) = —p* < co.

oo =00
It follows from Lemma 4 that this sequence has a cluster point, say s(>). Obviously
s e Fp, o bTs() = —p*,

It follows from the relation
_p* = Jd* S bTS(OO) _ _p*7
that
p +d =0, Fp#0.
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Finally, the boundedness of the normalized dual optimal solution set follows from Theorem 5.
O
For the case that K is closed and solid, the strong duality theorem with Slater condition is well

known; see for example [1, 15, 31], among others. The result of Theorem 7, which holds for general

convex cones, is due to Borwein and Wolkowicz [9].

Theorem 7 implies the following well known fact: if K is closed and ](i'p X ](i'D;E (0, then
Fi x Fjy # 0 and

() s* = cla* 4 0's* =0, forall (z*,5%) € Fp x Fp.

For the above case, we say that a conic convex programming problem has a complementary solution.
A complementary solution is a pair (z,s) € Fp X Fp such that

xTs = 0.
A face of a cone K is a set
face (K, s) :={z € K | 2's =0},

where s € K*. Notice for z,y € K that
z+y € face (K,s) = z,y € face (K, s),

which explains why “face (K,s)” is called a face of K. We remark that Theorem 2 implies that
K Nsub K is the smallest face of K. If (z,s) is a complementary solution, then

Fp = Fpntace(K,s), Fp=FpNface (K™, z).

Therefore, 75 and Fj, are also known as the optimal faces of (P) and (D) respectively. A strictly
complementary solution pair of (P) is a pair (z,s) € Fp x Fp such that

z € rel (face (K, s)), s € rel (face (K*, 2)).

By definition, such a solution pair is also a complementary solution pair. It was shown by Tucker [43]
and Goldman and Tucker [20] that any solvable linear programming problem has a strictly com-
plementary solution pair. Unfortunately, a conic convex program may not have any strictly com-
plementary solution pair, even if it satisfies primal and dual Slater conditions. One therefore also
encounters the term maximal complementary solution pair, which is a complementary solution pair

(z,s) € (rel Fp) X rel (Fp).

Obviously, any complementary solution pair is an optimal solution pair. The converse however,
is in general not true unless ](i'p# M or ](i'D;E (). This is because without the latter condition, there
may exist a positive duality gap and as a result there cannot exist a complementary solution. More-
over, strong duality is necessary, but not sufficient for the existence of a complementary solution.
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primal feasible primal infeasible

strong weak weak strong
1 2 3 4
dual pr=—d pr=—d

t A D bounded (D bounded
feasible Shrong (P)+(D) solvable (P) solvable (D) unbounde (D) unbounde

weak B possible possible (D) unbounded
. dua.l weak C possible possible
infeasible

strong D possible

Table 2: Duality for closed conic convex programs

The duality relations for conic convex programs CP(b, ¢, A, K) with K closed are summarized in
Table 2.

All entries in the table represent possible combinations of the status of the primal and dual
problem. Only if we cannot conclude anything more, we explicitly mention that the entry represents
a possible state. Due to the complete symmetry of the closed conic convex programming duality,
the table is symmetric, so we only need to consider the upper-right block. The entries in the first
row of the table are denoted by ‘A1°, ‘A2’ ‘A3’ and ‘A4’, in the second row by ‘B1’, ‘B2’, and so
on. The entries ‘A1°, ‘A2’ ‘A3 and ‘A4’, are due to Theorem 7. Lemma 5 implies entry ‘B4’. The
possibility of states ‘A3’ and ‘B3” and ‘D3’ (and hence ‘C4’) is demonstrated by Example 3, while
the entry ‘C3’ is illustrated by Example 4, which is a semidefinite programming problem.

Example 4 Consider the program CP(b,c, A, K) in RS with

b:OOOOlo}T, c:[000100}T,

A={zeR°|2y=0,25 =0},

and
Ty 904/\/5 $6/\/§
K= $€§R6 $4/\/§ i) $5/\/§ EO
906/\/5 905/\/5 T3

Then K* = K and At = {s € R¢ | sy = 53 = 54 = 56 = 0}. The primal is weakly infeasible,

Ty 904/\/5 $6/\/§
p* =1inf < x4 24/V?2 0 1 =0 = oo,
x6/V2 1 T3
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and the dual is also weakly infeasible:

0 1 0
d* = inf S5 1 S92 S5/\/§ z 0 = Q.
0 s5/vV2 0

Finally, the possibility of the entries in Table 2 where weak infeasibility is not involved, can be
demonstrated by a 2-dimensional linear programming problem:

Example 5 Let n =2, ce R*, K =K* =R} and
A={(z1,22) |21 =0}, A" = {(s1,59) | 52 =0}.

We see that (P) is strongly feasible if ¢; > 0, weakly feasible if c; = 0 and strongly infeasible if
c1 < 0. Similarly, (D) is strongly feasible if c; > 0, weakly feasible if c; = 0 and strongly infeasible
if ca < 0.

Weak infeasibility does not exist in linear programming. However, Examples 3 and 4 illustrate
that weakly infeasible problems do exist in semidefinite programming. The latter is an important
class of conic convex programming problems.

7 Regularization

In Theorem 6, we have shown that s € Fp is an optimal solution of (D) if and only if there exists
a sequence () € K,7=1,2,..., with

lim dist(b+ A, 2 =0, lim T2 = —pTs. (20)

11— 00 11— 00

Such a sequence is called a certificate of the optimality of the dual solution s. Since this certificate
is a sequence, it has a rather inconvenient property: its length is infinite. We will see in this section
that finite length certificates can be obtained by means of regularization.

If ](i'p# (0 (a generalized Slater condition), then p* = —d* and no regularization is needed, see
Theorem 7. For a weakly feasible conic convex program CP(b, ¢, A, K) however, we may try to
replace K by a lower dimensional face, say face (K, s) for a certain s € K*, such that

(b+A) Nface (K,s)=(b+A)NK, (b+A)Nrelface(K,s) # 0.

If we succeed in finding such a face (which is then known as the minimal cone [10, 9, 46]), then
we can regularize CP(b, ¢, A, K) to CP(b,c, A, face(K,s)), which satisfies the generalized Slater
condition. Such a regularization approach, which we call primal regularization, was proposed by
Borwein and Wolkowicz [10, 9] and Wolkowicz [46].
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In this section, we propose a dual reqularization approach, which is based on the dual char-
acterization of strong feasibility, Theorem 3. In this approach, we transform all one—sided, non—
improving, dual level directions into two-sided directions (lines), thus enlarging the dimension of
sub K*. For notational convenience, we will now interchange the role of the primal and the dual:
we assume that we want to solve the dual program CP(c, b, A+, K*), and to this end we transform
one-sided primal level directions into lines, thus enlarging K.

Let K be a convex cone in ", and let A be a linear subspace of R*. We define an operator , 4
on K as follows:

, AK :=cl (K@ span (ANclK)). (21)
Observe from this definition that

AnNcl K Csub(, 4K),

ie. ifz € ANK \ — K is a one—sided direction with respect to K, then this direction z is not
one—sided with respect to , 4K. Observe also that , 4K = ¢l K if and only if the convex program
CP(b, ¢, A, K) has no primal one-sided directions, i.e.

, AK =l K <= span (ANclK) CclK. (22)

Although CP(b, ¢, A, K & span (AN K)) has no primal one-sided directions, it is quite possible
for the closed conic convex program CP(b,c, A,, 4K) to have primal one-sided directions (see
Example 6 below). Therefore, it makes sense to apply the operator , 4 k times in succession,
resulting in an operator , 54 More precisely, we let

L OK =K,
! (23)
VEK = a4 K, fork=1,2,...

In addition, we define
L GK =, dmAR (24)

Each time that we apply the operator , 4 to a cone |, ﬁ‘IC7 we move any one-sided direction
in AN, ZIC into sub, 'K, so that it is not one-sided with respect to the larger cone |, KUK
After applying the , 4 operator dim A times in succession, there will be no one—sided directions in
AN, TK, as the following lemma shows.

Lemma 9 Let K be a convex cone in R and let A be a linear subspace of R*. Then

VEK =, %K for all k> dim A.

Proof: Since the sets {, ZIC :k=0,1,2,...} are nested, we only need to show that , ZIC =, kL
for some finite k. Suppose , ZIC # KUK for some k so that

span (AN, 5KK) ¢ 5K, (25)
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From the definition (21), we have
sub (AN, %K) Cspan (AN, 5K) Csub(An, 5HK),

so that
dim sub (A n, ﬁ/C) < dim sub (A N, k""llC) < dim A.

Thus, the dimension of sub (A n, ZIC) is increased by one whenever (25) holds. Using an inductive
argument, it follows that k + 1 < dim .A. Consequently, there will be some k& < dim A for which
(25) does not hold. Together with (22), this implies the lemma.

a

We will now show that the property of strong infeasibility is invariant under the operator , 4.

Lemma 10 Consider a conic convex program CP(b,c, A,K) and let A" C A be a linear subspace.
There holds
dist (b A, f;,fllc) — dist (b LA, Z,IC)

Jorall k=0,1,...

Proof: Since , Z,lC C, ﬁ(','llC7 we obviously have
dist (b A, ZTIIC) < dist (b LA, ﬂi‘,lc) . (26)

To prove the converse, we fix any vector z in , Z",'IIC. It follows from the definition (21) that there
exists a sequence {(u(), v())} with

ul e, ZJC, v € span (A’ N, Z/IC) ) 1=1,2,...,
such that

z = lim (v + o).

=00
As vl) € span (A’ n, Z,IC) C A" C A, we have
dist(u(i) + 0@ b+ A) = dist(u(i)7 b+ A) > dist (b +A,, ﬁVIC) ,
where the last step is due to u() € | Z,IC. Letting ¢ — oo yields

dist(z, b+ .A) > dist (b+ A, ﬂi‘,lc) .

Since z is an arbitrary element of | ﬁ(','llC7 we obtain

dist (b+ A, ZTIIC) > dist (b+ A, Z,IC) .
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Combining this with (26) proves the lemma.

a

The following lemma shows that regularization with the subspace (ANKerc') does not change
the dual feasible set.

Lemma 11 Consider a conic convex program CP(b,c, A,K). There holds
_ L k *
fD—(C—I_‘A )ﬂ(, .AﬁKerchC)

forall k€ {0,1,2,...}.

Proof: Let s € Fp. It suffices to prove that this implies
56 (7 .]f‘\ﬁKercTIC) ) k= 0,1,2,... (27)

Since (, O mKer CTIC)* = K, relation (27) holds trivially for k = 0. Now assume that (27) holds for

some k € {0,1,2,...}. We need to show that (27) holds for k + 1 in the sense that zTs > 0 for any

k+1 spe k+1
T €, YrKerrX- By definition, z € , 7T

1=1,2,... satisfying

+ K means that there exists some sequence (u(i), v(i)),

U(Z) €, f‘\ﬂKercTIC7 U(Z) € span ('A N Ker CT n ’ .];\ﬁKercTIC) ’
such that

¢ = lim (v + o),

11— 00

However, since s € ¢ + AL we have sTv() = 0, whereas (27) implies sTu(i) > 0, for all i. Conse-
quently, there holds sTz > 0.

a

Although regularization does not affect the dual feasible set, it can change the nature of dual
(in)feasibility.

Lemma 12 For a conic convex program CP(b,c, A,K), the regularized program
CP <b7 6 A’ ) :)‘\OﬂKercTIC>

is either dual strongly feasible or dual strongly infeasible.

Proof: Recall from Lemma 9 that , jrxereTs Grger s X = K. Hence, if the regularized

’ f‘\oﬁKer cT
primal has a one—sided level direction, it must be an improving direction. It thus follows from
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Lemma 5 that the regularized dual is strongly infeasible if and only if the regularized primal has
one-sided level directions. Using Theorem 3, we conclude that the regularized dual is either dual

strongly feasible or dual strongly infeasible.

a

Together, Lemma 11 and Lemma 12 imply that the regularization of a dual weakly feasible
problem results in a dual strongly feasible problem. Similarly, the regularization of a dual weakly
infeasible problem results in a dual strongly infeasible problem. However, the set of dual feasible
solutions is not affected by regularization. These conclusions are summarized in the following

theorem.

Theorem 8 Consider a conic convex program CP(b,c, A, K) and let
IC/ = :)‘\OﬂKercTIC'

There holds

o The dual feasible sets of CP(b,c, A,K) and its reqularization CP(b,c, A,K’) coincide, i.e.
Fp = (c+ A" n (K.
o The regularized program CP(b,c, A, K"} is dual strongly feasible if and only if Fp # 0.

o The regularized program CP(b,c, A, K"} is dual strongly infeasible if and only if Fp = 0.

Combining Theorem 8 with Table 2, we see that the regularized conic convex program is in

perfect duality:

Corollary 7 Assume the same setting as in Theorem 8. Then there holds

o [fd* = oo, then the regularized primal CP(b,c, A, K') is either infeasible or unbounded.

o If —o0 < d* < 00, then the regularized primal is solvable with optimal value equal to —d*, i.e.

d* = —mine? (b+ A)NK').
o [fd* = —occ then the regularized primal CP(b,c, A,K') is infeasible.

Applying Corollary 7 to the conic convex program CP(0, ¢, A, K), we obtain a generalization of

Farkas’ lemmas:
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Corollary 8 A conic convex program CP(b,c, A, K) is dual feasible if and only if

CT(‘A n, fﬁloﬁKercTIC)) C §R-l-'

We have seen that the regularization of a dual feasible conic program results in a conic program
with strong dual feasibility. Due to this property, the dual regularized cone is called the minimal
cone for (D). The regularization scheme presented here is a dual version of the minimal cone duality
of Borwein and Wolkowicz [9, 10] and Wolkowicz [46]. Namely, the dual conic convex program (D) is
regularized in [9, 10, 46] by replacing the original cone K* by a smaller cone, such that the resulting
program will be strongly feasible whenever (D) is feasible. In the preceding, we regularized (P) by
transforming all its one-sided, non-improving, level directions into two-sided directions (lines), thus
enlarging the cone K. In this way, new primal solutions are created that play the role of sequences
that approach feasibility for the original problem (P), as can be seen from Lemma 9 and Lemma 10.

An illustration of regularization for a semidefinite programming problem is given in Example 6.

Example 6 Consider the program CP(b,c, A,K) in R® with
K=8xS8,

where we let

S::{xE?RB

EO}-

b=[0 0000 vZ]'. e=[00 e e 0 0],

l Ty 903/\/§
903/\/5 T2

Moreover, we let

A={z e R | 29 =0,23= 24,25 =26 =0).
Then K* = K and A+ = {s € R | sy = 0,53 = —s4}. In other words, the primal is

T $4/\/§ Ty _
[m/\/i 0 ]EO’[1 30}_00
EO}.

p* = inf {204364

with dual

204 — 83 86/\/§
se/ V2 S5

~ 0,

d* = inf {\/586

l 0 s3/V/2
83/\/5 52

Notice that the primal is weakly infeasible, whereas (D) is

o weakly infeasible if c4 < 0,
o weakly feasible and solvable with optimal value d* =0 if ¢4 = 0, and

o weakly feasible and unbounded if ¢4 > 0.
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Since ANK =Ry x {0}° C KereT, we obtain
) .AﬁKerchC =R x §R-I- XK xS, (7 AﬁKercTIC)* = {0} X §R-I- X {0} XS,

for all cy. Notice that if cq4 # 0, then dim (A N Kerce?) = 1 and CP(b, ¢, A,, snxere7K) is the
reqularized program. Indeed, the regularized dual is strongly infeasible for ¢4 < 0 and strongly
feasible for ¢, > 0.

However, if c4 = 0 then dim (AN Kerc”) = dim A = 2, and we have to take one step more. It
can easily be verified that

VAR =R X R X R) x (RxRL xR,

and
( 3K)" = ({0} x Ry x {0}) x ({0} x Ry x {0}).
Consequently, the regularization makes the dual strongly feasible, and makes the primal solvable

with optimal value 0.

Example 6 reveals a drawback of the regularization scheme: although the regularized certificates

are finite, it may not be easy to check their feasibility, since this involves the cone , % .+ K. For
semidefinite programming (as in Example 6) however, we will see in Section 8 that s AnKer T K

can be completely described by semidefiniteness constraints, after adding artificial variables. The
resulting regularized semidefinite program coincides with the regularized dual of Ramana [34],
which was originally derived in a very different way. The relation between primal regularization
and the so-called extended Lagrange—Slater dual of Ramana [34] was already recognized by Ramana,
Tungel and Wolkowicz [37]. The way in which Zhao, Karisch, Rendl and Wolkowicz [47] make the
regularization explicit, is more or less the opposite of the technique of Ramana. Namely, in [47], the
regularized semidefinite relaxation of a quadratic assignment problem is transformed into a strongly
feasible semidefinite programming problem by eliminating variables, instead of adding variables.

8 Regularization of semidefinite programs

We will now further analyze the structure of the regularized conic convex program, for the special
case that I is the cone of positive semidefinite matrices. We consider two types of semidefinite cones:
the semidefinite cone for symmetric matrices and the semidefinite cone for Hermitian matrices.

We let §(™) denote the real linear space of 7 X & symmetric matrices, with dimension

dim §™ = %ﬁ(ﬁ +1).

The standard inner product X e Y for two symmetric matrices X, Y € S is defined as

XeoY =tr XYV.
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Similarly, we let (™) denote the real linear space of 7 x % Hermitian matrices, with dimension
dim H™ = 72,

As a real valued inner product X oY for two Hermitian matrices X, ¥ € H(™) we define
XeY =tr XY,

exactly as in the symmetric case.

In terms of the above inner product, we can define an orthonormal basis of H(™ (S(). In
this way, we obtain a one-to—one correspondence between Hermitian (symmetric) matrices in H)
(8() and their coordinate vectors in R”, where n = dim H™ (n = dim S™). In particular, if

we have an orthonormal basis UM, U®) .| U™ of o x 7 Hermitian (symmetric) matrices, then

z € R™ is the coordinate vector of X € H(™ (X € M) if and only if

Moreover, if z, y € R” are the coordinate vectors of X, ¥ € H") (X, Y € S(), then

XeY = (Z in(i)) ° (Z yiU(i)) = wTy.
=1 =1

We can therefore treat elements of #(*) (S(")) both as 7 x 7 Hermitian (symmetric) matrices, and
as real vectors of order n. We refer to Alizadeh, Heaberly and Overton [2] and Todd, Toh and
Tiitiincii [41] for a specific orthonormal basis of S(™). Below, we will treat the Hermitian case only.
However, all derivations can be immediately translated to the symmetric case; the main difference
is the dimension n.

We let Hf) denote the convex cone of positive semidefinite matrices. For a semidefinite program
CP(b, ¢, A, 7{@), we let B € #(™ and C' € H(™) denote the matrix representations of the coordinate
vectors b € R™ and ¢ € R", respectively.

Consider an [ x 7 matrix R satisfying RR? = I, where 1 <1< 7 and R denotes the complex
conjugate transpose (or adjoint) of R. Notice that for such R, there must exist a (n —[) X 7 matrix
(2 such that { Qt RH } is a unitary matrix. We define the following linear subspace of H),

HKer (R) := {X € ¥ | RXR" = 0}.

(In terms of the symmetric Kronecker product [2, 41], HKer (R) corresponds to Ker (R @, R) in
", for the symmetric case.) There holds

1™ @ HKer (R) = {X € H™ | RXRY » 0}, (28)
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which is a closed convex cone in (™. Here, it is convenient to interpret the unitary matrix
{ QL } as a basis of the complex FEuclidean space C™, since

HKer(R):{XHg]X{QH RH}:[EE X012] forsomethXlg}7
and

(n) o Q H H 1 X Xio -
Y @HKer(R)_{XHR]X[Q R }_[X{g Xﬂ],xm_o .

We will derive in this section that the regularized cones , ﬁ?—lf) are of the form (28). First of

all, we notice that this is indeed the case for k = 0, viz.
1 =1\ & HKer (I),
where [ is the 7 X n identity matrix.

Let C™ denote the space of complex n-tuples. We will see below that Img R = RHC! plays a
crucial role. We want to make clear that Img RY is a complex linear subspace of C*, where we use
the standard complex valued inner product yHa for z,y € C™. This is in contrast with the space
of Hermitian matrices which is real: although the off-diagonal entries of Hermitian matrices are
complex, the inner product X ¢ Y is real valued for X, Y € H(™).

Lemma 13 Let A be a linear subspace of H™, and let K = Hf) @ HKer (R). IfY €rel (ANK),
then
(KerY) NImg R? C (KerY)NImg RY VY € ANK.

Proof: Suppose to the contrary that there exists a ¥ € AN K such that Yu # 0 for some
u € (KerY) N Img RY. Since Y € K, it holds

WY u > 0.
This implies that for any ¢ > 0,
u(Y — eV )u = —eul'Yu < 0,
which contradicts the fact that Y € rel (AN K).

a

Lemma 14 Let R and K be as in Lemma 13, and letY € ANK. If
W e (Y + HKer (R)) n H{”

then
Ker W D (KerY) N Img R, (29)

with equality holding if and only if W € rel (Y + HKer (R)) N %f))

30



Proof: First, we remark that since W is positive semidefinite, we have
ue KerW < uH"Wu=0.
Since W € Y + HKer (R) and Y € K, it holds
uWu = u'Yu >0 VYu € Img RY, (30)

with Y« = 0 if and only if u € (Ker Y)NImg RY. This proves the conclusion (29). Now consider
v € (Img RH)+ = Ker R, v # 0, and notice that

voll € HKer (R).

Hence,

W+ Avof! € (Y + HKer (R)) n H for all A > 0.

For W € rel (Y + HKer (R)) N %f)), it thus follows that v"Wov > 0. Consequently, Ker W C
Img RY. Together with (30), we obtain

Ker W = (KerY) N Img R,

We arrive now at the central result of this section, viz., if K is of the form (28), then sois , 4X.
Theorem 9 IfK = Hf) @ HKer (R), then
, AK = Hf) @ HKer (R),
where R is any matriz satisfying

Img RY = (Img R¥) N KerY, for some Y € rel (ANK),
RRE =1.

Proof: Suppose that X € , 4K, i.e. X = limjeo X — Y for some sequences X1, X2
and YU Y@ in K and AN K respectively. We know from Lemma 13 and the definition of R
that Tmg R C (Img R™) N Ker Y, so that

RXO 4 yO)RH = RXORH - ¢

for all i € {1,2,...}. The above relation shows that X € Hf) @ HKer (R), from which we conclude
that , 4K C Hf) ¢ HKer (]%) To prove the converse inclusion, consider a matrix X € Hf) &

HEKer (R). Without loss of generality, we may assume that there exists a matrix ) such that
RH — { Q" RH } ‘
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We partition RY R, Y € rel (AN K) as follows:
Q 5 Yiu Yo
RYRU=| < |y | Q" R |= :
l R [ o R } Vi3 Ya
By definition of R and using the fact that RY RH > 0, it follows that
Yii =0, Yip=0, Yy=0.
Similarly, we partition the matrix RX R as follows:

X1 Xy ]

RXRH =
l X Xy

Since X € Hf) @ HKer (R), we have X33 > 0. Let oy and a3 be positive numbers such that
aYir+ X1 = 0, ax¥ir = X12X]h.
(Such numbers exist, because Y7; is positive definite.) Then for any € > 0 there holds
R(X 4 el + (o + ag/e)Y)RH = 0

Letting

X(e) =X +el 4 (a1 + az/e)Y,
it follows that X (¢) € K and

X = liﬁr)l(X(e) — (a1 +az/e)Y),
so that X €, 4K.

a

We already observed that
VO =1 = HP) @ HKer (1),
With an inductive argument, it thus follows from Theorem 9 that there exist matrices RV, R ...
such that
Vi = 1™ @ HKer (RW),

for k = 1,2,.... Notice also from Theorem 9 that , 4K # K if and only if rank R < rank R.
Together with Lemma 9, this implies that

JRK=,%K  forall k> min{n,dim A}. (31)
It should be noted that 7 can be considerably smaller than dim A.

The following lemma shows the interesting fact that the linear subspace HKer (R), where R is

defined as in Theorem 9, can be modeled by semidefinite constraints.

32



Lemma 15 Let R and R as in Theorem 9. There holds

HKer (R) = {Wm + Wi [ gﬁ; VZ” > 0,Wi +U € AU € HKer (R) } . (32)
12
Proof: We first notice that
l I/VlH1 e =0 = WipWij < Wiy (33)

Consider Wy, Wi, Way and U satisfying the right hand side of (32). Let Y = Wy; 4+ U, then
Wiy € (Y + HKer (R)) K, v e #" @ HKer (R).
Using respectively Lemma 13, Lemma 14 and (33), we obtain
Img RM C (Img RM) N Ker Y C Ker Wy; C Ker Wi,
so that Wi RH = (RW )" = 0, and
Wiy + Wi € HKer (R).

Conversely, suppose that X € HKer (]N%) Since RRM = I there exists some matrix @ such that
{ Q" RH } is unitary. By definition, X € HKer (]%) means that

Q H H»H Xll X12
¢ | X RH | = 7
[ R { @ } X5 0
for some X1 and Xy,. Letting

Xi1/2 Xy Q
R 9

ngzz[QH EH}[ 0 0

it follows that
X =W+ Wl ImgRYCKer Wil

Since Img BY = (Img B)NKerY for some Y € rel (AN (K% & HKer (R))), we know from Lemma 14
and the above inclusion that
Ker Wy, = Img RH C Ker VVIH2

for any Wy € rel ((Y + HKer (R)) N %f)) Letting U =Y — Wy, it follows that

[ Wi Wil 0 W T e A, T e HKer (R)

whoooT

for sufficiently large o > 0. Letting Wil := aWiy and U = aU, we see that (32) is satisfied.
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Consider the kth regularized semidefinite program
nf{CeX|XeB+AN, ot} (34)
We already know from (31) that for all £ =10,1,2,..., there exist R®) such that
ieerer MY = MY @ HKer (RO,
Using Lemma 15, it follows that (34) is equivalent to
inf Co (X + W5 + (Wi

st. X+wW® + whHe By A

(k) (k)
L R )
(Wi2') I

W LU e AnKereT, U € HKer (R*-1).
With a recursive argument, we obtain
inf Co (X + W5 + (W)
st. X+wWP 4 whH e Bya
X =0,
(%) ()
[ W(I;H Wiz >0 fori=1,2,...,k (PRAM)
W)™ I

Wl(i) + Wfé_l) + (Wf;_l))H cANKere! fori=2,3,....k
Wﬁ) e ANnKerel,

which is again a semidefinite program. This regularized program was proposed by Ramana [34]
for the real symmetric case, see also [37, 36]. Moreover, Ramana uses k = dim AL = 7? — dim A,
whereas we show that k& = min(n, dim .A) is sufficient. It is important to note that checking the
feasibility of a solution for Ramana’s regularized semidefinite program is easy, because it involves
only linear and positive semidefiniteness constraints.

Remark 1 The introduction of auziliary variables W) into the regularized program has also dis-
advantages. In particular, the duality relation of (D) and its Ramana dual (PRAM) is asymmetric,
since Ramana’s dualization scheme increases the dimension of the problem. In order to regain
symmetricity, Ramana and Freund [35] propose to consider the primal-dual pair of (PRAM) and
its standard dual semidefinite programming problem. Since the subvalue of (PRAM) is equal to its
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optimal value, it follows from (6) that this primal-dual pair is again in perfect duality, and this
fact is known from Ramana and Freund [35]. However, as recently noticed by De Klerk, Roos and
Terlaky [26], it is possible that the dual of (PRAM) is weakly (in)feasible, and we can therefore not

obtain results as in Theorem 8 for the primal-dual pair of Ramana and Freund.

9 Inexact dual solutions

As pointed out by Nesterov and Nemirovsky [31], interior point methods are well suited for solving
conic convex programs. Although interior point methods typically require the existence of primal
and dual interior solutions, it is possible to solve conic programs that are not strongly feasible
by using the self-dual embedding technique [29]. With (P) being a nonlinear program, it is not
surprising that the interior point methods (or indeed any other methods) require an infinite number
of iterations to obtain an exact solution. Within a finite number of iterations these iterative methods
can only compute an approximate solution of (P). Naturally such an approximate solution of (P)
can be interpreted as an exact solution of a perturbed problem (backward error analysis). However,
this interpretation is of little practical use. In what follows, we show that an approximate solution
of (P) can be used to infer many useful properties of the original conic program (P) such as

‘approximate infeasibility’.

In the analysis of approximate solutions, it is convenient to add a variable which measures the
constraint violation. A good way to construct such a variable is by making use of the norm cone,

which is defined as follows:
Knorm = {($07$) S §R+ X R | g > H$H}

Using the basic properties of normes, it is easily seen that Ko, is a closed, pointed and solid convex
cone. Moreover, it follows from the definition of dual norms that

Iclﬁorm = {($07$) € §R-l— x R" | Lo Z HxH*}

The theorem below shows that if we have an approximate primal improving direction, viz. some
z € A such that ¢'2 = —1 and 2 ‘almost’ in K, then the dual cannot have any ‘reasonably’ sized

feasible solution.

Theorem 10 Consider a conic convex program CP(b,c, A,K). There holds

inf |[s||* = sup{—c’z |z € A, dist(z,K) < 1}.
SGFD
Proof: Construct the conic convex program

CP([(1)],[2],{O}XA,({O}XIC)@ICHOM), (35)
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which can be written as
inf{cte |z c A,z —uec K, |[u]| <zo=1} =inf{ctz |z € A, dist(z,K) < 1}.
Using Lemma 1, it follows that the dual of the conic convex program (35) is

inf{so | s € (c+ AL K™, ||s||* < so} = inf{||s|[* | s € Fp).

Notice now that (35) is primal strongly feasible, because it has a trivial interior solution { 10 } €
int Kporm- Theorem 7 is therefore applicable, and it yields

inf ||s||* = —inf{cz |z € A, dist(z,K) < 1}.
SGFD

Remark 2 For the case of I, norms and K = R}, the statement of Theorem 10 is known from

Todd and Ye [42].

Remark 3 Suppose that we have an approzimate solution &, with dist(Z,K) < €, dist(#,.A4) < g,
cTé < —1. Let Az be such that & + Az € A and ||Az|| < e3. Then, we can invoke Theorem 10
with == (& 4+ Az)/(e1 + €2) to conclude that

—cTs
inf 5" > e > — "~ 2 ||,
SEFp €6+ € €+

We will now show that based on an approximate primal solution, viz. some x € b+ .4 such that
x is ‘almost’ in K, we obtain a lower bound on the objective value of any ‘reasonably’ sized dual
feasible solution. To the best of our knowledge, this result (Theorem 11) is new.

Theorem 11 Consider a conic convex program CP(b,c, A,K). For all v € R, there holds

inf{||s||* | s € Fp, bTs <~}
= sup{—(cTe 4+ yznp1) | 2 € 21 b+ A, dist(z,K) < 1, 2,41 > 0}.

Proof: Recall from (14) and (17) that

Mb::[é _11’] Mb_l:[é H (36)

Now, we use a similar argumentation as in the proof of Theorem 10. First, construct the conic
convex program

1 0
CPl|o|,] ¢ |,{0}xM Y AxR),(({0}xK)D Knorm) X R4 |, (37)
0 gl
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which can be written as

inf{cte +~vapp | 2 — tnpb e A 2 —u e K, lu|| < zo=1, zpy1 > 0}
= inf{cTe 4 ye,p1 | € xop1b+ A, dist(z,K) < 1, 2,41 > 0}.

Using Lemma 1, it follows that the dual of the conic convex program (35) is
inf{so|s€ (c+ AL )NK* 5,01 =7 —bls>0,50 > ||s]]*} = inf{||s]|" | s € Fp, b's < ~}.

T
If b= 0, then (37) has the trivial interior solution { 1 0 1 } € (int Kyorm) X R44. And if b #£ 0,

T
then { L ost/e) 1/ } € (int Knorm) X R4y is a primal interior feasible solution. Hence, (37)
is primal strongly feasible. Theorem 7 is therefore applicable, and it yields

inf{||s||* | s € Fp, bTs <~} = —inf{c 'z + y2pp1 | € 2pp1b+ A, dist(z,K) <1, 2,41 > 0}.

Suppose that © € b+ A. If @ € K, then d* > —c'z, as we already knew from (19). If
dist(z, K) > 0, then z is an approximate solution, and we obtain from Theorem 11 that

T
) —ctx—
£{||s||* | s € Fp, bls <~} > —— L.
(" € Fp. 115 < 5} 2 Zo2D
Remark that Theorem 10 follows from Theorem 11 by letting v — oo. Theorem 6 can also be seen
as an application of Theorem 11 (the converse is true as well, as has just been demonstrated).

10 Conclusion

We have treated conic convex programming duality in a unified fashion. Special attention has been
given to conic convex programs that do not satisfy constraint qualifications. It has also been shown
how recent duality approaches of [9, 10, 46, 34, 37] fit into the framework. Elaborating on the
results of [42], we have also discussed the value of approximate dual solutions.

We believe that duality results under no constraint qualifications have not received enough
attention in the past. It is our hope that this paper will help popularize these results in future. In
[29], we show that this type of duality relation can be used fruitfully in the design of algorithms
whose convergence is guaranteed even in the absence of constraint qualifications.

Our survey is restricted to conic convex programming in finite dimensional real linear spaces. As
such, it includes conic convex programming with complex numbers, if a real inner product is used.
For instance, we can treat C" (the space of complex n-tuples) as a 2n-dimensional real linear space
by using the real valued inner product Re sHz. However, due to the lack of ordering of complex

numbers, there is no obvious way to generalize duality results to complex linear spaces (ordering is
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crucial in the definition of convex cones, among others). Duality results for convex programming
in infinite dimensional real linear spaces have not been discussed in this paper. The strong duality
result of Theorem 6 can be generalized to semi-infinite linear and convex programming, see the
collective work of [7, 8, 15, 23, 24, 25, 46]. Results for conic convex programming with infinitely
many variables and a bounded feasible set are given in [13]; see also the books [3, 19].

Acknowledgement. We are grateful to Prof. H. Wolkowicz, who gave some comments concerning
the duality treatment in our technical report [29].
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