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Abstract
In contrast to many other convex optimization classes, state-of-the-art semidefinite programming

solvers are still unable to efficiently solve large scale instances. This work aims to reduce this scal-
ability gap by proposing a novel proximal algorithm for solving general semidefinite programming
problems. The proposed methodology, which is based on the primal-dual hybrid gradient method,
allows for the presence of linear inequalities without the need to add extra slack variables and avoids
solving a linear system at each iteration. More importantly, it simultaneously computes the dual vari-
ables associated with the linear constraints. The main contribution of this work is that it achieves a
substantial speedup improvement by effectively adjusting the proposed algorithm in order to exploit
the low-rank property inherent to several semidefinite programming problems. This modification
is the key element that allows the operator splitting method to efficiently scale to larger instances.
Convergence guarantees are presented along with an intuitive interpretation of the algorithm. Ad-
ditionally, an open-source semidefinite programming solver called ProxSDP is made available and its
implementation details are discussed. Case studies are presented in order to evaluate the performance
of the proposed methodology.

Keywords: Semidefinite Programming, Operator Splitting Methods, Inexact Fixed Point Iteration,
Approximate Proximal Point, Low-Rank Matrix Approximation, Convex Optimization.

1 Introduction

1.1 Motivation and contributions
Semidefinite programming (SDP) plays an important role in the field of convex optimization and sub-

sumes several classes of optimization problems such as linear programming (LP), quadratic programming
(QP) and second-order cone programming (SOCP). As a consequence, the range of applications to which
SDP can be applied is wide and constantly expanding. In addition to being a general framework for con-
vex problems, SDP is also a powerful tool for building tight convex relaxations of NP-hard problems. This
property has significant practical consequences for the approximation of a wide range of combinatorial
optimization problems and potentially to all constraint satisfaction problems [1].

In practice, if one is interested in solving an SDP problem, it is crucial to have access to a fast, reliable
and memory efficient software available. Unfortunately, in comparison to other convex optimization
classes, the currently available SDP solvers are not as efficient as their counterparts. All these elements
suggest that the development of an efficient algorithm and software for solving SDP problems would
provide a noteworthy contribution. In this sense, the contributions of this paper are the following.

• A first order proximal algorithm for solving general SDP problems based on the primal-dual hybrid
gradient (PDHG) [2] is proposed. The main advantage of this methodology, in comparison to other
operator splitting techniques, is that it computes the optimal dual variables along with the optimal
primal solution. Additionally, the algorithm does not require the solving of a linear system at every
iteration and it allows for the presence of linear inequalities without the need to introduce additional
variables into the problem.

• Inspired by the approximate proximal point algorithm, a modified version of the PDHG that can
exploit the low-rank property of SDP is proposed. For several problems of interest, this modification
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makes PDHG competitive with interior-point methods, in some cases providing a speed improve-
ment of an order of magnitude. For problems with low-rank structure, the proposed algorithm is
able to solve instances with dimensions that were still unattainable to interior-point methods in less
than ten minutes, up to a 5, 000× 5, 000 sized semidefinite matrix.

• An open source SDP solver, called ProxSDP, is made publicly available. The goal of developing and
providing this software is to both make the results of this paper reproducible and to foster the use
of semidefinite programming in different fields.

The remainder of this section will cover some historical background on semidefinite programming,
the current solution methodologies and introduce some notations. Section 2 will introduce the PDHG
algorithm in the context of semidefinite programming. Section 3 will show how to modify the PDHG
method in order to exploit the low-rank structure of the problem. In section 4, three case studies from
different domains are considered in order to validate the proposed methodology.

1.2 Notations
In this work, we make use of the following notation. The symbol X � 0 means that the matrix X lies

on the positive semidefinite cone, i.e. y∗Xy ≥ 0 ∀ y ∈ Rn. The symbol Sn represents the set of all n× n
symmetric matrices and Sn+ is the set of all n× n symmetric positive semidefinite matrices. The symbol
‖·‖2 denotes both the Euclidean norm for vectors and the spectral norm for matrices. Additionally, ‖·‖F
represents the Frobenius norm for matrices.

Given a function f : Rn 7→ R ∪ {∞}, the associated subdifferential operator is defined as follows:

∂f = {(x, g) : x ∈ Rn, f(y) ≥ f(x) + gT (y − x) ∀ y ∈ domf}.

The subdifferential operator evaluated at a point x ∈ Rn gives a set that is denoted by ∂f(x), which is
called the subdifferential of f at x and is given by

∂f(x) = {g : gT (y − x) ≤ f(y)− f(x) ∀ y ∈ domf}.

A subgradient of f at x is any point in the subdifferential of f at x, i.e. g ∈ ∂f(x). The inverse of the
subdifferential operator, denoted by (∂f)−1, is defined as follows:

(∂f)−1 = {(g, x) : (x, g) ∈ ∂f}.

1.3 Semidefinite programming formulation
In this work we are going to consider a formulation of semidefinite programming where the inequalities

are explicitly stated, thereby avoiding the use of slacks variables. The formulation referred to as general
SDP form is defined as the following

minimize
X∈Sn

tr(CX)

subject to A(X) = b,

G(X) ≤ h,
X � 0.

(1)

where the operators A : Sn+ → Rm and G : Sn+ → Rp are given by

A(X) =


tr(A1X)
tr(A2X)

...
tr(AmX)

 , G(X) =


tr(G1X)
tr(G2X)

...
tr(GpX)


and the problem data are the symmetric matrices A1, . . . , Am, G1, . . . , Gp, C ∈ Sn and the vectors b ∈ Rm
and h ∈ Rp. In this semidefinite programming formulation, one wants to minimize a linear function
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subjected to a set of m linear equality constraints and p linear inequalities constraints, where the decision
variable is an n× n symmetric matrix constrained to be on the positive semidefinite (p.s.d.) cone.

The dual problem takes the form

maximize
y∈Rm+p

[bT hT ] y

subject to A∗(y) + G∗(y) � C,
yj ≤ 0, ∀ j = m+ 1, . . . , p.

where the conjugate operators A∗ : Rm → Sn+ and G∗ : Rp → Sn+ are given by A∗(y) =
∑m
i=1 yiAi and

G∗(y) =
∑p
j=1 yj+mGj respectively. Despite being very similar to linear programming, strong duality

does not always hold for SDP. For a comprehensive analysis on the duality of semidefinite programming
the reader should refer to the work of Boyd and Vandenberghe [3].

1.4 Applications
In addition to the theoretical motivation, several problems of practical interest lie precisely in the

SDP class. As more applications are found, an efficient method for solving large scale SDP problems is
required. This section, briefly covers some representative applications that have been successfully solved
by SDP. For a more complete list of applications and SDP problems, the reader can refer to [4, 5].

Traditionally, semidefinite programming has been widely used in control theory. Classic applications
such as the stability of dynamic systems and stochastic control problems [6] have motivated the devel-
opment of SDP over decades. Modern applications such as motion for humanoid robots [7] use SDP as
a core element for control. In several cases, SDP problems in control can be formulated in the form of
linear matrix inequalities (LMI) [8]. In this sense, for some particular applications in control, there is
no need to use general SDP algorithms since some LMI problems have closed form solutions, although
adding a little complexity to the problem might render the closed form solutions useless. As a conse-
quence, interior-point methods that were particularly developed to solve LMI problems were proposed
[9]. Extensive literatures on LMI can be found in [10, 11].

Subsequently, several fields of study have found SDP to be a powerful tool for solving complex prob-
lems. For instance, the use of SDP in power systems allowed for deriving tight bounds and solutions for
more realistic optimal power flow models with alternating current networks [12]. In chip design, transistor
sizing was also optimized with the use of SDP [13, 14]. In the field of structural truss layout, the use of
SDP has been popularized after the seminal work of Ben-Tal and Nemirovski [15]. This latter work also
presented the first ideas that subsequently lead to the expanding field of optimization under uncertainty
[16], where SDP is also used to approximate chance constraints [17].

A remarkable property of SDP is the ability to build tight convex relaxations to NP-hard problems.
This technique, which is also known as semidefinite relaxation (SDR), has been a powerful tool bridging
convex and combinatorial optimization. In the early nineties, Lovász and Schrijver developed a SDR for
optimization problems with the presence of boolean variables [18]. Soon after, SDR gained momentum
after the celebrated Goemans-Williamson randomized rounding method for the max-cut problem [19].
Eventually, similar SDR approaches were proposed for other combinatorial problems, such as the max-
3-sat [20] and the traveling salesman problem [21]. Recently, Candès et al. proposed an SDR approach
to the phase retrieval problem [22]. Such relaxations generally square the original number of decision
variables through a technique called lifting [23]. From the algorithmic perspective, this can quickly make
moderate size instances computationally challenging.

In the last decade, applications in machine learning have challenged traditional SDP methods at
solving remarkably large-scale instances [24]. The problem size n is usually associated with the sample
size, which can easily reach millions. One of the most celebrated applications is the matrix completion
problem [25] which became very popular with the Netflix prize [26]. In graphical models, the problem of
covariance selection, which is a powerful tool for modeling dependences between random variables, can
also be formulated as an SDP problem [27]. In statistical learning, finding the best model that combines
different positive definite kernels, which is also known as kernel learning, can be achieved by solving an
SDP problem [28, 29].

For constraint satisfaction problems (CSP), problems where one tries to satisfy as many constraints
as possible, semidefinite programming also plays an essential role. In the work of Raghavendra [1], it
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was shown that if the Unique Games conjecture [30] is true, then semidefinite programming achieves the
best approximation for every CSP. Even though there is no consensus on the legitimacy of the Unique
Games conjecture, the recent work by Khot et al. [31, 32] provides new results suggesting the veracity of
the conjecture. Those recent developments bring semidefinite programming back into the spotlight and
imply that this class of convex optimization algorithms does have singular properties worth exploiting.

1.5 SDP solution methods
In the early days, general SDP problems were solved by the ellipsoid method [33, 34] and subsequently

by bundle methods [35]. After the advent of the first polynomial time interior-point algorithm for linear
programming by Karmarkar et al. [36, 37], Nesterov and Nemirovski extended the interior-point methods
for other classes of convex optimization problems [38]. Shortly afterwards, a range of interior-point
methods to solve SDPs were proposed [39, 40, 41]. The solvers CSDP [42] and MOSEK [43] use state-
of-the-art interior points methods for solving general SDP problems. Up to medium size problems, this
class of methods is preferable due to the fast convergence and high precision. However, as is inherent to
all second-order methods, the use of interior-point algorithms may be prohibitive for solving large-scale
instances. The main bottleneck is due to the cumbersome effort for computing and storing the Hessian
at each iteration.

More recently, first-order methods have been widely used for applications in machine learning and
signal processing. Even though first-order methods generally have slower convergence rates, their costs
per iteration are usually small and they require less memory allocation [44]. These characteristics make
first-order methods very appealing for large scale problems and, consequently, it has been an intense
area of research in several fields, such as image processing [45]. A great example of the use of first order
methods is the conic solver SCS developed by O’Donoghue et al. [46], which can efficiently solve general
conic optimization problems to modest accuracy. More recently, the use of the alternating direction
method of multipliers (ADMM) for specifically solving SDP has been proposed by [47].

For most of the algorithms, exploiting sparsity patterns in the decision variables is not as straightfor-
ward as it is for other classes of convex optimization problems. In this sense, a major recent contribution
has been made by showing that sparsity can be exploited by means of chordal decomposition techniques
[48, 49, 50, 51]. This approach has enabled parallel implementations that can solve larger instances with
the use of supercomputers [52]. In a series of works, Zhang and Lavaei presented SDP algorithms that
can properly take advantage of the problem’s sparsity [53, 54].

2 A primal-dual operator splitting for SDP
In this section, the proposed operator splitting method will be built from the first-order optimality

conditions of the SDP in its general form (1). The strategy adopted to derive the algorithm translates
the problem of finding a solution that satisfies the optimality conditions into a problem of finding a fixed
point of a related monotone operator. This approach has been previously adopted with the purpose of
designing new algorithms and developing alternative proofs for existing ones [55]. Further information
on the use of monotone operators in the context of convex optimization can be found in [56, 57, 58, 59].

Consider the general SDP form (1) where the problem constraints are encoded by indicator functions

minimize
X∈Sn

tr(CX) + ISn+(X) + I =b
≤h

(M(X)), M =

[
A
G

]
. (2)

Where the indicator functions are defined as the following:

ISn+(X) =

{
0, if X � 0,
∞, otherwise,

encodes the positive semidefinite cone constraint and

I =b
≤h

(u) = I=b(u1) + I≤h(u2), u = [u1 u2]T ,

encodes the linear constraints right-hand side for any u ∈ Rm+p such that

I=b(u1) =

{
0, if u1 = b,
∞, otherwise, I≤h(u2) =

{
0, if u2 ≤ h,
∞, otherwise.
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for any u1 ∈ Rm and u2 ∈ Rp.

2.1 Optimality condition
The first order optimality condition (3) for the optimization problem (2) can be expressed as follows

0 ∈ ∂ tr(CX) + ∂ ISn+(X) +M∗(∂ I =b
≤h

(M(X))). (3)

By introducing an auxiliary variable y ∈ Rm+p, the optimality condition can be recast as the following
system of inclusions

0 ∈ ∂ tr(CX) + ∂ ISn+(X) +M∗(y),

y ∈ ∂ I =b
≤h

(M(X)).

By definition, the auxiliary variable y represents the dual variable associated with the problem constraints.
This statement is easily verifiable since y ∈ ∂ I =b

≤h
(M(X)), i.e. y is a subgradient of I =b

≤h
(M(X)) at X.

Since problem (2) is convex, finding a pair (X∗, y∗) satisfying (3) is equivalent to finding an optimal
primal-dual pair for (2) as long as strong duality holds [60].

Using the fact that (∂f)−1 = ∂f∗, for an f that is a convex closed proper [61], one can manipulate
the second inclusion as follows

y ∈ ∂ I =b
≤h

(M(X)) ⇐⇒ ∂ I∗=b
≤h

(y) 3M(X),

⇐⇒ 0 ∈ ∂ I∗=b
≤h

(y)−M(X).

Using this new expression, the system (3) can be recast as 0 ∈ F (X, y), where F is given by the following
monotone operator

F (X, y) =
(
∂ tr(CX) + ∂ ISn+(X) +M∗(y) , ∂ I∗=b

≤h

(y)−M(X)
)
. (4)

One can verify that F is a monotone operator by noticing that F is the sum of a subdifferential operator
and a monotone affine operator [62]

This formulation of the inclusion (3) implies that finding a zero of the underlying monotone operator
F is equivalent to finding an optimal primal-dual pair for the semidefinite programming problem (2). In
the remainder of this section, a method for finding a zero for the operator F will be established.

2.2 Fixed point iteration
Finding a zero of the monotone operator F can be translated into finding a fixed point for the system

P (X,u) ∈ αF (X,u) +P (X,u), where P is a positive definite operator [60]. This formulation induces the
following fixed point iteration (

Xk, uk
)
←
(
P + αF

)−1
P (Xk−1, uk−1). (5)

This iterative process is called the generalized proximal point method and it is guaranteed to converge to
a zero of F if the matrix P is positive definite and a fixed point for (5) exists [55].

By choosing P as

P =

[
I −αM∗

−αM I

]
, (6)

the fixed point inclusions can be expressed as(
Xk−1 − αM∗(yk−1), yk−1 − αM(Xk−1)

)
∈ αF (Xk, yk)+

(
Xk − αM∗(yk), yk − αM(Xk)

)
where further manipulation leads to the system(
Xk−1 − αM∗(yk−1), yk−1 + αM(2Xk −Xk−1)

)
∈ α

(
∂ tr(CXk) + ∂ ISn+(Xk), ∂ I∗=b

≤h

(yk)
)
+
(
Xk, yk

)
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which induces the following fixed point iteration:

Xk ←
(
I + α∂ (tr(C·) + ISn+))−1(Xk−1 − αM∗(yk−1)

)
yk ←

(
I + α∂ I∗=b

≤h

)−1(yk−1 + αM(2Xk −Xk−1)
)
.

This scheme is a particular case of the primal-dual hybrid gradient (PDHG) proposed by Chambolle
and Pock [2, 63] which has been successfully applied to a wide range of image processing problems, such
as image denoising and deconvolution [64, 65, 45]. Convergence is guaranteed as long as a solution to (2)
exists and 0 < α < 1/ ‖M‖2. The progress of the algorithm can be measured by the primal, dual and
combined residuals as

εkprimal =
∥∥ 1
α (Xk −Xk−1)−M∗(yk − yk−1)

∥∥
F
,

εkdual =
∥∥ 1
α (yk − yk−1)−M(Xk −Xk−1)

∥∥
2
,

εkcomb = εkprimal + εkdual.

2.3 Resolvents and proximal operators in SDP
To employ the fixed point iteration (5) one needs to compute both resolvent operators (I+α∂ (tr(C·)+

ISn+))−1 and (I + α∂ I∗=b
≤h

)−1. For any convex function f : Rm×n → R ∪ {+∞} and α > 0, the resolvent

operator associated with the subdifferential operator ∂f is given by

z = (I + α∂f)−1(v) ⇐⇒ 0 ∈ ∂f(z) + 1
α (z − v) ⇐⇒ z = argmin

x

{
f(x) + 1

2α ||x− v||
2
2

}
.

Therefore, for a general convex function f , the resolvent of ∂f can be expressed as the solution of an
associated convex optimization problem. This mapping is usually referred as the proximal operator of f .
The constant α > 0 is a parameter that controls the trade-off between moving towards the minimizer of
f and shifting in the direction of v.

Methods based on proximal operators, such as the proximal gradient descent [59], are particularly
interesting when the proximal operator has a known closed-form. When the objective function is not
differentiable, proximal algorithms are generally a good alternative to subgradient based methods, such
as ISTA for linear inverse problems [66]. For a deeper review of proximal algorithms and more details
on the resolvent calculus employed in the forthcoming sections the reader should refer to [67]. In the
following, the proximal operators associated with (5) are going to be analyzed in more detail.

2.3.1 Box constraints

The resolvent associated with ∂I =b
≤h

is simply given by the projection onto the box constraints

(
I + α∂I =b

≤h

)−1
(u) = proj =b

≤h
(u) =

[
proj=b(u1)

proj≤h(u2)

]
=

[
b

min {u2, h}

]
,

where u1 ∈ Rp and u2 ∈ Rm and min {u2, h} is the point-wise minimum. Additionally, for a convex
function f , the extended Moreau decomposition [68] gives the identity

u =
(
I + α∂f∗

)−1
(u) + α

(
I + ∂f/α

)−1
(u/α).

Therefore one concludes that (
I + α∂I∗=b

≤h

)−1
(u) = u− αproj =b

≤h
(u/α). (7)

2.3.2 Positive semidefinite cone

Similarly, the resolvent associated with the positive semidefinite constraint is given by the Euclidean
projection onto the positive semidefinite cone. Let S ∈ Sn, the projection onto the set {X : X � 0} has
the closed form (

I + α∂ISn+
)−1

(S) = projSn+(S) =

n∑
i=1

max{0, λi}uiuTi ,

where S =
∑n
i=1 λiuiu

T
i is the eigenvalue decomposition of the symmetric matrix S.

6



2.3.3 Trace

Given the symmetric matrices C and S, the resolvent associated with the trace function is given by
the formula (

I + α∂tr(C·)
)−1

(S) = S − αC.
Unlike the majority of cases, the resolvent associated with the trace function plus any convex function g
is given by the left composition as in(

I + α∂(g + tr(C·)
)−1

(S) =
(
I + α∂g

)−1 ◦ (I + α∂tr(C·)
)−1

(S) =
(
I + α∂g

)−1(
S − αC

)
.

Consequently, (
I + α∂ (tr(C·) + ISn+)

)−1
(S) = projSn+(S − αC). (8)

2.4 PD-SDP
Algorithm 1, which is referred to as PD-SDP or Primal-Dual SemiDefinite Programming, matches the

fixed point iteration (5) and the resolvents in its closed forms (7, 8). In this particular setting, the
primal-dual method turns out to be a very simple routine. As illustrated in Algorithm 1, the method
avoids explicitly solving a linear system or a convex optimization problem at each iteration. One only
needs a subroutine to evaluate the resolvents (7, 8) and access the abstract linear operator forM and its
adjoint.

Algorithm 1 PD-SDP

Given: M, b ∈ Rm, h ∈ Rp and C ∈ Sn.

while εkcomb > εtol do

Xk+1 ← projSn+(Xk − α(M∗(yk) + C)) . Primal step

yk+1/2← yk + αM(2Xk+1 −Xk) . Dual step part 1
yk+1 ← yk+1/2 − αproj =b

≤h
(yk+1/2/α) . Dual step part 2

end while

return
(
Xk+1, yk+1

)
In [2], it was shown that PDHG achieves a O(1/k) convergence rate for non-smooth problems, where k

is the number of iterations. Similar convergence rates can be achieved by other operator splitting methods
such as Tseng’s ADM [69] or ADMM [70, 71]. However, the PD-SDP has the advantage of offering the
optimal dual variable as a by-product of the algorithm.

The computational complexity of each loop is dominated by the projection onto the positive semidef-
inite cone. In the most naive implementation, each iteration will cost O(n3) operations, where n is the
dimension of the p.s.d. matrix. If one knew the number of positive eigenvalues r, at each iteration, the
computational cost could be reduced to O(n2r). In this work we are going to refer to r as the target-rank
of a particular iteration. Unfortunately, in practice, one does not have access to the target-rank. However,
as will be shown in the next section, there is no need to know the target-rank in advance. Even more
surprisingly, faster running times can be achieved by underestimating the target rank to some extent.

3 Speeding up with inexact solves
So far, we have proposed a first-order method for solving general SDP problems. However, the

projection onto the positive semidefinite cone is an obstacle to make the algorithm scalable for larger
instances. In this section, we are going to explore how to take advantage of a low-rank structure, even if
the target rank is unknown.
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3.1 Low-rank approximation
It is well-known that SDP solutions very often exhibit a low-rank structure. More precisely, as

shown by Barvinok [72] and Pataki [73], any SDP with m equality constraints has an optimal solution
with a rank of at most

√
2m. In practice, for several SDP problems, it is frequently observed that the

optimal solution has an even smaller rank. This phenomenon is notably present in SDPs generated by a
semidefinite relaxation, where the solution ideally has low rank. In several cases, even if the relaxation
is inexact, the rank of the solution is usually substantially small.

This property has motivated a series of nonconvex methods aiming to exploit the low-rank structure
of the problem [74, 75, 76]. For instance, one can encode the positive semidefinite constraint as a matrix
factorization of the type X = V TV where V ∈ Rr×n and r is the target rank. This technique was
proposed a decade ago by Burer and Monteiro [77] and since then it has been one of the main tools
for tackling the scalability of low-rank SDPs. This matrix factorization approach has been successfully
applied to large-scale computer vision [78] and combinatorial optimization problems [79]. Unfortunately,
by resorting to this approach, one loses convexity and all the associated guarantees.

The main bottleneck of PD-SDP and any other convex optimization methods for solving SDPs is
computing the eigenvalue decomposition. A natural approach to overcome this issue is to make use of
low-rank matrix approximation techniques in place of computing the full matrix decomposition. Recent
work by Udell, Tropp et al. [80] uses matrix sketching methods [81, 82] to successfully find approximate
solutions to low-rank convex problems. While their methodology possesses several advantages, such as
optimal storage, it does require all solutions to be low-rank in order to guarantee convergence to an
optimal solution. In contrast, the methodology proposed in this paper exploits the low-rank structure
of the problem whenever possible, but it also converges to an optimal solution even in the presence of
full-rank solutions.

As was showed by Eckart and Young [83], the best rank-r approximation of symmetric matrices, for
both the Frobenius and the spectral norms, is given by the truncated eigenvalue decomposition. Inspired
by this result, the approximate projection onto the positive semidefinite cone is given by

aprojSn+(X, r) =

r∑
i=1

max{0, λi}uiuTi , (9)

where X is a symmetric matrix, r is its target-rank and λ1 ≥ · · · ≥ λr are the eigenvalues with the r
largest real values. It is important to notice that, despite being different from the Euclidean projection,
aprojSn+(X, r) does project the matrix X onto the p.s.d. cone. In other words, the truncated projection
maps onto the p.s.d. cone but not necessarily onto the closest point, according to the Frobenius norm,
as illustrated in Figure 1.

Sn
+

projSn
+
(X)

X

aprojSn
+
(X, r)

Figure 1: Comparison of Euclidean projection onto the positive semidefinite cone, denoted by projSn+(X),
and the truncated projection given by aprojSn+(X, r).

If the target-rank r equals the number of nonzero eigenvalues, both the truncated and the full projec-
tion will be equivalent. Otherwise, if the target-rank r is smaller than the number of nonzero eigenvalues,
the truncated projection will be only an approximation of the exact projection. In this case, according
to the Eckart–Young–Mirsky theorem [83], the approximation error can be expressed as the sum of the
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eigenvalues that were left out by the truncated projection as∥∥∥projSn+(X)− aprojSn+(X, r)
∥∥∥2
F

=

n∑
i=r+1

max{λi, 0}.

For practical purposes, the approximation error can be bounded in terms of the smaller eigenvalue
computed by the truncated projection as the following∥∥∥projSn+(X)− aprojSn+(X, r)

∥∥∥2
F
≤ (n− r) max{λr, 0}. (10)

The partial eigenvalue decomposition (9) can be efficiently computed via power iteration algorithms
or Krylov subspace methods [84, 85]. Computational routines are freely available in almost every pro-
gramming language for numerical computing [86, 87].

3.2 Convergence checking and target rank update
As previously noted, the PD-SDP method can be seen as a fixed point iteration of a monotone operator

[88]. In this sense, replacing the exact projection onto the positive semidefinite cone by its approximation
(9) will result in an inexact iteration as the following(

Xk+1, uk+1
)
←
(
P + αF

)−1
P (Xk, uk) + εk, (11)

where F and P are the ones defined in (4) and (6), respectively, and ε is an error component. In the
literature, this methodology can be found under the name of inexact solves or approximate proximal
point [89]. In the work of Eckstein and Bertsekas [71], they have shown that the approximate scheme
(11) converges as long as the error component is summable, i.e.

∞∑
k=1

∥∥εk∥∥
2
<∞. (12)

In the context of the approximate projection onto the p.s.d. cone, condition (12) can be expressed
in terms of the smallest eigenvalue of the truncated decomposition for each iterate. Let λkr denote the
smallest eigenvalue computed at the kth iteration of the algorithm (11), which corresponds to the rth
largest eigenvalue at that iteration. Analogous to [71], given a target-rank r, the fixed point iteration
(11) will converge to a fixed point as long as

(n− r)
∞∑
k=1

∥∥max{λkr , 0}
∥∥
2
<∞ (13)

and a fixed point exists. It is easily verifiable that for an arbitrarily fixed target-rank r, the iteration
(11) will never converge. For instance, if one fixes the target-rank to a value smaller than the rank of the
optimal solution, the error component will remain above a threshold and the sequence of errors will not
be summable. We refer to the target-rank as sufficient if it satisfies the condition (13).

Since the minimal sufficient target-rank is not known a priori, it is necessary to use an update
mechanism that can guarantee the convergence of (11). The strategy adopted in this paper starts the
algorithm with a small target-rank and increase its value whenever necessary. The combined residual
(2.2) will be used to describe the state of the algorithm and to trigger the update of the target-rank.
Given an initial target-rank, the sum of the subsequent combined residuals can either converge or diverge.
Even if the sequence converges, it will not necessarily be monotonic. In this regard, instead of checking
the convergence of the sequential iterates we are going to evaluate the residuals (2.2) within a window of
size `.

In case the combined residuals converge according to a given tolerance, we need to examine the
approximation error (10). It follows from (10) that if the approximation error is zero, the smallest
eigenvalue of X∗ is less than or equal to zero and the truncated projection is no longer an approximation.
Therefore, the inexact iteration (11) has also converged to a fixed point of (5) and consequently an optimal
primal-dual solution for the SDP problem of interest has been found.
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If the combined residual has converged with a target rank r but the approximation error is greater
than the tolerance, the target-rank needs to be updated. In this case, it is interesting to notice that
even though the current iterate pair is not an optimal point, it does give a feasible primal-dual solution
under the assumption of strong duality. By characterizing a fixed point of (10), the current iterate will
satisfy the linear constraints of the original SDP problem. Additionally, as was previously pointed out,
the truncated projection maps onto the positive semidefinite cone. Therefore, given a target rank r, if a
fixed point of (10) is found and strong duality holds, one has a feasible point designated by (X[r], y[r]).

The last possible case occurs when the combined residuals either stay stationary or diverge within the
last ` iterates. In this case, the target-rank also needs to be updated. After updating the target-rank,
the process is repeated. The combination of PD-SDP and the target rank updating scheme is described
in Algorithm 2 and will be referred to as LR-PD-SDP. In the worst case scenario, the target-rank will be
updated until r equals n and the subsequent iterations of the algorithm will be equivalent to the ones
in PD-SDP. Consequently, in this setting, LR-PD-SDP will converge to a fixed point of (4) under the same
conditions of PD-SDP.

Algorithm 2 LR-PD-SDP

Given: M, b ∈ Rp, h ∈ Rq, C ∈ Sn and r = 1.

while (n− r)λr > ελ do

while εkcomb > εtol and εkcomb < εk−`comb do

Xk+1 ← aprojSn+(Xk − α(M∗(yk) + C), r) . Approximate primal step

yk+1/2← yk + αM(2Xk+1 −Xk) . Dual step part 1
yk+1 ← yk+1/2 − αproj =b

≤h
(yk+1/2/α) . Dual step part 2

end while
if εkcomb < εtol then

(X[r], y[r])← (Xk+1, yk+1) . Save feasible solution
end if
r ← 2 r . Target-rank update

end while

return (Xk+1, yk+1)

Each iteration of LR-PD-SDP has a computational complexity of O(n2r) as opposed to O(n3) achieved
by PD-SDP. Additionally, if one doubles the target-rank whenever necessary, the updating procedure can
be carried out O(log(n)) times. Usually, LR-PD-SDP will require more iterations to reach convergence
than PD-SDP. On the other hand, LR-PD-SDP induces the rank of the iterates Xk to remain small. As it
is illustrated in Figure 2, LR-PD-SDP avoids the presence of high rank iterates, as happens with PD-SDP.
Consequently, if the problem of interest has a low-rank solution, the LR-PD-SDP will terminate much
faster than PD-SDP.
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Figure 2: Comparison of the rank path of the iterates Xk for both PD-SDP and LR-PD-SDP methods.
Additionally, the sequence of primal intermediate feasible solution found by LR-PD-SDP are represented
as the points X[1], X[2] and X[4].

4 ProxSDP solver
The complete implementation of the LR-PD-SDP algorithm is available online at

https://github.com/mariohsouto/ProxSDP.jl

This project includes usage examples and all the data and scripts needed for next sections’ benchmarks.
The solver was completely written in the Julia language [90], making extensive usage of its linear algebra
capabilities. The use of sparse matrix operations were crucial to achieve good performance on manipu-
lations involving the linear constraints. Additionally, dense linear algebra routines relying on BLAS [91]
were heavily used, just like multiple in-place operation to avoid unnecessary memory allocations. The
built-in wrappers over LAPACK [92] and BLAS made it very easy to write high performance code. In
particular, the ARPACK wrapper, used to efficiently compute the largest eigenvalues, was modified to
maximize in-place operations and avoid unnecessary allocations.

Instead of writing a solver interface from scratch, we used the package MathOptInterface.jl (MOI)
that abstracts solver interfaces. In doing that, we were able to write problems only once and test them in
all available solvers. Moreover, having a MOI based interface means that the ProxSDP solver is available
through the modeling language JuMP [93].

5 Case studies
In this section, we will present three SDP problems to serve as background for comparison between

SDP solvers. The main goal of these experiments is to show how LR-PD-SDP outperforms the state-of-the-
art solvers in the low-rank setting. In this sense, the numerical experiments are focused on semidefinite
relaxation problems. On these SDP relaxations, the original problem one is interested in solving is
nonconvex and it can be formulated as an SDP plus a rank constraint of the form rank(X) = d, where d
usually assumes a small value. Unfortunately, the rank constraint makes the problem extremely hard to
solve and any exact algorithm has doubly exponential complexity [94]. The SDR avoids this problem by
simply dropping the rank constraint and solving the remaining problem via semidefinite programming.
Usually SDRs admit low-rank solutions, even without the presence of the rank constraint, making this
the ideal case for testing the LR-PD-SDP algorithm.
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In the presented experiments, we are going to consider a default numerical tolerance of εtol = 10−3. As
any first-order method, both PD-SDP and LR-PD-SDP may require a large number of iterations to converge
to a higher accuracy [95, 44]. All the following tests were made using a Intel(R) Core(TM) i7-5820K
CPU 3.30GHz (12 cores) Linux workstation with 62 Gb of RAM. In the following benchmarks for PD-SDP
and LR-PD-SDP the Julia version used was compiled with Intel’s MKL. The maximum running time for
all experiments was set to 1200s.

5.1 Graph equipartition
Consider the undirected graph G = (V,E) where V is the set of vertices, E is the set of edges, n is

the total number of edges and a cut (S, S′) is a disjoint partition of V . Let x ∈ {−1,+1}n such that

xi =

{
+1, if xi ∈ S,
−1, if xi ∈ S′,

∀ i = 1, · · · , n.

Given a set of weights w, the quantity 1
4

∑
(i,j)∈E wij(1 − xixj) is called the weight of the cut (S, S′).

The graph equipartition problem aims to find the cut with maximum weight on a given graph such that
both partitions of the graph have the same cardinality. This problem can be formulated as the following
combinatorial optimization problem

maximize
x

1
4

∑
(i,j)∈E

wij(1− xixj)

subject to xi ∈ {−1,+1}, ∀ i = 1, · · · , n,
n∑
i=1

xi = 0.

The binary constraints x ∈ {−1,+1}n, can be expressed as a nonconvex equality constraints of the
form x2i = 1 ∀ i = 1, · · · , n. By lifting the decision variables to the space of the symmetric matrices
X ∈ Sn+ and introducing a rank one constraint, the graph equipartition problem can be formulated as
follows

minimize
X∈Sn+

tr(WX)

subject to tr(1n×nX) = 0,

diag(X) = 1,

X � 0,

rank(X) = 1,

where the symmetric matrix W is composed by the original weights w and 1n×n denotes a n× n matrix
filled with ones. By dropping the rank constraint, one obtains an SDP relaxation. For more details on
graph partition problems, the reader should refer to [96].

Problem instances: Graph equipartition instances from the SDPLIB [97] problem set were used to
evaluate the performance of the proposed methods. As Table 1 shows, for smaller instances Mosek solver
is slightly faster. For larger instances such as equalG11 and equalG51, LR-PD-SDP outperforms all other
considered methods with a considerable margin. Furthermore, without exploiting the low-rank structure
of the problem, PD-SDP fails to scale as the number of edges increases.
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n sdplib SCS CSDP MOSEK PD-SDP LR-PD-SDP
124 gpp124-1 1.6 0.4 0.2 0.7 0.9
124 gpp124-2 1.5 0.4 0.3 0.5 0.2
124 gpp124-3 1.6 0.3 0.2 0.6 0.2
124 gpp124-4 1.7 0.5 0.3 0.6 0.2
250 gpp250-1 21.4 2.9 0.9 3.7 1.4
250 gpp250-2 7.8 2.2 1.1 4.1 1.2
250 gpp250-3 12.6 2.1 0.9 3.4 0.9
250 gpp250-4 16.4 2.2 0.9 3.8 0.6
500 gpp500-1 134.2 59.1 8.2 22.7 5.6
500 gpp500-2 97.4 12.2 8.6 21.5 6.1
500 gpp500-3 64.4 12.1 8.9 15.5 4.4
500 gpp500-4 71.4 13.4 8.7 15.4 6.5
801 equalG11 324.2 47.3 32.4 84.3 11.3
1001 equalG51 425.1 98.7 83.4 113.5 22.5

Table 1: Comparison of running times (seconds) for the SDPLIB’s graph equipartition problem instances.

5.2 Sensor network localization
Now consider the problem of estimating the position of a set of sensors on a d-dimensional plane [98].

Let a1, . . . , am ∈ Rd be a set of anchor points in which the positions are known and let x1, . . . , xn ∈ Rd
be a set of sensor points that have unknown positions. Given an incomplete set of Euclidean distances
between sensors and between sensors and anchors, the goal is to find the true positions of each sensor.
This problem, known as sensor network localization, is originally formulated as the following quadratic
constrained program:

find
x1,··· ,xn∈Rd

x1, · · · , xn

subject to ‖xi − xj‖22 = w2
ij , ∀ (i, j) ∈ Ωs,

‖ak − xj‖22 = w̃2
kj , ∀ (k, j) ∈ Ωa,

(14)

where the distances between sensor i and sensor j is denoted by wij and the distance between anchor k
and sensor j is denoted by w̃kj . The indexes of the distances that are known are either in the set Ωs or
in the set Ωa. Unfortunately, solving (14) is NP-hard [99].

We can formulate the nonconvex problem (14) as a rank constrained semidefinite problem [100]. In
order to start building this alternative formulation, consider the matrices X ∈ Rd×n and Y ∈ Sn as

X =

 x1 · · · xn

 and Y = XTX =


xT1 x1 xT1 x2 . . . xT1 xn
xT2 x1 xT2 x2 . . . xT2 xn
...

...
. . .

...
xTnx1 xTnx2 . . . xTnxn

 .
Now let E(i,j) ∈ Sn be filled with zeros except for the following entries: E(i,j)

i,i = 1, E(i,j)
j,j = 1, E(i,j)

i,j = −1

and E(i,j)
j,i = −1. With this setting, the constraints that represent the distance between sensors can be

formulated as
tr(E(i,j)Y ) = ω2

ij , ∀ (i, j) ∈ Ωs. (15)

Similarly, let Z ∈ Sd+n be the matrix

Z =

[
Id×d X
XT Y

]
.

Additionally, let U (k,j) ∈ Sd+n be filled with zeros except for the entries: U (k,j)
1,1 = aTk ak, U

(k,j)
d+j,d+j = 1,

U
(k,j)
1:d,d+j = −ak and U (k,j)

d+j,1:d = −aTk . The constraints regarding the distances between sensors and anchors
can be formulated as

tr(U (k,j)Z) = ω̃2
kj , ∀ (k, j) ∈ Ωa. (16)
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Using (15), (16) and the Schur complement of Y � XTX [100], the network localization problem can
be formulated as

find
Z∈Sd+n

+

Z

subject to Z =

[
Id×d X
XT Y

]
� 0,

tr(E(i,j)Y ) = ω2
ij , ∀ (i, j) ∈ Ωs,

tr(U (k,j)Z) = ω̃2
kj , ∀ (k, j) ∈ Ωa,

rank(Y ) = d.

(17)

If a unique solution for the given set of distances exists, the SDR obtained by dropping the rank constraint
in (17) will be exact [100].

Problem instances: In a set of numerical simulation, we randomly generate anchor points and
distances measurements. Each anchor and sensor has its position in the two-dimensional Euclidean
plane, i.e. d = 2. In this sense, if the relaxation is exact the optimal solution Y ∗ must have a rank of two.
This property justifies the LR-PD-SDP outperforming other solvers when number of sensors grow, as it
can be seen in Table 2. The importance of exploiting the low rank structure can be verified by observing
that PD-SDP does not efficiently scale as n increases.

n SCS CSDP MOSEK PD-SDP LR-PD-SDP
50 0.2 0.2 0.1 0.5 0.6
100 0.8 4.5 0.9 6.1 1.6
150 2.6 28.1 3.2 14.4 3.6
200 6.4 89.8 11.2 32.3 6.1
250 12.1 239.2 36.4 52.9 7.9
300 28.7 timeout 85.2 96.6 13.5

Table 2: Comparison of running times (seconds) for randomized network localization problem instances.

5.3 MIMO detection
Consider an application in the field of wireless communication known in the literature as binary

multiple-input multiple-output (MIMO) [101, 102]. As in several MIMO applications, one needs to send
and receive multiple data signals over the same channel with the presence of additive noise. The binary
MIMO can be modeled as:

y = Hx+ ε,

where y ∈ Rm is the received signal, H ∈ Rm×n is the channel and ε ∈ Rm is an i.i.d. Gaussian noise
with variance σ2. The signal, which is unknown to the receiver, is represented by x ∈ {−1,+1}n.

Assuming the noise distribution is known to be Gaussian, a natural approach is to compute the
maximum likelihood estimate of the signal by solving the optimization problem:

minimize
x

‖Hx− y‖22
subject to x ∈ {−1,+1}n.

(18)

At first sight, the structure of the problem is very similar to a standard least squares problem. However,
the unknown signal is constrained to be binary, which makes the problem nonconvex and dramatically
changes the problem’s complexity. More precisely, solving (18) is known to be NP-hard [103].

By using a similar technique as in the graph equipartition problem, one can reformulate (18) as the
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following rank constrained semidefinite problem:

minimize
X∈Sn+1

+

tr(LX)

subject to diag(X) = 1,

Xn+1,n+1 = 1,

− 1 ≤ X ≤ 1,

X � 0,

rank(X) = 1.

where the decision variable X is a n+ 1× n+ 1 symmetric matrix and L is given by:

L =

[
H∗H −H∗y
−y∗H y∗y

]
Given the optimal solution X∗ for the relaxation, the solution for the original binary MIMO is obtained
by slicing the last column as x∗ = X∗1:n,n+1. For this particular problem, the SDR is known to be exact if
the signal to noise ratio, σ−1, is sufficiently large [101]. This implies that the rank of the optimal solution
X∗ is guaranteed to be equal to one even without the rank constraint. This low-rank structure makes
the ideal case study for the techniques proposed in this paper.

Problem instances: In order to measure the performance of the different methods, problem instances
with large signal to noise ratio were randomly generated. For each instance, the channel matrix H is
designed as a n × n matrix with i.i.d. standardized Gaussian entries. The true signal x∗ was drawn
from a discrete uniform distribution. Since a high signal to noise ratio was used to build the instances,
all recovered optimal solutions are rank one solutions. In this setting, as it is illustrated in Table 3,
LR-PD-SDP outperforms all other methods as the signal length increases. More surprisingly, LR-PD-SDP
was able to solve large scale instances with 5000 × 5000 p.s.d. matrices. The bottleneck found while
trying to optimize even larger instances was the amount of memory required by the ProxSDP solver.

n SCS CSDP MOSEK PD-SDP LR-PD-SDP
100 1.5 1.2 0.1 0.1 0.1
500 277.8 27.4 2.3 3.1 1.1
1000 timeout 97.2 15.6 16.5 4.7
2000 timeout 473.6 117.5 115.9 38.9
3000 timeout timeout 418.2 350.6 122.1
4000 timeout timeout 976.8 906.5 258.3
5000 timeout timeout timeout timeout 472.4

Table 3: Running times (seconds) for MIMO detection with high SNR.

6 Conclusions and future work
As a concluding remark, this work has proposed a novel primal-dual method that can efficiently exploit

the low-rank structure of semidefinite programming problems. As it was illustrated by the case studies,
the proposed technique can achieve up to one order of magnitude faster solving times in comparison to
existing algorithms. Additionally, an open source solver, ProxSDP, for general SDP problems was made
available. We hope that the results and tools contemplated in this work foster the use of semidefinite
programming on new applications and fields of study.

One aspect of the proposed methodology not fully explored in this paper, is the value of the inter-
mediate solutions found by LR-PD-SDP. For several applications, a suboptimal feasible solution may be
useful. Particularly if one is interested in solving a semidefinite relaxation, a suboptimal solution can be
almost as useful as the optimal solution, with the advantage of requiring less computing time to be dis-
covered. For instance, a branch-and-bound search method can benefit from lower bounds that a feasible
semidefinite relaxation provides [104]. This ability of quickly generating high quality lower bounds via
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intermediate feasible solutions can enhance the already well known SDP property of approximate hard
problems.

Another promising future line of work is the combination of chordal decomposition methods with the
low-rank approximation presented in this work. If successful, this match would allow the exploitation of
both sparsity and low-rank structure simultaneously.

Acknowledgments
Firstly, we would like to thank the Brazilian agencies CNPq and CAPES for financial support. We

extend many thanks to all members of LAMPS (Laboratory of Applied Mathematical Programming and
Statistics), in special Thuener Silva and Raphael Saavedra, for the daily support and fruitful discussions.
We would also like to thank the developers of MOI and JuMP for making comparisons between solvers
much easier and specially Benoît Legat for helping with ProxSDP’s MOI interface.

References
[1] P. Raghavendra, “Optimal algorithms and inapproximability results for every csp?” in Proceedings

of the fortieth annual ACM symposium on Theory of computing. ACM, 2008, pp. 245–254.

[2] A. Chambolle and T. Pock, “A first-order primal-dual algorithm for convex problems with appli-
cations to imaging,” Journal of Mathematical Imaging and Vision, vol. 40, no. 1, pp. 120–145,
2011.

[3] L. Vandenberghe and S. Boyd, “Semidefinite programming,” SIAM review, vol. 38, no. 1, pp. 49–95,
1996.

[4] H. Wolkowicz, R. Saigal, and L. Vandenberghe, Handbook of semidefinite programming: theory,
algorithms, and applications. Springer Science & Business Media, 2012, vol. 27.

[5] L. Vandenberghe and S. Boyd, “Applications of semidefinite programming,” Applied Numerical
Mathematics, vol. 29, no. 3, pp. 283–299, 1999.

[6] A. I. Lur’e, Some non-linear problems in the theory of automatic control. Her Majesty’s stationery
office, 1957.

[7] S. Kuindersma, R. Deits, M. Fallon, A. Valenzuela, H. Dai, F. Permenter, T. Koolen, P. Marion,
and R. Tedrake, “Optimization-based locomotion planning, estimation, and control design for the
atlas humanoid robot,” Autonomous Robots, vol. 40, no. 3, pp. 429–455, 2016.

[8] R. Bellman and K. Fan, “On systems of linear inequalities in hermitian matrix variables,” Convexity,
vol. 7, pp. 1–11, 1963.

[9] L. Vandenberghe, V. R. Balakrishnan, R. Wallin, A. Hansson, and T. Roh, “Interior-point algo-
rithms for semidefinite programming problems derived from the kyp lemma,” Positive polynomials
in control, pp. 579–579, 2005.

[10] S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnan, Linear matrix inequalities in system and
control theory. SIAM, 1994.

[11] C. Scherer and S. Weiland, “Linear matrix inequalities in control,” Lecture Notes, Dutch Institute
for Systems and Control, Delft, The Netherlands, vol. 3, 2000.

[12] J. Lavaei and S. H. Low, “Zero duality gap in optimal power flow problem,” IEEE Transactions on
Power Systems, vol. 27, no. 1, pp. 92–107, 2012.

[13] L. Vandenberghe, S. Boyd, and A. El Gamal, “Optimizing dominant time constant in rc circuits,”
IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, vol. 17, no. 2,
pp. 110–125, 1998.

16



[14] ——, “Optimal wire and transistor sizing for circuits with non-tree topology,” in Proceedings of the
1997 IEEE/ACM international conference on Computer-aided design. IEEE Computer Society,
1997, pp. 252–259.

[15] A. Ben-Tal and A. Nemirovski, “Robust truss topology design via semidefinite programming,” SIAM
journal on optimization, vol. 7, no. 4, pp. 991–1016, 1997.

[16] ——, “Robust convex optimization,” Mathematics of operations research, vol. 23, no. 4, pp. 769–805,
1998.

[17] S. Zymler, D. Kuhn, and B. Rustem, “Distributionally robust joint chance constraints with second-
order moment information,” Mathematical Programming, pp. 1–32, 2013.

[18] L. Lovász and A. Schrijver, “Cones of matrices and set-functions and 0–1 optimization,” SIAM
Journal on Optimization, vol. 1, no. 2, pp. 166–190, 1991.

[19] M. X. Goemans and D. P. Williamson, “Improved approximation algorithms for maximum cut and
satisfiability problems using semidefinite programming,” Journal of the ACM (JACM), vol. 42,
no. 6, pp. 1115–1145, 1995.

[20] H. Karloff and U. Zwick, “A 7/8-approximation algorithm for max 3sat?” in Foundations of Com-
puter Science, 1997. Proceedings., 38th Annual Symposium on. IEEE, 1997, pp. 406–415.

[21] D. Cvetković, M. Čangalović, and V. Kovačević-Vujčić, “Semidefinite programming methods for the
symmetric traveling salesman problem,” in International Conference on Integer Programming and
Combinatorial Optimization. Springer, 1999, pp. 126–136.

[22] E. J. Candes, Y. C. Eldar, T. Strohmer, and V. Voroninski, “Phase retrieval via matrix completion,”
SIAM review, vol. 57, no. 2, pp. 225–251, 2015.

[23] L. Lovász, “Semidefinite programs and combinatorial optimization,” in Recent advances in algo-
rithms and combinatorics. Springer, 2003, pp. 137–194.

[24] T. De Bie, “Deploying sdp for machine learning.” in ESANN, 2007, pp. 205–210.

[25] E. Candes and B. Recht, “Exact matrix completion via convex optimization,” Communications of
the ACM, vol. 55, no. 6, pp. 111–119, 2012.

[26] J. Bennett, S. Lanning et al., “The netflix prize,” in Proceedings of KDD cup and workshop, vol.
2007. New York, NY, USA, 2007, p. 35.

[27] M. J. Wainwright and M. I. Jordan, “Log-determinant relaxation for approximate inference in
discrete markov random fields,” IEEE Transactions on Signal Processing, vol. 54, no. 6, pp. 2099–
2109, 2006.

[28] G. R. Lanckriet, N. Cristianini, P. Bartlett, L. E. Ghaoui, and M. I. Jordan, “Learning the kernel
matrix with semidefinite programming,” Journal of Machine learning research, vol. 5, no. Jan, pp.
27–72, 2004.

[29] G. R. Lanckriet, T. De Bie, N. Cristianini, M. I. Jordan, and W. S. Noble, “A statistical framework
for genomic data fusion,” Bioinformatics, vol. 20, no. 16, pp. 2626–2635, 2004.

[30] S. Khot, “On the power of unique 2-prover 1-round games,” in Proceedings of the thiry-fourth annual
ACM symposium on Theory of computing. ACM, 2002, pp. 767–775.

[31] S. Khot, D. Minzer, and M. Safra, “Pseudorandom sets in grassmann graph have near-perfect
expansion,” in Electronic Colloquium on Computational Complexity (ECCC), vol. 25, no. 6, 2018.

[32] I. Dinur, S. Khot, G. Kindler, D. Minzer, and M. Safra, “Towards a proof of the 2-to-1 games
conjecture?” in Proceedings of the 50th Annual ACM SIGACT Symposium on Theory of Computing.
ACM, 2018, pp. 376–389.

17



[33] N. Z. Shor, “Cut-off method with space extension in convex programming problems,” Cybernetics
and systems analysis, vol. 13, no. 1, pp. 94–96, 1977.

[34] D. Iudin and A. S. Nemirovskii, “Informational complexity and efficient methods for solving complex
extremal problems,” Matekon, vol. 13, no. 3, pp. 25–45, 1977.

[35] J.-B. Hiriart-Urruty and C. Lemaréchal, Convex analysis and minimization algorithms I: Funda-
mentals. Springer science & business media, 2013, vol. 305.

[36] N. Karmarkar, “A new polynomial-time algorithm for linear programming,” in Proceedings of the
sixteenth annual ACM symposium on Theory of computing. ACM, 1984, pp. 302–311.

[37] I. Adler, M. G. Resende, G. Veiga, and N. Karmarkar, “An implementation of karmarkar’s algorithm
for linear programming,” Mathematical programming, vol. 44, no. 1, pp. 297–335, 1989.

[38] Y. Nesterov and A. Nemirovskii, Interior-point polynomial algorithms in convex programming.
SIAM, 1994.

[39] F. Alizadeh, “Optimization over the positive-definite cone: interior point methods and combinatorial
applications,” Advances in optimization and parallel computing, 1992.

[40] C. Helmberg, F. Rendl, R. J. Vanderbei, and H. Wolkowicz, “An interior-point method for semidef-
inite programming,” SIAM Journal on Optimization, vol. 6, no. 2, pp. 342–361, 1996.

[41] F. Alizadeh, J.-P. A. Haeberly, and M. L. Overton, “Primal-dual interior-point methods for semidef-
inite programming: convergence rates, stability and numerical results,” SIAM Journal on Optimiza-
tion, vol. 8, no. 3, pp. 746–768, 1998.

[42] B. Borchers, “Csdp, ac library for semidefinite programming,” Optimization methods and Software,
vol. 11, no. 1-4, pp. 613–623, 1999.

[43] A. Mosek, “The mosek optimization software,” Online at http://www. mosek. com, vol. 54, pp. 2–1,
2010.

[44] S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eckstein, “Distributed optimization and statistical
learning via the alternating direction method of multipliers,” Foundations and Trends R© in Machine
Learning, vol. 3, no. 1, pp. 1–122, 2011.

[45] F. Heide, S. Diamond, M. Nießner, J. Ragan-Kelley, W. Heidrich, and G. Wetzstein, “Proximal:
Efficient image optimization using proximal algorithms,” ACM Transactions on Graphics (TOG),
vol. 35, no. 4, p. 84, 2016.

[46] B. O’Donoghue, E. Chu, N. Parikh, and S. Boyd, “Conic optimization via operator splitting and
homogeneous self-dual embedding,” Journal of Optimization Theory and Applications, vol. 169,
no. 3, pp. 1042–1068, 2016.

[47] R. Madani, A. Kalbat, and J. Lavaei, “Admm for sparse semidefinite programming with applica-
tions to optimal power flow problem,” in Decision and Control (CDC), 2015 IEEE 54th Annual
Conference on. IEEE, 2015, pp. 5932–5939.

[48] M. Fukuda, M. Kojima, K. Murota, and K. Nakata, “Exploiting sparsity in semidefinite program-
ming via matrix completion i: General framework,” SIAM Journal on Optimization, vol. 11, no. 3,
pp. 647–674, 2001.

[49] K. Nakata, K. Fujisawa, M. Fukuda, M. Kojima, and K. Murota, “Exploiting sparsity in semidefi-
nite programming via matrix completion ii: Implementation and numerical results,” Mathematical
Programming, vol. 95, no. 2, pp. 303–327, 2003.

[50] L. Vandenberghe, M. S. Andersen et al., “Chordal graphs and semidefinite optimization,” Founda-
tions and Trends R© in Optimization, vol. 1, no. 4, pp. 241–433, 2015.

18



[51] S. K. Pakazad, A. Hansson, M. S. Andersen, and A. Rantzer, “Distributed semidefinite programming
with application to large-scale system analysis,” IEEE Transactions on Automatic Control, vol. 63,
no. 4, pp. 1045–1058, 2018.

[52] K. Fujisawa, H. Sato, S. Matsuoka, T. Endo, M. Yamashita, and M. Nakata, “High-performance
general solver for extremely large-scale semidefinite programming problems,” in High Performance
Computing, Networking, Storage and Analysis (SC), 2012 International Conference for. IEEE,
2012, pp. 1–11.

[53] R. Y. Zhang and J. Lavaei, “Sparse semidefinite programs with near-linear time complexity,” arXiv
preprint arXiv:1710.03475, 2017.

[54] ——, “Modified interior-point method for large-and-sparse low-rank semidefinite programs,” arXiv
preprint arXiv:1703.10973, 2017.

[55] E. K. Ryu and S. Boyd, “Primer on monotone operator methods,” Appl. Comput. Math, vol. 15,
no. 1, pp. 3–43, 2016.

[56] J. Eckstein, “Splitting methods for monotone operators with applications to parallel optimization,”
Ph.D. dissertation, Massachusetts Institute of Technology, 1989.

[57] P. L. Combettes*, “Solving monotone inclusions via compositions of nonexpansive averaged opera-
tors,” Optimization, vol. 53, no. 5-6, pp. 475–504, 2004.

[58] P. L. Combettes and V. R. Wajs, “Signal recovery by proximal forward-backward splitting,” Mul-
tiscale Modeling & Simulation, vol. 4, no. 4, pp. 1168–1200, 2005.

[59] P. L. Combettes and J.-C. Pesquet, “Proximal splitting methods in signal processing,” in Fixed-point
algorithms for inverse problems in science and engineering. Springer, 2011, pp. 185–212.

[60] H. H. Bauschke, P. L. Combettes et al., Convex analysis and monotone operator theory in Hilbert
spaces. Springer, 2011, vol. 408.

[61] R. T. Rockafellar, Convex analysis. Princeton university press, 2015.

[62] H. H. Bauschke, P. L. Combettes et al., Convex analysis and monotone operator theory in Hilbert
spaces. Springer, 2017, vol. 2011.

[63] T. Pock, D. Cremers, H. Bischof, and A. Chambolle, “An algorithm for minimizing the mumford-
shah functional,” in Computer Vision, 2009 IEEE 12th International Conference on. IEEE, 2009,
pp. 1133–1140.

[64] E. Y. Sidky, J. H. Jørgensen, and X. Pan, “Convex optimization problem prototyping for image
reconstruction in computed tomography with the chambolle–pock algorithm,” Physics in medicine
and biology, vol. 57, no. 10, p. 3065, 2012.

[65] S. Vaiter, G. Peyré, C. Dossal, and J. Fadili, “Robust sparse analysis regularization,” IEEE Trans-
actions on information theory, vol. 59, no. 4, pp. 2001–2016, 2013.

[66] A. Beck and M. Teboulle, “A fast iterative shrinkage-thresholding algorithm for linear inverse prob-
lems,” SIAM journal on imaging sciences, vol. 2, no. 1, pp. 183–202, 2009.

[67] N. Parikh, S. P. Boyd et al., “Proximal algorithms.” Foundations and Trends in optimization, vol. 1,
no. 3, pp. 127–239, 2014.

[68] J.-J. Moreau, “Décomposition orthogonale d’un espace hilbertien selon deux cônes mutuellement
polaires,” CR Acad. Sci. Paris, vol. 225, pp. 238–240, 1962.

[69] P. Tseng, “Applications of a splitting algorithm to decomposition in convex programming and
variational inequalities,” SIAM Journal on Control and Optimization, vol. 29, no. 1, pp. 119–138,
1991.

19



[70] R. Glowinski and A. Marroco, “Sur l’approximation, par éléments finis d’ordre un, et la résolu-
tion, par pénalisation-dualité d’une classe de problèmes de dirichlet non linéaires,” Revue française
d’automatique, informatique, recherche opérationnelle. Analyse numérique, vol. 9, no. R2, pp. 41–
76, 1975.

[71] J. Eckstein and D. P. Bertsekas, “On the douglas—rachford splitting method and the proximal
point algorithm for maximal monotone operators,” Mathematical Programming, vol. 55, no. 1-3,
pp. 293–318, 1992.

[72] A. I. Barvinok, “Problems of distance geometry and convex properties of quadratic maps,” Discrete
& Computational Geometry, vol. 13, no. 2, pp. 189–202, 1995.

[73] G. Pataki, “On the rank of extreme matrices in semidefinite programs and the multiplicity of optimal
eigenvalues,” Mathematics of operations research, vol. 23, no. 2, pp. 339–358, 1998.

[74] Y. Zhang and Z. Lu, “Penalty decomposition methods for rank minimization,” in Advances in Neural
Information Processing Systems, 2011, pp. 46–54.

[75] Y.-B. Zhao, “An approximation theory of matrix rank minimization and its application to quadratic
equations,” Linear Algebra and its Applications, vol. 437, no. 1, pp. 77–93, 2012.

[76] G. Yuan and B. Ghanem, “A proximal alternating direction method for semi-definite rank mini-
mization.” in AAAI, 2016, pp. 2300–2308.

[77] S. Burer and R. D. Monteiro, “A nonlinear programming algorithm for solving semidefinite programs
via low-rank factorization,” Mathematical Programming, vol. 95, no. 2, pp. 329–357, 2003.

[78] S. Shah, A. K. Yadav, C. D. Castillo, D. W. Jacobs, C. Studer, and T. Goldstein, “Biconvex
relaxation for semidefinite programming in computer vision,” in European Conference on Computer
Vision. Springer, 2016, pp. 717–735.

[79] P.-W. Wang, W.-C. Chang, and J. Z. Kolter, “The mixing method: coordinate descent for low-rank
semidefinite programming,” arXiv preprint arXiv:1706.00476, 2017.

[80] A. Yurtsever, M. Udell, J. A. Tropp, and V. Cevher, “Sketchy decisions: Convex low-rank matrix
optimization with optimal storage,” arXiv preprint arXiv:1702.06838, 2017.

[81] N. Halko, P.-G. Martinsson, and J. A. Tropp, “Finding structure with randomness: Probabilistic
algorithms for constructing approximate matrix decompositions,” SIAM review, vol. 53, no. 2, pp.
217–288, 2011.

[82] J. A. Tropp, A. Yurtsever, M. Udell, and V. Cevher, “Practical sketching algorithms for low-rank
matrix approximation,” SIAM Journal on Matrix Analysis and Applications, vol. 38, no. 4, pp.
1454–1485, 2017.

[83] C. Eckart and G. Young, “The approximation of one matrix by another of lower rank,” Psychome-
trika, vol. 1, no. 3, pp. 211–218, 1936.

[84] G. H. Golub and C. F. Van Loan, Matrix computations. JHU Press, 2012, vol. 3.

[85] N. J. Higham, Matrix nearness problems and applications. University of Manchester. Department
of Mathematics, 1988.

[86] R. B. Lehoucq, D. C. Sorensen, and C. Yang, ARPACK users’ guide: solution of large-scale eigen-
value problems with implicitly restarted Arnoldi methods. Siam, 1998, vol. 6.

[87] E. Anderson, Z. Bai, C. Bischof, L. S. Blackford, J. Demmel, J. Dongarra, J. Du Croz, A. Green-
baum, S. Hammarling, A. McKenney et al., LAPACK Users’ guide. SIAM, 1999.

[88] B. He and X. Yuan, “Convergence analysis of primal-dual algorithms for total variation image
restoration,” Rapport technique, Citeseer, 2010.

20



[89] R. T. Rockafellar, “Monotone operators and the proximal point algorithm,” SIAM journal on control
and optimization, vol. 14, no. 5, pp. 877–898, 1976.

[90] J. Bezanson, A. Edelman, S. Karpinski, and V. B. Shah, “Julia: A fresh approach to numerical
computing,” SIAM review, vol. 59, no. 1, pp. 65–98, 2017.

[91] C. L. Lawson, R. J. Hanson, D. R. Kincaid, and F. T. Krogh, “Basic linear algebra subprograms for
fortran usage,” ACM Transactions on Mathematical Software (TOMS), vol. 5, no. 3, pp. 308–323,
1979.

[92] E. Anderson, Z. Bai, J. Dongarra, A. Greenbaum, A. McKenney, J. Du Croz, S. Hammarling,
J. Demmel, C. Bischof, and D. Sorensen, “Lapack: A portable linear algebra library for high-
performance computers,” in Proceedings of the 1990 ACM/IEEE conference on Supercomputing.
IEEE Computer Society Press, 1990, pp. 2–11.

[93] I. Dunning, J. Huchette, and M. Lubin, “Jump: A modeling language for mathematical optimiza-
tion,” SIAM Review, vol. 59, no. 2, pp. 295–320, 2017.

[94] A. L. Chistov and D. Y. Grigor’ev, “Complexity of quantifier elimination in the theory of alge-
braically closed fields,” in International Symposium on Mathematical Foundations of Computer
Science. Springer, 1984, pp. 17–31.

[95] J. Eckstein and M. C. Ferris, “Operator-splitting methods for monotone affine variational inequal-
ities, with a parallel application to optimal control,” INFORMS Journal on Computing, vol. 10,
no. 2, pp. 218–235, 1998.

[96] S. E. Karisch, F. Rendl, and J. Clausen, “Solving graph bisection problems with semidefinite pro-
gramming,” INFORMS Journal on Computing, vol. 12, no. 3, pp. 177–191, 2000.

[97] B. Borchers, “Sdplib 1.2, a library of semidefinite programming test problems,” Optimization Meth-
ods and Software, vol. 11, no. 1-4, pp. 683–690, 1999.

[98] A. Y. Alfakih, A. Khandani, and H. Wolkowicz, “Solving euclidean distance matrix completion
problems via semidefinite programming,” Computational optimization and applications, vol. 12, no.
1-3, pp. 13–30, 1999.

[99] S. Boyd and L. Vandenberghe, Convex optimization. Cambridge university press, 2004.

[100] A. M.-C. So and Y. Ye, “Theory of semidefinite programming for sensor network localization,”
Mathematical Programming, vol. 109, no. 2-3, pp. 367–384, 2007.

[101] J. Jaldén, C. Martin, and B. Ottersten, “Semidefinite programming for detection in linear systems-
optimality conditions and space-time decoding,” in Acoustics, Speech, and Signal Processing, 2003.
Proceedings.(ICASSP’03). 2003 IEEE International Conference on, vol. 4. IEEE, 2003, pp. IV–9.

[102] J. Jaldén and B. Ottersten, “The diversity order of the semidefinite relaxation detector,” IEEE
Transactions on Information Theory, vol. 54, no. 4, pp. 1406–1422, 2008.

[103] S. Verdú, “Computational complexity of optimum multiuser detection,” Algorithmica, vol. 4, no. 1,
pp. 303–312, 1989.

[104] H. Dong, “Relaxing nonconvex quadratic functions by multiple adaptive diagonal perturbations,”
SIAM Journal on Optimization, vol. 26, no. 3, pp. 1962–1985, 2016.

21


	1 Introduction
	1.1 Motivation and contributions
	1.2 Notations
	1.3 Semidefinite programming formulation
	1.4 Applications
	1.5 SDP solution methods

	2 A primal-dual operator splitting for SDP
	2.1 Optimality condition
	2.2 Fixed point iteration
	2.3 Resolvents and proximal operators in SDP
	2.3.1 Box constraints
	2.3.2 Positive semidefinite cone
	2.3.3 Trace

	2.4 PD-SDP

	3 Speeding up with inexact solves
	3.1 Low-rank approximation
	3.2 Convergence checking and target rank update

	4 ProxSDP solver
	5 Case studies
	5.1 Graph equipartition
	5.2 Sensor network localization
	5.3 MIMO detection

	6 Conclusions and future work

