COMPIb 1.0 — user manual and quick reference

F. LEIBFRITZ * AND W. LIPINSKI T

Abstract. In this user manual, we present a short introduction to COMPIib 1.0 — the COnstrained Matrix—
optimization Problem Iibrary [7], [8]. The problems are drawn from a variety of control systems engineering ap-
plications. The current version of COMPI.ib contains a total of 124 problems coded in standard MATLAB matrix
format. The advantage of this format is the platform independence. From the data defined in this test collection,
it is possible to formulate several constraint matrix optimization problems, i. e. nonlinear semidefinite programs
(NSDPs), bilinear matrix inequality (BMI) problems and other related matrix problems. Thus, the benchmark
examples in COMPIib can be used for testing and comparing a wide variety of algorithms. In particular, it is a
useful tool for performing benchmarks of NSDP solvers (including BMI problem solvers) and other related matrix
problem algorithms (i. e. linear SDP procedures). As a byproduct, COMPLib may also serve as a direct tool for
parts of control system design algorithms, i. e. algorithms for model reduction or Riccati equation solvers.

We provide a short overlook of the test examples contained in COMPIib 1.0. Moreover, we state several NSDP
and BMI formulations which can be built by the data defined in COMPILib . Finally, we also present the usage of
COMPIib as a benchmark collection for linear SDP solvers like SeDuMi [11] or SDPT3 [13] in combination with
the LMI parser YALMIP [10] for defining the individual SDP and calling a SDP solver (SeDuMi or SDPT3) in the
MATLAB environment. Thus, we also define some linear SDPs which are deducible from the COMPI.ib data. It
is hoped that COMPI.ib will stimulate the development of improved software for the solution of constraint matrix
optimization problems, in particular, algorithms for solving nonlinear semidefinite programs.

1. Data structure and usage of COMPILib . Release 1.0 of the constrained matrix op-
timization problem library COMPIib consists of more than 120 examples collected from the en-
gineering literature and real-life (engineering) applications for LTI control systems. In example,
consider a LTI plant of order n, with state space realization:
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where x € R™, w € R™,y € R™, z € R"*, w € R™ denote the state, control input, measured
output, regulated output, and noise input, respectively. The current version of COMPILib consists
simply of the data matrices A € R"**"» By € R"=>*"» B € R"*" (4 € R"=*"* Dy € R"=*"v
D5 € R*=*"» (' € R™w*" and Dyy € R"*™ In particular, all 124 test problems in COMPI.ib
1.0 are coded and stored in standard MATLAB matrix format. We have decided to use this format,
since the main advantage of MATLAB is the platform independence. The heart of COMPLib is
the MATLAB function file COMPleib.m. In a MATLAB environment, the data of the individual
test example of COMPILib can be accessed by calling the MATLAB function therein. For example,
in MATLAB, the command

>> [A,B1,B,C1,C,D11,D12,D21,nx,nw,nu,nz,ny] = COMPleib(’AC1’);

returns the real data matrices A, By, B, Cy, C, D11, D12 and Dy of (1.1) as well as the
integers (dimension parameters) ng, ny, Ny, 7. and n, of the COMPLib example ACI. To-
gether with the MATLAB function file COMPIleib.m, COMPIb is provided with several binary
MATLAB data files (MAT-files) which contains the data matrices of some individual (large)
test examples. In particular, release 1.0 of COMPIib contains also the following MAT-files:
acl0.mat, acl3-14.mat, acl8mat, bdt2.mat, cbm.mat, cdp.mat, cml.mat — cm6.mat (6 files),
dlr2_8.mat, he6.mat, he7.mat, hf2d1.mat — hf2d18.mat (18 files), ih.mat, iss1_2.mat, jel.mat,
je2_3.mat, lah.mat, tl.mat. Note, the name of the MAT-file corresponds to the example name in
COMPILib .

In order to use the COMPIleib MATLAB function more comfortably, we offer also a MATLAB
script file called examplevector.m with COMPLib . Tt generates several MATLAB string vectors
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containing the names of a certain group of the COMPLib examples. These vectors can be used to
call several example subsets of COMPLib in a row. Concretely, it provides the following MATLAB
string vectors:

EzSOF : static output feedback examples EzCM : cable mass models

EzAC : aircraft models Ez20m : other second order models
EzHE : helicopter models EzROC : reduced order control examples
ExJE  : jet engine models Ezlarge : all large examples with n, > 50
EzREA : reactor models Ezsmall . all small examples with n, < 50
EzDIS : decentralized interconnected systems Ezdense : all dense examples (A dense)
EzWEC : wind energy conversion models Ezpsparse : all partly sparse examples
EzEB  : Euler Bernoulli beam models Ezsparse : all sparse examples, but

EzTF  : terrain following examples Ezsparse_large : sparse examples of very high
ExNN : academic test problems dimension saved in a sparse format
Ezsof : other static output feedback examples FEz : all 124 examples of COMPLib
EzHF2D : 2D heat flow 2D examples Ez_no_sl . like Ex without Ezsparse_large

Ez20M : all second order models

Note, more details on the individual example names and problem groups/classes of COMPIib
are given in Section 2 below (see also [8]). In a MATLAB environment, this script file can be
used in combination with the MATLAB COMPILib function COMPIeib. For example, if we want
to consider only the 18 aircraft examples of COMPILib (AC1 — AC18), then we implement the
following pseudo—code in MATLAB:

>> examplevector; % — script file defining example subsets of COMPIcib

>> Set_of-Ez=FEzAC; % - string vector of all aircraft examples in COMPIib 1.0
>> [No_Ez,dummy| =size(Set_of_Ex);

>> for i=1:No_Ezx

>> % — call COMPI.ib function

>> [A,B1,B,C1,C,D11,D12,D21,nz,nw,nu,nz,ny/=COMPIleib(Set_of-Ex(i,:));

>>

>> (further matlab code)
>> end

Note, after calling the function COMPIeib, from the example data of each aircraft model it
is possible to built a special nonlinear semidefinite program or bilinear matrix inequality problem
depending on the control design goal (i. e. see [7]). Thereafter, the developer of a corresponding
NSDP or BMI solver can test his algorithm on this subset of COMPLib .

2. Collection of test examples in COMPILib release 1.0 . This section presents a short
overview of all test examples which are currently implemented in COMPLib 1.0. More detailed
information about the origin (including references) and the application is given in our companion
paper [8]. At the current stage, COMPLib is divided into problem sets and the problem sets are
grouped into problem classes. The problem classes and sets are listed in paragraphs below.

2.1. Static output feedback control examples . The first problem class of COMPIib
groups examples which are stabilizable by a static output feedback (SOF) control law, i. e.

u(t) = Fy(t), where F € R"*"v,

For more details about SOF control design, i. e. see [7] and the references therein. In this class
we have collected different models from the engineering literature. Table 2.1 provides a list of
the individual example names used in COMPLib , together with some other useful information:
the dimension n, of the data matrix A and n, and n, (number of controls and observations),
respectively. Finally, we state a note on the structure of A, i. e. A is dense or sparse or partly
sparse. In the last two cases, it may be possible to exploit the special structure of A in a solver
using examples from COMPLib . This group of examples can be subdivided into the following
problem sets:
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TABLE 2.1
Static output feedback examples

Example nz ny ny Structure of A Example N Ny Ny Structure of A
(AC1) 5 3 3 dense (WEC3) 10 3 4 dense
(AC2) 5 3 3 dense (HF1) 130 1 2 sparse
(AC3) 5 2 4 dense (BDT1) 11 3 3 sparse
(AC4) 4 1 2 dense (BDT2) 82 4 4 sparse
(AC5H) 4 2 2 dense (MFP) 4 3 2 dense
(ACS6) 7 2 4 dense (UWV) 8 2 2 dense
(ACT) 9 1 2 dense (TH) 21 11 10 sparse
(AC8) 9 1 5 dense (CSE1) 20 2 10 sparse
(AC9) 0 4 5 dense (CSE2) 60 2 30 sparse
(AC10) 55 2 2 sparse (EB1) 10 1 1 sparse
(AC11) 5 2 4 dense (EB2) 10 1 1 sparse
(AC12) 4 3 4 dense (EB3) 10 1 1 sparse
(AC13) 28 3 4 sparse (EB4) 20 1 1 sparse
(AC14) 40 3 4 sparse (EB5) 40 1 1 sparse
(AC15) 4 2 3 dense (EB6) 160 1 1 sparse
(AC16) 4 2 4 dense (PAS) 5 1 3 dense
(AC1T) 4 1 2 dense (TF1) 7 2 4 dense
(AC18) 10 2 2 dense (TF2) 7 2 3 dense
(HE1) 4 2 1 dense (TF3) 7 2 3 dense
(HE2) 4 2 2 dense (PSM) 7 2 3 dense
(HE3) 8 4 6 dense (TL) 256 2 2 dense
(HE4) 8 4 6 dense (CDP) 120 2 2 sparse
(HE5) 8 4 2 dense (NN1) 3 1 2 dense
(HES6) 20 4 6 dense (NN2) 2 1 1 dense
(HET) 20 4 6 dense (NN3) 4 1 1 dense
(JE1) 30 3 5 partly sparse (NN4) 4 2 3 dense
(JE2) 21 3 3 dense (NN5) 7 1 2 dense
(JE3) 24 3 6 dense (NNG6) 9 1 4 dense
(REA1) 4 2 3 dense (NNT) 9 1 4 dense
(REA2) 4 2 2 dense (NN8) 3 2 2 dense
(REA3) 12 1 3 dense (NN9) 5 3 2 dense
(REA4) 8 1 1 dense (NN10) 8 3 3 dense
(DIS1) 8 4 4 dense (NN11) 16 3 5 dense
(DIS2) 3 2 2 dense (NN12) 6 2 2 dense
(DIS3) 6 4 4 dense (NN13) 6 2 2 dense
(DIS4) 6 4 6 dense (NN14) 6 2 2 dense
(DIS5) 4 2 2 dense (NN15) 3 2 2 dense
(TG1) 10 2 2 dense (NN16) 8 4 4 dense
(AGS) 12 2 2 sparse (NN17) 3 2 1 dense
(WEC1) 10 3 4 dense (NN18) 1006 1 1 sparse
(WEC2) 10 3 4 dense

e Aircraft models (AC)

e Helicopter models (HE)

e Jet engine models (JE)

e Reactor models (REA)

e Decentralized interconnected systems (DIS)

e Euler Bernoulli beams (EB)

e Academic test problems (NN) and

e other examples from different applications like wind energy conversion models (WEC), bi-

nary distillation towers (BDT), terrain following models (TF'), compact disk player (CDP)
and some more.

For some more details to each single example and problem sets we refer to [8].

2.2. 2D heat flow models [7] . In this section we state another group of examples arising
in the design of static output feedback control laws for two dimensional heat flow models. Using
standard finite difference schemes we obtain large scale finite dimensional approximations to the
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infinite dimensional control problems (for more details, see [7, Section 3]). In the benchmark
collection COMPLib we state the data matrices of the corresponding discretized control systems.
In particular, the discretization of the two dimensional heat flow models stated in [7, Section 3],
[9] yields (in general) a large scale nonlinear and perturbed control system of the following form:

Ei(t) = (A+0A4)x(t) + G(z(t)) + Biw(t) + Bu(t), z(0) = zo,
Z(t) = Clm(t) + Dlgu(t), (21)
y(t) = Cx(i),

where FF € R"=*"= is a regular diagonal matrix and the matrices C; and Djs are defined by
Cy =+/0.5¢ [I,,, Onuxnm]T, Dy5 =+/0.5d; [0n, xn, Inu]T with given positive scalars ¢,d; € R. If
d0A = 0 the system matrix A is not affected by a perturbation, and, if G(z(¢)) = 0, the system is
linear. Depending on the corresponding heat flow model, one get linear or nonlinear control systems
which can be controlled by a static output feedback control law of the form u(t) = Fy(t), where F' €
R"™*"v denotes an unknown SOF gain. For more details, we refer the interested reader to the case
studies of these models in [7, Section 3] and [9]. Table 2.2 contains the list of the two dimensional

TABLE 2.2
2D heat flow models [7, Section 3]

Large model (sparse) POD model (dense) Property of
Example Ny Ny Ny Example Ny Nay Ny A model
(HF2D1) 3796 2 3 (HF2D10) 5 2 3 | unstable nonlinear
(HF2D2) 3796 2 3 | (HF2D11) 5 2 3 | unstable nonlinear
(HF2D3) 4489 2 4 | (HF2D12) 5 2 4 | stable linear
(HF2D4) 2025 2 4 | (HF2D13) 5 2 4 | stable linear
(HF2D5) 4489 2 4 | (HF2D14) 5 2 4 | unstable  linear
(HF2D6) 2025 2 4 | (HF2D15) 5 2 4 | unstable linear
(HF2D7) 4489 2 4 | (HF2D16) 5 2 4 | unstable nonlinear
(HF2D8) 2025 2 4 | (HF2D17) 5 2 4 | unstable nonlinear
(HF2D9) 3481 2 2 | (HF2D18) 5 2 2 | unstable linear

heat flow models which can be found in COMPILib . Note, a detailed discussion of these test
examples is given in [7, Section 3] and [9]. The first nine examples represent the approximation of
the discretized 2D heat flow models, while the other nine are the corresponding highly reduced order
approximations of the large dimensional systems gained by the proper orthogonal decomposition
(POD) approach as discussed in [9)].

Due to the regularity of the so—called descriptor matrix FE, it is possible to reduce the more
general control system (2.1) to (1.1). In particular, if applicable, neglecting the nonlinear term
G(z(t) in (2.1), and redefining the data matrices A + JA, By, B by

A:=EY(A+464), B,:=E'B;, B:=E'B

yields the equivalent standard linear system format (1.1) of COMPILib . Thus, in COMPIib , the
corresponding MATLAB function returns the redefined data matrices of the (equivalent linearized)
system if we call one of these heat flow models. The last column of Table 2.2 refers to the property of
the data matrix A (stable/unstable) and states the source of the original model (linear/nonlinear).
Finally, note, we have subdivided this group into following two problem sets: the first set contains
all large scale and typically sparse models (HF2D1 — HF2D9) while the second problem set collects
the low dimensional POD approximations (HF2D10 — HF2D18) of the large dimensional models.

2.3. Second order models. This example class of COMPIib represents so—called second
order models of the form:

M+ Dg+ Sq= Bu, M mass, D damping, S stiffness matrix (2.2)
which can be transformed into the first order standard system (1.1) by defining:

e [1] as] ik ] sl 0] es
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Note, in this case, the system matrices have a special structure. This is the reason why we have
collected those problems in an extra class. But, note, all currently COMPILib examples in this
problem class are also SOF stabilizable which, in general, is not always true for second order
models. Table 2.3 collects the second order benchmark examples which are currently available in

TABLE 2.3
Second order models

Structure of A

Example N Ny Ny Structure of A Example Ny Ny Ny
(CM1) 20 1 2 partly sparse (DLR1) 10 2 2 dense
(CM2) 60 1 2 partly sparse (DLR2) 40 2 2 sparse
(CM3) 120 1 2 partly sparse (DLR3) 40 2 2 sparse
(CM4) 240 1 2 partly sparse (1SS1) 270 3 3 sparse
(CM5) 480 1 2 partly sparse (I1SS2) 270 3 3 sparse
(CM6) 960 1 2 partly sparse (CBM) 348 1 1 partly sparse
(TMD) 6 2 4 dense (LAH) 48 1 1 partly sparse
(FS) 5 1 3 dense

COMPLib 1.0. In this table, one can also find the dimension n, of A and the information about
a possible sparsity pattern of A. Briefly this group consists of the following problem sets:
e six so—called cable mass models with very low damping (CM)
e three models of a space structure developed by the ”Deutsche Forschungsanstalt fiir Luft-
und Raumfahrt” (DLR)
e two instances of a component of the International Space Station (ISS)
e some other second order models, i. e. a tuned mass damper (TMD) example, a clamped
beam model (CBM), a flexible satellite (F'S) example, and, finally, a model of the Los
Angeles (university) hospital (LAH)

2.4. Reduced order control examples . The last group of examples in COMPLib 1.0 are
so—called reduced order control problems. These instances are not SOF stabilizable, but they are
at least stabilizable by a reduced order output feedback control law of order n. < n,. Using a well
known system augmentation technique, the considered system has the following form

81 451 28]+ 31+ (2] 5
() = [0 0] xng 4+ Duw(t) + [0 D] [l’ugm (2.4)
o) = Le o) o]+ Low]wo

and the reduced order (dynamic) output feedback control law

TABLE 2.4
Reduced order control instances

Example ny mnu mny ne | Structure of A Example ngy Ny Ny Ne | Structure of A
(ROC1) 9 2 2 1 dense (ROCS6) 5 3 3 2 dense
(ROC2) 10 2 3 1 dense (ROCT) 5 2 3 1 dense
(ROC3) 11 4 4 2 dense (ROCS) 9 4 4 3 dense
(ROC4) 9 2 2 1 dense (ROCY) 6 3 3 2 dense
(ROC5) 7 3 5 1 dense (ROC10) 6 2 4 1 dense

—
K
o
=
[
I
S
—
K
o
=
[
o
I
—
Q -
o
ey
Q
[
o
=



6 F. LEIBFRITZ, W. LIPINSKI

looks like a static output feedback controller, where z. € R", A, € R™*™ B, € R"*™,
C. € R"*" D, € R™*™ and n. denotes the ROC state. Note: n. = 0 leads to the original SOF
control law. For more details, we refer the interested reader to [7], [9] and the references therein.

Table 2.4 gives an overview of the currently implemented ROC problems. Therein, to our
knowledge, n. denotes the smallest possible order of the reduced output feedback controller which
can be used for stabilizing the control system.

3. Constrained matrix—optimization problems deducible from COMPILib . In this
section we state a list of several constrained matrix—optimization problems which can be built by
using the data matrices defined in COMPLib . For a more detailed discussion of the underlying
feedback control problems and derivation of the corresponding matrix optimization problems we
refer to [1], [2], [3], [4], [6], [7], [5], [12], [14] and the references therein.

In the following subsections we collect several constrained matrix optimization problems which
arise in feedback design control problems. Note, however, there are much more contributions in
the control literature of problems leading to NSDPs, BMIs or SDPs. Thus, our list is far from
being exhaustive.

All matrix optimization problems listed below can be easily formed from the data matrices
provided by COMPIib . A potential user of COMPI.ib should take this uncomplete list of NSDPs,
BMIs and SDPs as a cook book for building several matrix optimization problems from the data
given in COMPLib . Note, depending on the underlying (control) design problem, it is indeed
possible to derive nonlinear semidefinite programs, or, equivalently, bilinear matrix inequality
problems, or, even, linear semidefinte programs from the data matrices stated in COMPLib .

In the subsections below, we often use the following matrix functions mapping a real matrix
F € R™*™ to R"=»*" or R"*™ or R":*" or R":*"w respectively. Using the data matrices
COMPLib , these matrix functions are defined by

A(F)= A+ BFC, B(F)= B+ BFDy, C(F)=Ci+D;FC, D(F)= D+ Di3FDy,

respectively.

3.1. Defining nonlinear semidefinite programs by the COMPLib data. In this subsec-
tion we list only some NSDPs which can be modelled by the data given in COMPIb .

3.1.1. H,—NSDP. Using the data in COMPLib , we state the following NSDP in the un-
knowns F € R">*"v Q= QT € R"=*" and V = V7T € R=*n=;

minF7Q7V T’I“((Ol + DmFC)Q(Cl + D12FO)T)
s. t. (A+BFC)Q +Q(A+ BFC)T + B,Bf =0, (3.1)
(A+ BFC)V +V(A+ BFC)T +1=0,V =0,

where V' = 0 denotes that V is positive definite.
An equivalent formulation of (3.1) is the following NSDP:

minp,p,w T’I‘(PBlBlT)

s. t. (A4 BFC)TP + P(A+ BFC) + (Cy + D15FC)T(Cy + D1, FC) =0, (3.2)
(A4+ BFC)TW + W(A+ BFC) <0, W » 0,

in the matrix variables F € R™*",P = PT ¢ R"*"= and W = WT € R"=*"=,

Note, both NSDPs are nonlinear and non—convex matrix optimization problems subject to
a constraint set of nonlinear matrix equations and inequalities. Moreover, these problems are
completely defined by the example data in COMPLib .
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3.1.2. H,—NSDP. A very general version of the Ho,—NSDP is the following non—convex and
nonlinear semidefinite program:

ming,pw,y Y
s. t. A(FYTP + PA(F) 4+~ 'C(F)TC(F) + v "M (F, P,y)R(F,~)"'M(F,P,7)T =0,

A(F,P,y)"W + WA(F,P,y) + I =0, R(F,y) >0 W >0, P>0, v>0,
where the matrix functions R : R™*" x R — 8™ and M : R™*™ x S" x R — R"*"v are

defined by

R(F,y)=I,, =y >D(F)"D(F), M(F,P,y) = PB(F)+~ 'C(F)"D(F).  (34)

Furthermore, the non-symmetric matrix function A : R"«*" x 8" x R — R™*"= is given by
A(F,P,y) = A(F) +~ ' B(F)R(F,v) "' M(F, P,7)". (3.5)

Note, 8™ denotes the set of all real symmetric (n X n)-matrices. This version of the H,,—NSDP is
highly nonlinear and non—convex in the free variables v € R, F € R"=*"s, P = PT ¢ R"=*"= and
W =W7T g Rn=>ne,

A simplified NSDP version of (3.3) is given by

IIliIlF’p’W’,y Yy

s. t. AF)TP+ PA(F) +y 'C(F)TC(F)+~ 'PB,BfP=0, P> 0

(A(F) +~y 'BiBIP)TW + W(A(F) + v 'BiB{P)+ 1 =0, W =0, v>0.
(3.6)

Finally, we state the following equivalent formulations of the H,,—NSDPs (3.3) and (3.6). An

alternative formulation of (3.3) has the following form:

ming,Q,v,y 7y

5. t. AF)Q+ QA(F)” + 7' B(F)B(F)T + 47" M(F,Q,7)" R(F,7)~' M(F,Q,7) =0,
AF.QAV +VAF,QANT+1=0, R(F,7) =0 V=0, Q=0, v>0,
(3.7)
where vy € R, F € R™>*™,Q = QT € R"*" and V = V" € R > are the free variables and
the matrix functions R, M, A are given by

R(F,y):=1I,, — v 2D(F)D(F)", M(F,Q,y):=C(F)Q+~ 'D(F)B(F)",

A(F,Q,) = A(F) + 7 ' M(F,Q,)"R(F,~) ' C(F).
Moreover, if D11 = 0 and Dy = 0, (3.7) reduces to

IniIlF’Q’V/y Yy
5. t. AF)Q + QAR +v'BiBf +v'QC(F)'C(F)Q =0, Q =0, v>0,
(A(F) + v 'QC(F)TC(F))V + V(A(F) + v 'QC(F)TC(F)T +1=0, V =0,
(3.8)
which in turn is equivalent to (3.6).

3.1.3. Hy/Hoo—NSDPs. Fixing v > 0, a combination of the two problem classes stated in
the previous two subsections motivates the following (simplified) version of the Ha/Ho—NSDP
(see also (3.1) and (3.8)):

minF’QJ/ T’I“((Ol + D12FC)Q(O1 + D12FO)T)
s. t. AF)Q + QAF)" +v'BiBf ++v'QC(F)"C(F)Q =0, Q>0

(A(F) + 'y_lQC(F)TC(F))V + V(A(F) + 7_1QC’(F)TC’(F))T +I1=0, V>0.
(3.9)
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By using a dualization argument, the Hs/H~—NSDP (3.9) is equivalent to the following nonlinear
semidefinite program (see also (3.2) and (3.6)):

ming pw Tr(PB,BT)

s. t. A(F)TP + PA(F) +~ 'C(F)TC(F) +~ 'PBBIP=0, P> 0 (3.10)
(A(F) +~y7'BiBfP)TW + W(A(F) +y'ByB{P) + I =0, W = 0.
3.2. Building bilinear matrix optimization problems with COMPLib .
3.2.1. Ho—BMI problem. An equivalent BMI formulation of (3.1) is given by

minp o x ITr(X)

5. t. (A+ BFC)Q +Q(A+BFC)T + ByBT <0, Q =0 (3.11)
X (Ci + D12 FC)Q “ 0
Q(C1 + D FO)T Q -

Note, (3.11) is bilinear in F and @, but it is still non—convex due to the bilinearity of the free
matrix variables F € R > Q = QT € R™*" and X = XT € R"=*"=_ In this formulation, it
is necessary to assume that B; BT > 0. If this is not satisfied (i. e. in COMPIib ), one can use
Bi BT + eI,,, instead of By BT for a fixed small positive scalar e.

3.2.2. Ho—BMI problems. A BMI version of the optimal fixed order H ., synthesis problem
(see, i. e. [3, Problem 2]) can be stated as follows:

A(F)TX + XA(F) XB(F) C(F)T ]
min v s.t. X =0, >0, B(F)TX -y I,, DF)T | <o0. (3.12)
RX e DF) 1. |

Note, this BMI problem is equivalent to (3.3). Due to the bilinearity of the free matrix variables F' €

R™>*" and X = XT € R"*"= the BMI problem (3.12) is a non—convex and nonlinear constrained

matrix—optimization problem. Moreover, note, the left hand side of the matrix inequality lies in
Sna+nw+nz

Finally, the BMI-problem

AF)Y +YAR)T YC(F)T B(F)
min v s.t. Y =0, >0, C(F)Y —yI,. D(F) | <0. (3.13)
e B(F)" D(F)" 71,
is equivalent to (3.12).
3.2.3. Hs/Hoo—BMI problems. The NSPD (3.9) is equivalent to the H2/Ho.—BMI problem
(cf. (3.11) and (3.13)):

minEQ’X T’I“(X)

- [ AF)YY +YAR)T +y7'BiBT YC(F)T ~0
C(F)Yy —7 In. ’ (3.14)
[ YC)((F)T C(f:)y =0, V0.
Moreover, the NSDP (3.10) is equivalent to the BMI problem (see also (3.12):
ming x Tr(XB,BT)
A(F)'X + XA(F) XBi C(F)! (3.15)

5. t. X 0, BTX —~I,, 0 < 0.
C(F) 0 - Inz
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3.3. Forming linear semidefinite programs from the COMPIib data. For some special
cases (i. e. state feedback control design), it is well known that most of the problems above has
a linear SDP counterpart. In particular, setting C' := I,, and Doy := 0 (i. e. y = &, ny = ny),
a clever change of variable leads to linear SDP formulations of the underlying (special) control
problems. In this subsection, we state only a very uncomplete list of such SDPs. For more SDP
instances, we refer the interested reader to [2] and the references therein.

3.3.1. Ho—SDP problem. Assuming By B] > 0, the linear 5-SDP problem is defined by:
minx’y7Q Tr (X)

X C1Q+ DY
(C1Q + D Y)T Q -

AQ+ QAT+ BY +YTBT + BiBT <0, Q >0,

5.t 0, (3.16)

where Q = QT € R™=*"=, X = XT ¢ R"*": and Y € R™*"= are the optimization variable
and in an optimal solution of (3.16), one can define F = YQ~! € R"*"=. Note, if BiB] > 0 is

not satisfied in COMPLib , in the definition of (3.16) we replace B; BT by By BT + el,,,, where €
denotes a fixed small positive scalar.

3.3.2. H,—SDP problem. Similarly as in the subsection above, we get again a linear SDP
version of the H,, problem, i. e. we have

ming y,, 7y
AQ+QA+BY +YTBT QCcT+v"™DT, B (3.17)
st. v>0, @ >0, CiQ+ DY Iy, D < 0.
BY D, I,

where Q = QT € R"=*"s v € R and Y € R™*"= are the free variable and in an optimal solution
of (3.17), we set F =Y Q™! € R "=,

3.3.3. H3/Hoo—SDP problem. The linear Ha/H—SDP is a combination of the SDPs de-
fined in the last two paragraphs. For a given scalar v > 0, the following linear problem represents
one version of the Ha/H—SDP:

minQ,X’y Tr (X)
AQ+ QA+ BY +YTBT QCcT+v"DL, B

s.t. C1Q + DY —’)/In: 0 <0,
Q=0 X CiQ + DY > 0,

(C1Q + D12Y)T Q

where Q = QT € R*™*"= X = XT € R"*": and Y € R™*"= are the free variable and in an
optimal solution of (3.18), we define F = Y Q~! € R™*"=,

4. Using COMPIib as a benchmark collection for linear SDPs. In this section we
present the usage of COMPLib as a benchmark collection for linear SDP solvers like SeDuMi 1.05
[11] or SDPT3 [13] in combination with the LMI parser YALMIP 2.4[10] for defining the individual
SDP and calling a SDP solver (SeDuMi or SDPT3) in the MATLAB environment. In particular,
we have performed some test runs of the well known SDP solvers SeDuMi [11] and SDPT3 [13]
on all test examples from COMPILib 1.0. For building and solving the linear SDPs (3.16), (3.17)
in MATLAB on COMPLib we have used YALMIP [10] in combination with SeDuMi and SDPT3,
respectively.
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The results of our test runs can be found in the tables at the end of this paper. All computations
results given therein were obtained on a Dell Pentium 4 PC (2 GHz CPU) with 2 GB of memory
running WINDOWS 2000, using MATLAB 5.2. In each table, we list the COMPIib example
name (i. e. AC1), the number of optimization variables (# var. ) and the number of constraints
(# const. ) of the corresponding SDP (3.16) or (3.17), the dimension parameters n,, n., n,, the
number of iterations required until termination (# iter. ) and the time in CPU-seconds (CPU-
sec. ). The last two columns indicate if the solver has found the optimal solution or not (fail ?
yes/no). In the case of failure, we set the variable fail to yes and report the corresponding error
message of the solver in the last column. On the other hand, if the algorithm terminates without
any error and within the desired accuracy (1.0 - 1077), we set fail to no.

The SDP (3.16) is a linear matrix problem in the variables @) € S"=, Y € R™*"= and X € S"=.
Thus, the total number of unknowns is given by

% (ng(ny + 1)) + % (nz(n. + 1)) + nany

and the total number of constraints can be calculated by 2n2 + (n. + n;)%
Table 4.2 shows the results of SeDuMi for the solution of (3.16) on the whole test set of
COMPLib . Therein we observe that SeDuMi is not able to solve the large problems in COMPIib

Table 4.3 states the results of SDPT3 for solving (3.16). In this table, we did not list those
examples for which SDPT3 runs out of memory (i. e. all examples in COMPLib with n, > 150).
Or in other words, SDPT3 also was not able to solve the larger problems contained in COMPLb .

The results of SeDuMi and SDPT3 for solving the Hoo—SDP (3.17) in combination with
YALMIP on all COMPIib examples are reported in Tables 4.4 and 4.5, respectively. Again,
in Table 4.5 we skipped the examples where SDPT3 terminates due to memory problems.

n (3.17) the variables are QQ € 8", Y € R™*"= and v € R. Hence, the total number of
unknowns is defined by

% (nz(ng +1)) +nzn, + 1
and the number of constraints can be calculated by (n, +n, +ny)?+n2+1. For these test runs, we
can draw the same observations as before. Both solvers are not able to solve the larger examples
which are contained in COMPILib . Moreover, comparing both solvers, it seems that SeDuMi is
more robust than SDPT3 since SeDuMi is able to solve more problems than SDPT3.

Note, the larger examples in COMPLib were mostly not solvable because of memory problems,
i. e. the solvers returns the error message out of memory. In order to solve also larger problem
we ran the COMPIib example CDP on a Sun Blade 1000 (Solaris 8) with 8 GB RAM and 2
UltraSparcIII CPU’s (750 MHz). We used this example to solve the H,,—SDP with SeDuMi in
combination with YALMIP. Now, SeDuMi was able to terminate without any error message, but

SeDuMi needs 22 hours, 41 minutes and 67 seconds for determining the optimal solution of (3.17)

for CDP.

Finally, we present a pseudo—code MATLAB script file which we have used for solving the
Ho—-SDP 3, 16) with SeDuMi on COMPILib in combination with YALMIP. Note, the script file for
obtaining the other benchmark results looks very similar.

% - - - Solve linear H2-SDP by SeDuMi on COMPI.ib

examplevector; % — script file defining subsets of the COMPI.ib 1.0 examples
Set_of_Ex = Ex; % — string vector of all examples in COMPIib 1.0
[No_Ex,dummy] = size(Set_of_Ex);

(other matlab code if necessary)
for i=1:No_Ex, % — Solve linear SDP for each COMPIib test example

% — Load COMPI.ib test example
[A,B1,B,C1,C,D11,D12,D21,nx,nw,nu,nz,ny] = COMPleib(Set_of_Ex(i,:));
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No_Var_Solver = 0.5 * ( nx*(nx+1) + nz*(nz+1) ) + nx*nu; % — # of variables
No_Con_Solver = 2*nx "2 + (nx+nz)" 2; % — # of constraints

if(B1 BT # 0), By :=1 end

% — Define linear H»—SDP using YALMIP

yalmip(’clear’);

Q = sdpvar(nx,nx,’symmetric’,’real’); % — matrix variable Q

X = sdpvar(nz,nz,’symmetric’,’real’); % — matrix variable X

Y = sdpvar(nu,nx,’full’,’real’); % — matrix variable Y:=FQ

% — Define LMTs

Imil = Imi(’[X C1*Q+D12*Y; Q*C1”+Y"*D12" Q] > 0°,LMIobjPosDef’);
Imi2 = ImiCA*Q+Q*A”+B*Y+Y"*B”+B1*B1” < 0’,’'LMIstabNegDef’);
ImiQ = Imi(’Q > 0’;’LMIQposdef’);

LMIs = mergelmi(lmil,Imi2,ImiQ);

% — Define linear SDP solver and parameter options

options = sdpsettings(’Solver’,’sedumi’) ;

% — Solve SDP with SeDuMi

Obj_function = trace(X);

sol = solvesdp(LMIs,[],Obj_function,options); % — Solve SDP

(code for output, i. e. see tables 4.2 — 4.5)

end
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Table 4.2:  Results of SeDuMi on COMPIib for solving the Ha-SDP
Ex # var. # const. Ng n, ng | # iter. CPU-sec | fail? problems?
AC1 33 99 5 2 3 10 0.437 no —
AC2 45 150 5 5 3 28 0.360 no —
AC3 40 150 5 5 2 9 0.157 no —
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AC4 17 68 4 2 1 15 0.187 no —

AC5 28 96 4 4 2 15 0.203 no —

AC6 70 294 7 7 2 13 0.234 no —

ACT 55 262 9 1 1 14 0.219 no —

ACS8 57 283 9 2 1 10 0.188 no —

AC9 98 344 10 2 4 11 0.265 no —

AC10 1665 9650 55 5 2 42 336.1 yes numerical problems
AC11 40 150 5 5 2 16 0.234 no —

AC12 23 57 4 1 3 9 0.140 no —

AC13 896 4704 28 28 3 21 26.58 no —

AC14 1006 5801 40 11 3 22 50.63 yes numerical problems
AC15 39 132 4 6 2 11 0.172 no —

AC16 39 132 4 6 2 11 0.156 no —

AC17 24 96 4 4 1 9 0.140 no —

AC18 90 425 10 5 2 4 0.141 yes numerical problems
HE1 21 68 4 2 2 12 0.172 no —

HE2 28 96 4 4 2 10 0.141 no —

HE3 123 452 8 10 4 17 0.375 no —

HE4 146 528 8 12 4 14 0.360 no —

HE5 78 272 8 4 4 18 0.297 no —

HE6 426 2096 20 16 4 20 3.625 no —

HE7 426 2096 20 16 4 20 3.625 no —

JE1 591 3244 30 8 3 26 13.50 yes numerical problems
JE2 525 2646 21 21 3 31 15.81 yes numerical problems
JE3 417 2241 24 9 3 40 11.36 yes numerical problems
REA1 28 96 4 4 2 9 0.140 no —

REA2 28 96 4 4 2 9 0.125 no —

REA3 168 864 12 12 1 14 0.468 no —

REA4 45 209 8 1 1 8 0.172 yes infeasible problem
DIS1 104 384 8 8 4 10 0.234 no —

DIS2 18 54 3 3 2 8 0.125 no —

DIS3 66 216 6 6 4 10 0.188 no —

DIS4 66 216 6 6 4 9 0.171 no —

DIS5 24 81 4 3 2 13 0.188 no —

TG1 130 600 10 10 2 17 0.453 no —

AGS 180 864 12 12 2 12 0.438 no —

WEC1 140 600 10 10 3 14 0.407 no —

WEC2 140 600 10 10 3 15 0.438 no —

WEC3 140 600 10 10 3 16 0.469 no —

HF1 8648 51224 130 2 1 0 18.89 yes  problem size too large
BDT1 120 531 11 6 3 13 0.312 no —

BDT2 3741 20844 82 4 4 21 1534 no —

MFP 32 96 4 4 3 9 0.375 no —

Uwv 53 209 8 1 2 8 0.375 no —

IH 528 1906 21 11 11 27 8.359 no —

CSE1 328 1824 20 12 2 12 1.531 no —

CSE2 2478 15664 60 32 2 14 309.9 no —

EB1 68 344 10 2 1 14 0.688 no —

EB2 68 344 10 2 1 15 0.672 no —

EB3 68 344 10 2 1 22 0.969 no —

EB4 233 1284 20 2 1 39 2.984 no —

EB5 863 4964 40 2 1 25 33.38 yes numerical problems
EB6 13043 77444 160 2 1 0 1.359 yes  problem size too large
PAS 21 86 5 1 1 43 1.813 no —

TF1 52 219 7 4 2 11 0.593 no —

TF2 52 219 7 4 2 11 0.578 no —

TF3 52 219 7 4 2 11 0.578 no —

PSM 57 242 7 5 2 9 0.453 no —

TL 66304 393216 256 256 2 0 0 yes  problem size too large
CDP 7510 44176 120 4 2 0 13.83 yes  problem size too large
NN1 15 54 3 3 1 14 0.640 no —

NN2 8 24 2 2 1 7 0.375 no —

NN3 15 57 4 1 1 23 0.968 no —

NN4 28 96 4 4 2 9 0.469 no —

NN5 63 294 7 7 1 15 0.718 no —
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NN6 99 486 9 9 1 22 1.203 no —
NN7 60 306 9 3 1 14 1.250 yes numerical problems
NN8 18 54 3 3 2 8 0.437 no —
NN9 40 131 5 4 3 9 0.469 no —
NN10 63 228 8 2 3 20 0.907 no —
NN11 190 873 16 3 3 36 3.484 no —
NN12 54 216 6 6 2 10 0.500 no —
NN13 39 153 6 3 2 12 0.563 no —
NN14 39 153 6 3 2 12 0.562 no —
NN15 22 67 3 4 2 13 0.609 no —
NN16 78 272 8 4 4 22 1.016 no —
NN17 15 43 3 2 2 7 0.407 no —
NN18 507530 3040136 1006 2 1 0 0 yes  problem size too large
HF2D1 14428599 86488068 3796 3798 2 0 0 yes  problem size too large
HF2D2 14428599 86488068 3796 3798 2 0 0 yes  problem size too large
HF2D3 20173569 120942642 4489 4491 2 0 0 yes  problem size too large
HF2D4 4110753 24619954 2025 2027 2 0 0 yes  problem size too large
HF2D5 20173569 120942642 4489 4491 2 0 0 yes  problem size too large
HF2D6 4110753 24619954 2025 2027 2 0 0 yes  problem size too large
HF2D7 20173569 120942642 4489 4491 2 0 0 yes  problem size too large
HF2D8 4110753 24619954 2025 2027 2 0 0 yes  problem size too large
HF2D9 12134769 72732018 3481 3483 2 0 0 yes  problem size too large
HF2D10 53 194 5 7 2 11 0.547 no —
HF2D11 53 194 5 7 2 9 0.469 no —
HF2D12 53 194 5 7 2 12 0.578 no —
HF2D13 53 194 5 7 2 10 0.515 no —
HF2D14 53 194 5 7 2 11 0.546 no —
HF2D15 53 194 5 7 2 14 0.640 no —
HF2D16 53 194 5 7 2 12 0.594 no —
HF2D17 53 194 5 7 2 12 0.594 yes infeasible problem
HF2D18 53 194 5 7 2 10 0.500 no —
CM1 236 1329 20 3 1 21 1.719 no —
CM2 1896 11169 60 3 1 23 258.3 no —
CM3 7386 43929 120 3 1 0 2.657 yes  problem size too large
CM4 29166 174249 240 3 1 0 0 yes  problem size too large
CMb 115926 694089 480 3 1 0 0 yes  problem size too large
CM6 462246 2770569 960 3 1 0 0 yes  problem size too large
TMD 39 153 6 3 2 30 1.500 no —
FS 35 150 5 5 1 12 0.610 yes infeasible problem
DLR1 78 344 10 2 2 13 0.703 no —
DLR2 1803 9924 40 42 2 21 183.0 yes infeasible problem
DLR3 1803 9924 40 42 2 21 183.5 yes infeasible problem
ISS1 74796 440649 270 273 3 0 0 yes  problem size too large
1SS2 74796 440649 270 273 3 0 0 yes  problem size too large
CBM 61077 364708 348 2 1 0 0 yes  problem size too large
LAH 1230 7209 48 3 1 16 55.94 no —
ROC1 66 283 9 2 2 21 1.140 no —
ROC2 76 321 10 1 2 17 0.969 no —
ROC3 176 726 11 11 4 11 0.906 no —
ROC4 66 283 9 2 2 21 1.297 no —
ROC5 52 179 7 2 3 20 1.141 no —
ROCS6 36 114 5 3 3 9 0.547 no —
ROCT 31 114 5 3 2 9 0.562 no —
ROCS8 109 418 9 7 4 8 0.593 no —
ROC9 54 193 6 5 3 7 0.484 no —
ROC10 36 136 6 2 2 28 1.469 no —
Table 4.3:  Results of SDPT3 on COMPIib for solving the Ho—SDP

Ex # var.  # const. ng N, Ny | # iter. CPU-sec | fail? problems?

AC1 33 99 5 2 3 12 0.938 no —

AC2 45 150 5 5 3 26 1.672 no —

AC3 40 150 5 5 2 10 0.672 no —

AC4 17 68 4 2 1 16 0.813 no —
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ACH
AC6
ACT
AC8
AC9
AC10
AC11
AC12
AC13
AC14
AC15
AC16
AC17
AC18
HE1
HE2
HE3
HE4
HE5
HE6
HE7
JE1
JE2
JE3
REA1
REA2
REA3
REA4
DIS1
DIS2
DIS3
DIS4
DIS5
TG1
AGS
WEC1
WEC2
WEC3
HF1
BDT1
BDT2
MFP
UWV

CSE1
CSE2
EB1
EB2
EB3
EB4
EB5
EB6
PAS
TF1
TF2
TF3
PSM
CDP
NN1
NN2
NN3
NN4
NN5
NN6
NN7
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55
57
98
1665
40
23
896
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39
39
24
90

28
123
146

78
426
426
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28
168

45
104

18

66
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130
180
140
140
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120
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53
528
328
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233
863
13043
21

52

52

52

7510
15

15
28
63

60

96
294
262
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216
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864
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96
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1906
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NN8 18 54 3 3 2 9 2.140 no —

NN9 40 131 5 4 3 9 2.969 no —

NN10 63 228 8 2 3 1 0.922 yes numerical problems
NN11 190 873 16 3 3 19 18.66 no —

NN12 54 216 6 6 2 10 3.766 no —

NN13 39 153 6 3 2 11 3.985 no —

NN14 39 153 6 3 2 11 4.375 no —

NN15 22 67 3 4 2 13 2.719 no —

NN16 78 272 8 4 4 1 1.125 yes numerical problems
NN17 15 43 3 2 2 8 1.765 no —
HF2D10 53 194 5 7 2 1 0.657 yes numerical problems
HF2D11 53 194 5 7 2 1 0.625 yes numerical problems
HF2D12 53 194 5 7 2 1 0.641 yes numerical problems
HF2D13 53 194 5 7 2 1 0.641 yes numerical problems
HF2D14 53 194 5 7 2 1 0.656 yes numerical problems
HF2D15 53 194 5 7 2 1 0.656 yes numerical problems
HF2D16 53 194 5 7 2 1 0.641 yes numerical problems
HF2D17 53 194 5 7 2 1 0.640 yes numerical problems
HF2D18 53 194 5 7 2 14 4.313 no —

CM1 236 1329 20 3 1 25 35.05 no —

CM2 1896 11169 60 3 1 34 3693 no —

CM3 7386 43929 120 3 1 0 264.7 yes  problem size too large
TMD 39 153 6 3 2 28 8.547 yes numerical problems
FS 35 150 5 5 1 37 9.844 yes infeasible problem
DLR1 78 344 10 2 2 1 1.265 yes numerical problems
DLR2 1803 9924 40 42 2 49 985.5 yes infeasible problem
DLR3 1803 9924 40 42 2 49 990.6 yes infeasible problem
LAH 1230 7209 48 3 1 16 549.6 no —

ROC1 66 283 9 2 2 23 9.047 no —

ROC2 76 321 10 1 2 16 7.953 no —

ROC3 176 726 11 11 4 18 9.688 no —

ROC4 66 283 9 2 2 30 11.58 yes numerical problems
ROC5 52 179 7 2 3 23 6.672 no —

ROCS6 36 114 5 3 3 9 2.968 no —

ROC7 31 114 5 3 2 13 3.641 no —

ROCS8 109 418 9 7 4 10 4.781 no —

ROC9 54 193 6 5 3 9 3.703 no —

ROC10 36 136 6 2 2 21 6.797 no —

Table 4.4:  Results of SeDuMi on COMPI.ib for solving the Hoo—SDP

Ex # var. # const. Ny n, Ny | # iter. CPU-sec | fail? problems?

AC1 31 126 5 2 3 17 0.500 no —

AC2 31 195 5 5 3 10 0.172 no —

AC3 26 251 5 5 2 14 0.203 no —

AC4 15 81 4 2 1 26 0.297 no —

AC5 19 161 4 4 2 23 0.281 yes A+ BYQ™! not Hurwitz
AC6 43 491 7 7 2 27 0.453 no —

ACT 55 278 9 1 1 24 0.343 no —

AC8 55 523 9 2 1 23 0.390 no —

AC9 96 585 10 2 4 24 0.453 no —

AC10 1651 6995 55 5 2 49 393.5 yes numerical problems
AC11 26 251 5 5 2 23 0.312 no —

AC12 23 81 4 1 3 21 0.235 no —

AC13 491 7841 28 28 3 22 12.77 yes numerical problems
AC14 941 4626 40 11 3 25 39.09 yes numerical problems
AC15 19 213 4 6 2 14 0.203 no —

AC16 19 213 4 6 2 14 0.203 no —

AC17 15 161 4 4 1 10 0.157 no —

AC18 76 425 10 5 2 28 0.594 no —

HE1 19 81 4 2 2 16 0.203 no —

HE2 19 161 4 4 2 24 0.297 no —

HE3 69 426 8 10 4 16 0.266 yes A+ BYQ’1 not Hurwitz
HE4 69 849 8 12 4 19 0438 | yes A+ BYQ~! not Hurwitz
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HE5
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HF2D7 10086784 201565083 4489 4491 2 0 0 yes problem size too large
HF2D8 2055376 41030555 2025 2027 2 0 0 yes problem size too large
HF2D9 6067384 121215387 3481 3483 2 0 0 yes problem size too large
HF2D10 26 315 5 7 2 26 0.375 no —
HF2D11 26 315 5 7 2 24 0.328 no —
HF2D12 26 315 5 7 2 10 0.187 yes infeasible problem
HF2D13 26 315 5 7 2 11 0.187 no —
HF2D14 26 315 5 7 2 23 0.360 no —
HF2D15 26 315 5 7 2 26 0.375 no —
HF2D16 26 315 5 7 2 12 0.188 no —
HF2D17 26 315 5 7 2 10 0.188 no —
HF2D18 26 315 5 7 2 12 0.266 no —
CM1 231 977 20 3 1 16 0.844 yes A+ BY Q™! not Hurwitz
CM2 1891 7697 60 3 1 19 223.4 yes A+ BY Q™! not Hurwitz
CM3 7381 29777 120 3 1 0 14.77 yes problem size too large
CM4 29161 117137 240 3 1 0 0 yes problem size too large
CM5 115921 464657 480 3 1 0 0 yes problem size too large
CM6 462241 1850897 960 3 1 0 0 yes problem size too large
TMD 34 137 6 3 2 20 0.234 no —
FS 21 251 5 5 1 45 0.579 no —
DLR1 76 297 10 2 2 24 0.391 no —
DLR2 901 8490 40 42 2 72 102.9 no —
DLR3 901 8490 40 42 2 72 102.9 no —
ISS1 37396 368837 270 273 3 0 0 yes problem size too large
1SS2 37396 368837 270 273 3 0 0 yes problem size too large
CBM 61075 244306 348 2 1 0 0 yes problem size too large
LAH 1225 5009 48 3 1 23 81.16 no —
ROC1 64 251 9 2 2 14 0.235 no —
ROC2 76 326 10 1 2 23 0.375 no —
ROC3 111 1211 11 11 4 15 0.578 yes A+ BY Q™! not Hurwitz
ROC4 64 251 9 2 2 21 0.312 no —
ROC5H 50 194 7 2 3 20 0.297 no —
ROCS6 31 147 5 3 3 10 0.156 yes A4 BYQ™! not Hurwitz
ROC7 26 107 5 3 2 15 0.187 no —
ROC8 82 371 9 7 4 10 0.188 yes A4+ BYQ™! not Hurwitz
ROCY 40 181 6 5 3 9 0.141 yes A+ BY Q™! not Hurwitz
ROC10 34 137 6 2 2 25 0.297 no —
Table 4.5:  Results of SDPT3 on COMPIib for solving the Hoc —SDP

Ex # var. #const. mny mn, ng | # iter. CPU-sec | fail? problems?

AC1 31 126 5 2 3 16 1.329 yes lack of progress

AC2 31 195 5 5 3 10 0.813 no —

AC3 26 251 5 5 2 12 0.890 no —

AC4 15 81 4 2 1 23 1.110 no —

AC5 19 161 4 4 2 23 1.296 no —

AC6 43 491 7 7 2 19 1.703 no —

ACT 55 278 9 1 1 23 2.328 no —

ACS8 55 523 9 2 1 21 2.563 no —

AC9 96 585 10 2 4 26 5.157 no —

AC10 1651 6995 55 5 2 48 14070 no —

AC11 26 251 5 5 2 17 13.13 no —

AC12 23 81 4 1 3 13 10.30 yes  numerical problems

AC13 491 7841 28 28 3 19 128.0 no —

AC14 941 4626 40 11 3 18 746.8 yes  numerical problems

AC15 19 213 4 6 2 13 9.297 no —

AC16 19 213 4 6 2 13 9.281 no —

AC17 15 161 4 4 1 8 5.390 no —

AC18 76 425 10 5 2 20 31.75 no —

HE1 19 81 4 2 2 14 9.985 no —

HE2 19 161 4 4 2 16 11.42 no —

HE3 69 426 8 10 4 13 19.59 yes —

HE4 69 849 8 12 4 13 20.28 yes —

HE5 69 290 8 4 4 19 28.08 no —
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