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Abstract

We study Semidefinite Programming, S D P, relaxations for Sensor Network Localiza-
tion, SIN L, with anchors and with noisy distance information. The main point of the
paper is to view SINL as a (nearest) Euclidean Distance Matrix, ED M, completion
problem that does not distinguish between the anchors and the sensors. We show that
there are advantages for using the well studied ED M model. In fact, the set of anchors
simply corresponds to a given fixed clique for the graph of the E DM problem.

We next propose a method of projection when large cliques or dense subgraphs are
identified. This projection reduces the size, and improves the stability, of the relaxation.
In addition, by viewing the problem as an ED M completion problem, we are able to
derive a new approximation scheme for the sensors from the S D P approximation. This
yields, on average, better low rank approximations for the low dimensional realizations.
This further emphasizes the theme that SN L is in fact just an ED M problem.

We solve the S D P relaxations using a primal-dual interior/exterior-point algorithm
based on the Gauss-Newton search direction. By not restricting iterations to the in-
terior, we usually get lower rank optimal solutions and thus, better approximations
for the SINL problem. We discuss the relative stability and strength of two formula-
tions and the corresponding algorithms that are used. In particular, we show that the
quadratic formulation arising from the S D P relaxation is better conditioned than the
linearized form that is used in the literature.

*Research supported by Natural Sciences Engineering Research Council Canada.



1 Introduction

We study ad hoc wireless sensor networks and the sensor network localization, SIN L , prob-
lem with anchors. The anchors have fixed known locations and the sensor-sensor and sensor-
anchor distances are known (approximately) if they are within a given (radio) range. The
problem is to approximate the positions of all the sensors, given that we have only this
partial information on the distances. We use semidefinite programming, SDP , relaxations
to find approximate solutions to this problem.

In this paper we emphasize that the existence of anchors is not special. The SIN L problem
with anchors can be modelled as the well studied (nearest) Euclidean Distance Matrix,
EDM |, completion problem. The only property that distinguishes the anchors is that the
corresponding set of nodes yields a clique in the graph. This results in the failure of the
Slater constraint qualification for the S D P relaxation. However, we can take advantage of
this liability /instability. We can find the smallest face of the SDP cone that contains the
feasible set and project the problem onto this face to obtain a smaller/stable problem. In
addition, by viewing the problem as an ED M completion problem, we are able to derive a
new approximation scheme for the sensors from the SD P approximation. This yields, on
average, better low rank approximations for the low dimensional realizations. Moreover, by
treating the anchors this way, we show that other cliques of sensors or dense parts of the
graph can similarly result in a reduction in the size of the problem.

We solve the SDP relaxations using a primal-dual interior/exterior-point algorithm
based on the Gauss-Newton search direction, [20]. This approach takes a full step of length
one once the iterates get close enough to the optimal solution. By not restricting the itera-
tions to the interior, they usually do not converge to the analytic center of the optimal set.
This often results in lower rank optimal solutions and thus, yields better approximations
for the SINL problem. We also discuss and compare the relative robustness and stability
of two primal-dual algorithms for SINL . Our tests show that the approach based on a
quadratic formulation is better conditioned and more efficient that the approach based on
a linearization. These tests confirm the theoretical results on the conditioning of different
barriers, [15, 9].

1.1 Related Work and Applications

The geometry of EDM has been extensively studied in the literature; see e.g. [14, 10] and
more recently [2, 1] and the references therein. The latter two references studied algorithms
based on S D P formulations of the ED M completion problem. Several recent papers have
developed algorithms for the S D P relaxation designed specifically for SIN L with anchors,
e.g.[6,17,7,4,25, 5,31, 19]. Relaxations using second order cones are studied in e.g., [28, 29].

The SDP relaxations solve a closest SDP matrix problem and generally use the ¢;
norm. The ¢, norm is used in [19], where the noise in the radio signal is assumed to come
from a multivariate normal distribution with mean 0 and covariance matrix oI, so that the
least squares estimates are the maximum likelihood estimates. We use the /5 norm as well
in this paper. Our approach follows that in [2] for EDM completion without anchors.



Various applications for SIN L are discussed in the references mentioned above. These ap-
plications include e.g. natural habitat monitoring, earthquake detection, and weather /current
monitoring.

1.2 Outline

The formulation of the SIN L problem as a least squares approximation problem is presented
in Section 2. This section also includes background, notation, and information on the linear
transformations and adjoints used in the model. In particular, since this paper emphasizes
using ED M | we provide details on distance geometry, and on the linear mappings between
EDM and SDP matrices.

The SDP relaxations are presented in Section 3. This section contains the details for
the four main contributions of the paper:

(i) the connection of SN L with EDM ; (ii) the projection technique for cliques
and dense sets of sensors; (iii) the improved approximation scheme for locating
the sensors from the S D P relaxation; and (iv) a derivation and discussion of the
better conditioning of the quadratic formulation of the S D P relaxation relative
to the linear formulation used in the literature.

We then continue with the numerical tests in Section 4. Section 4.1 provides the com-
parisons for two approximation schemes for locating the sensors from the S D P relaxation;
Section 4.2 provides the comparisons between the linear and quadratic SD P models. Con-
cluding remarks are given in Section 5.1

2 Background and Notation

Let the n unknown (sensor) points be p',p?, ...,p" € R", r the embedding dimension, and
let the m known (anchor) points be a',a?,...,a™ € R". Let XT = [p*,p% ...,p"], and
AT = [a',a?, ... a™]. We identify a' with p"*® for i = 1,...,m, and sometimes treat these

as unknowns; we define
pPT .= (pl, Lophat am) = (pl, o ,p"+m) = (XT AT) ) (2.1)

Since we can always translate all the sensors and anchors, and to avoid some special trivial
cases, we assume the following.

Assumption 2.1 The embedding dimension, and the number of sensors and anchors, satisfy
n>>m>r, ATe=0, and A is full column rank.

LA previous version of this paper includes an appendix with: notation needed for the implementation of
the algorithms; the optimality and duality theory for the S D P relaxations; and a deriviation of our primal-
dual interior/exterior-point algorithm. URL: orion.math.uwaterloo.ca/ hwolkowi/henry /reports/oct08.pdf



Now define (N, Ny, ;) to be the index sets of specified distance values, upper bounds,
lower bounds, respectively, of the distances d;; between pairs of nodes from {p'}7 (sensors);
let (M., M., M,), denote the same for distances between a node from {p’}} (sensor) and a
node from {a*}7 (anchor). Define (the partial Euclidean Distance Matrix) E with elements

d;, if 15 € N.UM,,
E;; = ||p —P’||2 = ||a"=" — a2, if 4,5 >n,
0, otherwise.

The underlying graph is G = (V,€) with node set V = {1,...,m + n} and edge set & =
N, UM, U{ij : 1,7 > n}. The subgraph induced by the anchors is complete; i.e., the set
of anchors forms a clique in the graph. Similarly, we define the matrix of (squared) distance
upper bounds U® and the matrix of (squared) distance lower bounds L for ij € N,UM, and
N,UM,, respectively. Corresponding to the above, we let W,,, W, W, be weight matrices for
the sensor-sensor, sensor-anchor, anchor-anchor, distances respectively. For example, they
simply could be 0—1 matrices to indicate when a distance is unknown—known. Alternatively,
a weight could be used to verify the confidence in the value of the distance. The weights in
W, corresponding to anchor-anchor distances can be made large, since these distances are
known.
Since there can be noise in the data, we minimize the weighted least squares error.

min f;(P) := % Z W) (lp" =P |I* = Eiy)?

( 1,5)ENe

+3 Y Wea)allp' — a¥||* — Eix)”
(i,k)eMe

<2§j W)yl — 7|1 - >)
7‘]>7’L

(SNL 5)

subject to  [|p' — p/[|> < UY V(i,j) e Ny, <nu =
Ip = a2 S UL VG k) € Mu (= 421)
I = 1P >y VGG e N (=B
Ip' = a2 > L i k) € My (mi=51)
(Ip" =P |I? = Ei; Vi, j>n).

This is a hard problem to solve due to the nonconvex objective and constraints. We included
the anchor-anchor distances within brackets both in the objective and constraints. This is to
emphasize that we could treat them with large weights in the objective or as holding exactly
without error in the constraints.

2.1 Distance Geometry

The geometry for EDM has been studied in e.g., [23, 13, 16, 27|, and more recently in
e.g., [2],[1]. Further theoretical properties can be found in e.g., [3, 12, 13, 16, 18, 21, 23, 21].
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Since we emphasize that the ED M theory can be used to solve the SINL , we now include
an overview of the tools we need for ED M . In particular, we show the relationships between
EDM and SDP .

2.1.1 Linear Transformations and Adjoints Related to EDM

We use the notation from [19]. We work in vector spaces of real matrices, M***, equipped
with the trace inner-product (A, B) = trace ATB and induced Frobenius norm |A||% =
trace AT A. We let 8" denote the vector space of real symmetric n x n matrices; St and 8T,
denote the cones of positive semidefinite matrices and positive definite matrices, respectively.
We identify EDM = S%; and, we use the Lowner partial order notation A = 0 and A > 0
for A € 8" and A € ST, respectively. For a given B € S", the linear transformation
diag (B) € R" denotes the diagonal of B; for v € R", the adjoint linear transformation is the
diagonal matrix diag *(v) = Diag (v) € 8. We now define several linear operators on S™.

D.(B) := diag(B)e’ + ediag (B)T, K(B) := D.B)-2B, (2.3)
where e is the vector of ones. The adjoint linear operators are
D:(D) = 2Diag (De), K*(D) = 2(Diag (De) — D). (2.4)

By abuse of notation, we allow D, to act on R": D,(v) = vel +ev”, v € R". The linear op-
erator K maps the cone of positive semidefinite matrices onto the cone of Euclidean distance
matrices (denoted EDM ), i.e., K(SDP )= EDM .

Lemma 2.1 ([1]) Define the linear operator on 8™, offDiag(S) := S — Diag (diag (5)).
Then, the following holds:

e the range and nullspace satisfy N'(K) = R(D.);

e R(K) = Sy, where the hollow subspace Sy := {D € 8" : diag (D) = 0};

e R(K*) = S,, where the centered subspace S.:= {B € 8" : Be = 0};

e the Moore-Penrose generalized inverse KT (D) = —1J (offDiag (D)) J, where J := I — ee”.
|

Proposition 2.1 (/1, 19])
1. Let Sp denote the subspace of diagonal matrices in S™. Then

S. = N(D;) = R(K*) = R(K') L N(K)=R(D.)
Sy =R(K)=N(D.) L Sp=N(K")=R(D).

2. Let [V ﬁﬁ’] be an n x n orthogonal matriz. Then

Y =0 < Y:VEA/VT%—DG(U) =0, for someYES"_l,veR".



3. Suppose that 0 < B € 8". Then D = K(B) is EDM.

[ |
3 SDP Relaxations Based on EDM Model
Current S D P relaxations for the feasibility problem for SN Lrelax Y = X X7 to
T . I, XT
Y = XX, or equivalently, Z, = = 0. (3.5)
X Y
This is in combination with the constraints
0 0 \"
trace ( ) ( Zs - Eija \V/Z] 6/\/@,
€; — €; €; — €; (36)
trace <_qk) (_e%) Zg = L, VijeM, i<j=n+k;

see [6, 4, 25, 5, 17].

- T T
We use relaxations of Y := PPT = {XX XA

AXT AAT}' The dimensions are: X € M™"; A €

MM P e MM Y € 8™ We first reformulate SIN L using matrix notation to get the
equivalent D M problem

min  fo(Y) = LW o (K(Y) - B)|7
subject to gu(Y):=H,o(K(Y)-U" < 0
(SNL ) a(Y) = Ho(KY)-L) > 0 (3.7)
Y - PP" = 0
(K(Y)2 = K(AAT)),

where K(Y ),y denotes the 2,2 block, and W € S"*™ is the weight matrix having a positive
ij-element if (i,5) € No UM U{(ij) : 4,5 > n}, 0 otherwise. H,, H; are 0-1 matrices where
the ij-th element equals 1 if an upper (resp. lower) bound exists; and it is 0 otherwise. By
abuse of notation, we consider the functions g,, g; as implicitly acting on only the nonzero
components in the upper triangular parts of the matrices that result from the Hadamard
products with H,, H;, respectively. We include in brackets the constraints on the clique
corresponding to the anchor-anchor distances.

Remark 3.1 The function fo(Y) = fo(PPT), and it is clear that fo(PPT) = f(P) in
(2.2). Note that the functions fs, gu, g act only on Y ; and, the locations of the anchors
and sensors are completely hidden in the hard, nonconvex quadratic constraint Y = PPT =
lX XT xAT
AXT  AAT |
straints. The objective function is generally underdetermined. This can result in ill-conditioning
problems, e.g., [11]. Therefore, reducing the number of variables helps with stability.

The problem SIN Lpg is a linear least squares problem with nonlinear con-
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We now relax the hard quadratic constraint in (3.7)

o [Yu YA o [XXT XAT
Y_{Ym e =PPT =15 il (3.8)

with (3.5), or equivalently with Y = PP”. We show that this is equivalent to the simpler
Y > 0. We include details on problems and weaknesses with the relaxation. We first present
several lemmas.

iy , TR
Lemma 3.1 Suppose that the partitioned symmetric matrix {Yll AillT
21

XAT, with X = YT A(ATA)~1,

} = 0. Then Y, =

Proof. Let A= UX, VT be the compact singular value decomposition, SVD, 0 < %, €

S". Moreover, suppose that [U U ] is an orthogonal matrix. Therefore, the range spaces
R(U) = R(A) and the nullspace N'(A”) = R(U). Consider the nonsingular congruence

0 < {é [UOU]}T{yi ,Z%T} {é [UOU]}

z  Yg[U U
g T 27,, 0
v O] Y [0 0}

This implies that Y,JU = 0. This in turn means that N(Y}) D N(AT), or equivalently,
R(A) D R(Ys1). Note that the orthogonal projection onto R(A) is A(ATA)~LAT. Therefore,
Vi = YNA(ATA)TTAT = (Y{A(ATA)™Y) AT, ie., we can choose X = Y;JA(ATA)™. |

In the recent literature, e.g., [7, 6, 17], it is common practice to relax the hard constraint
(3.8) to a tractable semidefinite constraint, Y = PP, or equivalently, Y1, = XXT with
Y1 = AXT. The following lemma presents several characterizations for the resulting feasible
set.

Lemma 3.2 Let A = UX, VT be the compact SVD of A, and let P,Y be partitioned as in

(2.1), (3.8), ) B
P - [y, Ygﬂ
P = Y = |- =

{Pz]’ {Ym Yoo

Define the semidefinite relaxation of the hard quadratic constraint (3.8) as:
G(P,Y):=PPT —Y <0, Yo =AA" P,=A (3.9)

By abuse of notation, we allow G to act on spaces of different dimensions. Then we get the
following equivalent representations of the corresponding feasible set Fq:

Fo={(PY):G(P,Y) 2 0,Yy = AA" P, = A}; (3.92)
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o= {(P, V) G(X,Y) <0, Vi = Y, Yoy = AXT, Vg = AAT, P = [ﬂ } (39)

_ o, Zu Z3 > |1, 0 I, O
]—"G_{(P,Y).Z_lzzl e R U T A P
¥ (3.9¢)
Z22:IT7X:Z317P:[A:|}7
Feo = {(P, V)Y =0,V = AAT, X = Y JA(ATA)", P = ﬂ } ; (3.9d)
_ S VAt o L, 0] [ o]
]—"G—{(P,Y).Z_[Zzl o R UR Sl I R e
(3.9¢)

" A

Moreover, the function G is convex in the Léwner (semidefinite) partial order; and the
feasible set F¢ is a closed conver set.

Ty = %2, X = VL A(ATA) ™ = ZES VT P = [X] } .

Proof. Recall that the cone of positive semidefinite matrices is self-polar. Let ) = 0 and
bg(P) = trace QPPT. Convexity of G follows from positive semidefiniteness of the Hessian
V2pg(P) = I ® Q, where ® denotes the Kronecker product.

In addition,

XXT -V, XAT VI

— V) = T _y = -
0=G(PY)=PPT—Y [AXT—Ygl 0

holds if and only if
0>=G(X,Y)=XX"—Vy, and AXT — Yy = 0.

This shows the equivalence with (3.9b). A Schur complement argument, with Y;; = Y,
Yy X
XTI
(3.9d) follows from Lemma 3.1.

To show the equivalence with the final expression (3.9¢), we note that Y = 0, Yao = AAT,
implies that there is no strictly feasible Y = 0. Therefore, we project the feasible set onto
the minimal cone or face (see [8]). This yields the minimal face that contains the feasible
set of Y, i.e.,

shows the equivalence with [ } = 0, i.e., with the set in (3.9¢). The equivalence with

T
v In 0 In 0 n—+r
Y—lo U}ZW{O U} I = 0,2, € 8", (3.15)
The result follows since the constraint Yz» = AA” holds if and only if Z, is blocked as
T
Ly = [5[// V;; } = 0. (More simply, one can show the equivalence of (3.9¢) with (3.9¢) by
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using the compact SVD of A. However, the longer proof given above emphasizes that the
reduction comes from using a projection to obtain the Slater constraint qualification.) W

The above Lemma 3.2 shows that we can treat the set of anchors as a set of sensors for
which all the distances are known, i.e., the set of corresponding nodes is a clique. The fact
that we have a clique and the diagonal m xm block AA” in Y is rank deficient, 7 < m, means
that the Slater constraint qualification, Y > 0, cannot hold. Therefore, we can project onto
the minimal cone containing the feasible set and thus reduce the size of the problem; see
Lemma 3.2, (3.9¢), i.e., the variable Y € S"*™ is reduced in size to Z € S"". The reduction
can be done by using any point in the relative interior of the minimal cone, e.g., any feasible
point of maximum rank. The equivalent representations in (3.9¢) and in (3.9e) illustrate
this.

Remark 3.2 The above reduction to Y in Lemma 3.2, (3.9b), and the application of the
Schur complement, allows us to use the smaller dimensional semidefinite constrained vari-
able

]7" XT n-+m \/ % T
Zy = Y v —0esS" Y=Y, Yo =AX". (3.16)
This appears in e.g., [6]. The SDP constraint in (3.16) is linear and is equivalent to the
quadratic constraint Y — XX > 0.

Note that the mapping Zs = Zy(X,Y) : M™" x 8™ — S"*" is not onto. This means that
the Jacobian of the optimality conditions cannot be full rank, i.e., this formulation introduces
instability into the model. A minor modification corrects this, i.e., the I, constraint is added
explicitly.

_[2n 73 R v — AT
Z = =0, Zun=1.,Yn = Zyn, Yy =AZy.
Zon Zaa

A numerical comparison of the linear and quadratic constraints is presented in Sec-

tion 4.2.

3.1 Clique Reductions using Minimal Cone Projection

The equivalent representations of the feasible set given in Lemma 3.2, in particular by (3.9¢),
show that SIN L is an ED M problem D = K(Y'), with the additional upper and lower bound
constraints as well as the block constraint on the bottom right block of Y, see e.g., (3.8).

Remark 3.3 Suppose that we can increase the size of the clique containing the anchor nodes
by adding sensor nodes where the distances are exactly known. Then these sensor nodes can
be treated as anchor nodes, though their positions are unknown.

We can now obtain a relaxation for SINL by using the EDM problem (3.7) and re-
placing the hard quadratic constraint with the simpler semidefinite constraint ¥ = 0, and
Yoo = AAT. We then observe that the Slater constraint qualification (strict feasibility)



fails. Therefore, we can project onto the minimal cone, i.e., onto the minimal face of the
SDP cone that contains the feasible set. See [8, 2]. Let

I, 0 I, 0
Ui = {0 A} , Us= {0 U} , where A= U, VT, (3.17)

We get the following two SDP relaxations from the representations in (3.9¢) and (3.9e),
respectively,

min  f3(Z) = 3||W o (K(U.2ZUY) — B)|7
subject to H, o (K(Us2ZU%) - U <0
(SNL gpn a) Hyo (K(U,ZUL) - L¥) >0 (3.18)
Z22 = ]7"
Z = 0.
and
min  fy(Z) = §|W o (K(UZUT) = E)|I;
subject to H,o (K(U,ZUL) - U <0
(SNL gpus) H; o (K(U,ZUT) — L) >0 (3.19)
Ty = X2
Z =0

Remark 3.4 Note that we do not substitute the constraint on Zys into Z, but leave it explicit.
Though this does not change the feasible set, it does change the stability and the dual. This
can be compared to the SDP relaxation for the Max-Cut problem with constraint that the
diagonal of X s all ones, diag X = e, and X > 0. However, one does not substitute for the
diagonal and rewrite the semidefinite constraint.

Now suppose that we have another clique of p > r sensors where the exact distances
are known and are used as constraints. Then there exists a matrix Y = PPT that has a
diagonal rank deficient p x p block. Since all feasible points are found from elements in the set
Y + N(K), we conclude that for p large enough, the diagonal block remains rank deficient
for all feasible Y, i.e., the Slater constraint qualification fails again, if the corresponding
distances are added as constraints.

We now see that we can again take advantage of the loss of the Slater constraint qualifi-
cation.

Theorem 3.1 Suppose that the hypotheses and definitions from Lemma 3.2 hold; and sup-
pose that there erists a set of sensors, without loss of generality T. := {p"™,... p"}, so
that the distances ||p* — p’|| are known for all t +1 < i,j < n; i.e., the graph of the partial
EDM has two cliques, one clique corresponding to the set of known anchors, and the other

to the set of sensors T,. Let P,Y be partitioned as

Al [
P = P2 :[A:|7 Y = 121 }_/22 )f?,g :PP7
YESI }/32 }/33
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where P, = A;,i = 2,3, and As = A corresponds to the known anchors while P, = Ay

: P
corresponds to the clique of sensors and X = [Pl] corresponds to all the sensors. Let the
2

EDM , E =K(Y), be correspondingly blocked

E;s
so that E3 = K(AAT) are the anchor-anchor squared distances, and Ey = K(PyP)l) are the
squared distances between the sensors in the set 1. Let

Then the following hold:
1. Be=0 and

Yao = B+ e’ +egd =0, for some gy € R(B) 4+ ae,a > 0, with rank (Yay) < 7

(3. 20)
2. The feasible set Fg in Lemma 3.2 can be formulated as
i Zy 7% 74 Lo 0] [L o 0]
fgi: (P,Y)Z: Z21 ZQQ Zg; EO,Y: 0 U2 01210 U2 0 5
Z31 Zsa  Zss 0 U 0 0 U
Zan | gy, X
Zyy =Y X = [UQZ?EZJ 1% Al ¢
(3.21)
or equivalently as
Zn 7% 7% Lo o] [n oo o]
fG: (P,Y)Z: Z21 ZQQ Zg; EO,Y: 0 U2 0210 U2 0 y
Z31 Zgg Z33 0 0 A 0 0 A
_ _| % _ X
Z33 - I?“vX - |:UQZ§;:| 7P - A:| )

(3.22)
where B := B + 2eel = [U2 Ug} {13 8] [U2 UﬂT 1s the orthogonal diagonalization

of B, with Dy € 8, 79 <7+ 1.

Proof. We proceed just as we did in Lemma 3.2, i.e., we reduce the problem by projecting
onto a smaller face in order to obtain the Slater constraint qualification.

The equation for Ysy for some 7y, given in (3.20), follows from the nullspace character-
ization in Lemma 2.1. Moreover, Ys = P,PJ implies that rank (Ya) < 7, the embedding
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dimension; and, Y3, = 0, Be = 0 implies the inclusion 7, € R(B) + ae,a > 0. We can
now shift P} = P] — L (Pfe)e’; then, for B = P,PJ, we get Be = 0, i.e., this satisfies
B = K'(E,) and rank (B) < r. Therefore, for any Y = B + yel + ey’ = 0, we must have
y = ae,a > 0. This implies that B has the maximum rank, at most r + 1, among all
feasible matrices of the form 0 < Y € B + N(K). The matrix B determines the smallest
face containing all such feasible Y.

Let £ = Y + R(D.) and F. denote the smallest face of Sﬁ_t that contains £ N §’}r_t.
Since B is a feasible point of maximum rank, we get

B = B+ D.(7) € (£ Nrelint F,) .
Thus, the face
F.={Us2U] : Z € S} ={Y € S7" : trace Y (U,U; ) = 0}.

Now, we expand

Yo Y Vi 5, 0 0] [Zu 24 zK][L o o]"
Voo Yoo VE| = |0 U 0| |Zn Z ZL| |0 Uy 0
Ya1 Y3 Yis 0 0 Ul |Zn Zyp 22| |0 0 U

[ 71 ZHU¥ zhut
= |UsZy UsZpU] UyZLUT
| UZsy UlZspUj  UX2UT

Y.F ZruT
Therefore, 31] = { 31
{532 UaZ3, U

equation (3.9e) in Lemma 3.2. The result in (3.22) can be obtained similarly. [ ]

], and the expressions for Zs3 and X in (3.21) follow from

Remark 3.5 The above Theorem 3.1 can be extended to sets of sensors that are not cliques,
but have many known edges. The key idea is to be able to use (W; o K)T(W; o E;) and to
characterize the nullspace of W; o K.

We can apply Theorem 3.1 to further reduce the S D P relaxation. Suppose there are a group
of sensors for which pairwise distances are all known. This should be a common occurrence,
since distances between sensors within radio range are all known. Without loss of generality,
we assume the set of sensors to be {p!™!, ... p"}. Let By, B = K'(E,), and Uy, be found
using Theorem 3.1 and denote

I, 0 0 I, 0 0
Upp =10 Uy 0|, Up:=1]0 U, 0]. (3.23)
0 0 A 0 0 U
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In SNL gpar., we can replace U with Uss and reach a reduced S DP formulation. Simi-
larly, for SNL gpar .- Furthermore, we may generalize to the k clique cases for any positive
integer k. We similarly define each U;,2 < i < k, and define

[, 0 0 0] (I, 0 0 0
0 U, 0 O 0 U, 0 0
Upa = | : . : Ups = | ¢ : (3.24)
0 0 0 Ux 0 0 O U. 0
00 0 0 A 00 0 0 U
Then we can formulate a reduced SDP for k cliques:
min — fu(2) = §|W o (K(UraZULy) = B)|l;
subject to H, o (K(UwaZUL) —Ub) <0
(SNL i—ciques—») Hy o (K(UpaZUL) — L¥) > 0 (3.25)
Zgk = 1,
Z =0,
where 7 is the last r by r diagonal block of Z. Similarly, we get
min  fu(Z) = §|W o (K(UwZUL) = B)|
subject to H, o (K(UyZUL) — U <0
(SNL k—cliques—s) Hl o (K(UksZU]z;> — Lb) Z 0 (326)
T = X2
Z = 0.

For a clique with r, sensors, a U; is constructed with r, rows and at most r 4+ 1 columns.
This implies the dimension of Z has been reduced by r., —r — 1. So if r = 2, cliques
larger than a triangle help reduce the dimension of Z. As mentioned above, the existence of
cliques is highly likely, since edges in the graph exist when sensors are within radio range.
Moreover, the above technique extends to dense sets, rather than cliques. The key is finding
B = (W o K)(W o Ey), for an appropriate submatrix Ej;, as well as deriving the nullspace
of Wol.

3.2 Estimating Sensor Positions

After we solve SNL gpas. (or equivalently SNL gpas.) to get an optimal solution 7, we
can express

Yo Yy

Y =U,ZU! =
3 [Yzl Yoo

} . Yoo = AAT Yy = AXT, for some X.
To complete the SINL problem, we have to find an approximation to the matrix P €
M e, the matrix that has the sensor locations in the first n rows, denoted X, and

the anchor locations in the last m rows, denoted A.
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o Py P
Since Y € ST there exists P = [All 2
Py Py
Assumption 2.1, the anchors are centered, i.e., ATe = 0. We can translate the locations in

]5, so that the last m locations are centered, i.e., without loss of generality we have

} e M™™ such that PPT = Y. By

[Py Pyl e=0, PPT=Y. (3.27)
Also,
{PeM™™ .Y =PP"} = {P e M™™ . P = PQ, for some orthogonal Q € M"+m} .

In other words, from the optimal Y, all the possible locations can be obtained by a rota-
tion/reflection of P. However, these locations in the rows of P are in R"*™ rather than in
the desired embedding space R", where the anchors lie.

Remark 3.6 Since SN L is underdetermined, in general, the optimum Y is not unique.
Therefore, finding a lower rank optimum Y should result in better approximations for the
sensor locations.

Following are two methods and comparisons for finding an estimate to the sensor loca-
tions, X. First, Method 3.1 is the one currently used in the literature. Second, Method 3.2
is a strengthened new method based on the ED M interpretation.

Method 3.1 Estimate the location of the sensors using X in the optimal Zs or, equivalently,
solve for X using the equation AXT = Ys1, where Ya1 is from the optimal Y .

In the recent papers on SN L, e.g., [7, 6, 17], X is taken directly from the optimal

T
Zy = [ég )}(/ ], see e.g., (3.16). Equivalently, since A is full column rank r,

and AXTiz Yo is consistent, we can solve for X uniquely from the equation
AXT =Y. To provide a comparison with the second Method 3.2, we now
describe the underlying geometry of using this X.

Recall that A = US, VT and [Py, Py [Py Pp]’ = AAT = [A 0] [A 0]".
Therefore, these three matrices all have the same spectral decomposition and all

can be diagonalized using U. This implies that the three matrices [Plz PQQ} VA, [A O]
can all use the same set of left singular vectors in a compact SVD. Therefore,

[1512 ]522} Q= [A 0], for some orthogonal (), which implies that

2. =1, witn P = PQ = |Tht e, (3.99)
This yields B B ) )
5 |Pn P o s=r | Yo PhAT
P—{A 0}, Y =PP —{APE AAT |- (3.29)



Since AP11 =Yy = AXT, we get P;; = X. Thus, after the rotatlon/reﬂectlon
with Q to make the bottom m rows equal to A, we see that the first n rows of P
project exactly onto the rows of X. If we denote the orthogonal projection onto
the first r coordinates by P,, then the resulting operation on the locations in the
rows of P can be summarized by

PP — (p,@T) PT e R @ {0} YV ~ Y, = PP,P".

We get two sources of error in the approximation for X. First, the product PTQT
is not necessarily idempotent or symmetric, i.e., not necessarily a projection.
Second, the term that is deleted, Py, can be arbitrary large, while the rank of Y
can be as small as » + 1. However, we can expect a larger error when the rank
of Y is larger, since the deleted term Pjs can have more nonzero columns. The
relaxation from }/11 = XXT to Yil = [Pll p12:| [pll p12:|T = Pllpll +P12P12 t
X XT, shows that using X = P;; has an error of the order of ||Y;; — X X7T|? =
| Pio . u

A

Method 3.2 Suppose that P, = U,Eiﬂ, as found in (3.30) with B = [g] We find Q as
p

a manimum for mingrg_; ||p2Q — A||%. The solution is given analytically by Q= VQUS,
where UgXoVg = AT Py is the SVD for ATP,. Then the rows of PiQ are used to estimate
the locations of the sensors.

In Method 1, the matrix PP, PT provides a rank r approximation to Y. However,
if ||Ppo|l in (3.29) is large, then it appears that we have lost information. It is
desirable to keep as much of the information from the high dimensional locations
in P as we can, i.e., the information that is contained in Y;;. If we do not
consider the anchors dlstlnct from the sensors, then we would like to rotate and
then project all the rows of P onto a subspace of dimension 7, i.e., we consider
the problem to be an EDM completion problem and would like to extract a
good approximation of the positions of all the nodes. Since the last m rows
corresponding to the anchors originated from a clique, the corresponding graph
is rigid and the corresponding projected points will be close to the original anchor
positions. We realize this using the spectral decomposition. (See e.g., [2], where
error estimates are included.) Let

- o[y g0 oy

Then, considering the problem as an EDM completion problem, we first find a
best rank r approximation to Y, denoted Y, := U,3,Ul. Only then do we find a
particular full rank factorization

P, € M™™7 with Y, = P,PT, (3.30)
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ie., P = UTE}/z. It remains to find an orthogonal ) in order to find P = P.Q.
Fortunately, we can use the information from the anchors to find the orthogonal

Q. |

Numerical tests for the two methods are given in Section 4.1. Method 3.2 proved to
be, almost always, more accurate. However, Method 3.1 locates all sets of sensors that are
uniquely localizable in R", see [25].

Remark 3.7 As above, suppose thatY is an optimum for the SDP relazation. The problem
of finding a best P to estimate the sensor locations is equivalent to finding

P* € argmin p {||W o (K(PPT — V)| : P = m } .

Equivalently, we want to find
Y* e ST rank (V) =1, Ve = AATY* =Y + N (W 0 K).

However, finding such a Y™ is equivalent to finding the minimal rank matriz in the inter-
section of the semidefinite cone and an affine space. This is still an open/hard problem.
Recently, [24, 22] proposed randomization methods for S D P rank reduction. These methods
can generate a low rank positive semidefinite matriz in an approximate affine space.

4 Numerical Tests

We now discuss results on randomly generated, small SIN L problems, with connected un-
derlying graphs. The tests were done using MATLAB 7.4. The method for generating the
tests problems follows the approach used in [17, 19].

A typical example is presented in Figure 4.1. The first plot is the original graph. The
starred positions correspond to the anchors. Then, we get the solution labelled Linear SDP ,
which corresponds to solving the S D P relaxation using the ¢; norm. The visible straight
lines joining two points correspond to significant errors in the sensor positions found using
the relaxation. Next, we added lower bounds to the SD P relaxation and used the /5 norm
and a second order cone model. This yields the improved picture labelled SOC SDP . The
solver in this case was SeDuMi (URL: sedumi.mcmaster.ca). We still see several straight
lines indicating a significant difference between the positions of the sensors found and the
original sensor positions. The final picture labelled GN was found using our own code with
a Gauss-Newton direction and a crossover technique. The obvious improvement was a result
of the lower rank in the optimal solution of the S D P relaxation. This lower rank is a result
of our crossover technique, i.e., by not following the central path once we get close enough
to the optimal solution, we do not converge to the analytic center of the optimal set of
semidefinite matrices.
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Figure 4.1: Better Solutions from Lower Rank

4.1 Two Methods for Estimating Sensor Locations

Two methods for estimating the sensor locations from a given optimum of the S D P relaxation
were presented in Section 3.2. Method 3.1 used X directly from the optimal Z obtained from
the SD P relaxation. This is the method currently employed in the literature. Method 3.2
treated the SINL problem as an ED M and found a best rank-r approximation. Then the
problem was rotated to get the anchors back into their original positions. See Tables 4.1-4.4
for results of 100 random tests, with noise factor nf, for the three solvers labelled above:
i.e., Linear SDP ; SOC SDP ; GN, respectively.

The results in Tables 4.1 and 4.2 are for noise factors nf = 0 and nf = 0.05, respec-
tively. The tables used the true objective function f; in (2.2) as a measure. The three rows
correspond to: the percentage of times that Method 3.2 performed better (reduced objective
function fi) over Method 3.1; the average relative reduction of Method 3.2 over Method 3.1;
the minimum (and maximum) relative reduction of Method 3.2 over Method 3.1.

Tables 4.3 and 4.4 show the results of comparing the rank of the optimal Y returned
by GN over the rank of the optimal Y returned by Linear SDP or SOC SDP . In our
numerical experiments, we found that the rank of the optimal solution returned by GN was
always less or equal to the rank of the optimal solutions returned by Linear SDP or SOC
SDP . The first row gives a percentage of the random instances for which the optimal
solution returned by GN had a strictly smaller rank than the optimal solution returned by
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‘ Method 3.2 over Method 3.1 H Linear SDP ‘ SOC SDP ‘ GN ‘
% successful reduction 75% 2% 99%

ducti
average % reduction 13.5% / 19.5% | 16.8% / 21.3% | 24.0% / 24.3%

(in total / in successful)
min/max % reduction -25.7% / 58.9% | -17.9% / 61.4% | -1.3% / 62.5%

Table 4.1: % reduction of Method 3.2 over Method 3.1 for true objective function f; in (2.2)
(100 problems, n = 15, m = 5, densityL = .1, densityW = .6, noise nf = 0)

‘ Method 3.2 over Method 3.1 H Linear SDP ‘ SOC SDP ‘ GN ‘
% successful reduction 86% 92% 95%

average % reduction 9.5% / 11.7% | 11.4% / 12.8% | 16.6% / 18.2%
(in total / in successful)
min/max % reduction -13.7% / 38.0% | -13.6% / 38.3% | -33.2% / 48.4%

Table 4.2: true objective function, f; in (2.2), % reduction of Method 3.2 over Method 3.1
(100 problems, n = 15, m = 5, densityL = .1, densityW = .6, noise nf = 0.05)

Linear SDP or SOC SDP . The second row gives the average percentage reduction in
the rank over those instances for which GN returned an optimal solution of strictly smaller
rank. The third and fourth rows show the average percentage reduction in the true objective
function f; in (2.2) over those instances for which GN returned an optimal solution of strictly
smaller rank. The third and fourth rows differ in the method used for extracting the sensor
positions from the optimal solution. Table 4.3 considers random instances with a zero noise
factor; Table 4.4 considers random instances with a 5% noise factor.

| GN over (Linear SDP / SOC SDP) | Linear SDP | SOC SDP |

% strictly smaller rank 53% 54%

average % rank reduction 44.6% 44.2%
average % obj. reduction (Method 3.1) 89.9% 90.0%
average % obj. reduction (Method 3.2) 90.4% 90.1%

Table 4.3: % reduction of rank and true objective function, f; in (2.2), of GN over Linear
SDP and SOC SDP (100 problems, n = 15, m = 5,densityL. = .1, densityWW = .6, noise
nf =0)

4.2 Two Methods for Solving SNL

In Figures 4.2 and 4.3, we present results for using the quadratic constraint ¥ — X X7 > 0
I X7
X Y
problems with various values for the parameters. We present typical results in the figures.

compared to the linearized version } >~ 0. We solved many randomly generated
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‘ GN over (Linear SDP / SOC SDP) H Linear SDP ‘ SOC SDP ‘

% strictly smaller rank 99% 96%

average % rank reduction 40.5% 37.7%
average % obj. reduction (Method 3.1) 26.4% 21.9%
average % obj. reduction (Method 3.2) 31.8% 24.5%

Table 4.4: % reduction of rank and true objective function, f; in (2.2), of GN over Linear
SDP and SOC SDP (100 problems, n = 15,m = 5,densityL. = .1, densityWW = .6, noise
nf = 0.05)

Figure 4.2 shows the (—log) of the optimal value at each iteration. Figure 4.3 shows the
(—log) of the relative gap. Both figures illustrate the surprising result that the quadratic
formulation is more efficient, i.e., it obtains higher accuracy with fewer iterations. This is
surprising, since we are using a Newton based method that should be faster on functions
that are less nonlinear. Therefore, from a numerical analysis viewpoint, since the constraint
is not onto, it appears that the linear version is more ill-conditioned; see Remark 3.2. In
addition, the figures show the high accuracy that can be obtained using the Gauss-Newton
direction with a crossover technique, even though these problems are highly ill-conditioned.

These tests provide empirical evidence for the theoretical comparison results on different
barriers given in [15, 9]. The results in these references show that the central path is distorted
due to the I in the linear formulation constraint. Moreover, the distortion increases with
increasing dimension of the I. This agrees with our interpretation that the linear constraint
is not onto, and the Jacobian is singular.

5 Concluding Remarks

In this paper, we have analyzed the well known SN L problem from a new perspective. By
considering the set of anchors as a clique in the underlying graph, the SIN L problem can
be studied using traditional ED M theory. Our contributions follow mainly due to this
E D M approach:

1. The Slater constraint qualification can fail for cliques and/or dense subgraphs in
the underlying graph. If this happens, then we can project the feasible set of the
S D P relaxation onto the minimal cone. This projection improves the stability and
can also significantly reduce the size of the SDP . (Algorithms for finding dense
subgraphs exist in the literature, e.g., [30, 32, 26].)

2. We provided a geometric interpretation for the current approach of directly using the
X from the optimal Z of the SD P relaxation, when estimating the sensor positions.
We then proposed another method of estimating the sensor positions based on viewing
the problem as an EDM . This uses a principal component analysis. Our numerical
tests showed that the new method, almost always, gave more accurate solutions. This
further emphasizes that the SIN L is best viewed as an EDM .
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Figure 4.2: Number of iterations vs optimal value; a comparison between two barriers

3. We used the /5 norm formulation instead of the ¢; norm. This is a better fit for the
data that we used. However, the quadratic objective makes the problem more difficult

to solve.

4. We solved the ¢y norm formulation of the SDP relaxation with a Gauss-Newton
primal-dual interior-exterior path following method. This was a robust approach com-
pared with the traditional symmetrization and a Newton method. We compared using
the quadratic constraint with the linearized version used in the literature. The nu-
merical results showed that the quadratic constraint is more stable. This agrees with
theoretical results in the literature on the deformation of the central path based on the

size of the I in the linearized version.

5. The Gauss-Newton approach with a crossover technique consistently converged to an
optimal solution of lower rank which resulted in a better S D P approximation for the
underlying SINL . The results in Tables 4.3 and 4.4 demonstrate how converging to
optimal solutions of lower rank allow us to compute approximate solutions whose true
objective function is smaller. Although the problems we solved were of a small scale,
the significance of these numerical results warrants the application of our approach to

large scale problems.

Future work involves making the algorithm more efficient. In particular, this requires

finding appropriate preconditioners.

20



square for linear;triangle for quadratic

12 ‘ ‘ ‘ ‘
<
10} ‘4 M
< =
< =
= 8r ) |
2 <
2 4’ =
g o -
: C A
g 4} > |
s P
E y i‘
| 2+ 4' 1
<€
<«
or PP o0 4'4 |
RARRRKKKIKKR
-2 : : ‘ ‘
0 5 10 15 20 25 30 %

iteration number
Figure 4.3: Number of iterations vs duality gap; a comparison between two barriers

A Vector Notation for Computations

We let w = vec (W) € R™ denote the vector formed from the columns of the m x n matrix
W e M™". For S € 8", we let s = svec (S) € R{™ denote the vector formed (columnwise)
from the upper triangular part of S, with the strict upper triangular coefficients multiplied by
1/+/2. (Here the triangular number ¢(n) = n(n+1)/2.) We define the linear transformation
sblk;(S) = S; € 8, on S € 8", that pulls out the i-th diagonal block of the matrix S
of dimension t. (The values of ¢ and n can change and will be clear from the context.)
The adjoint sblk;(T") = sBlk;(T"), where T € S, constructs a symmetric matrix of suitable
dimensions with all elements zero expect for the i-th diagonal block given by 7. Similarly,
we define the linear transformation sblk ;;(G) = G,;, on G € 8™, that pulls out the ij block
of the matrix G of dimension k x [ and multiplies it by v/2. (The values of k, [, and n
can change and will be clear from the context.) The adjoint sblk:(.J) = sBlk;(J), where
J € MF >~ RF constructs a symmetric matrix that has all elements zero expect for the
block 77 that is given by J multiplied by %, and for the block ji that is given by JT multiplied

by % The multiplication by v/2 (or %) guarantees that the mapping is an isometry. We
consider J € M**! to be a k x | matrix and equivalently J € R¥ is a vector of length kl
with the positions known.

Further notation that connect vectors and matrices follow:

T
T = vec <sblk21 [; )f) }) = V2vec (X), y:=svec(Y),
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where we add V2 to the definition of z since X appears together with X7 in Z, and implicitly
in Y, with Y5, = AXT. We define the following matrices and linear transformations:

Z7(z) := sBlk o (Mat (x)), Z¥(y) := sBlky(sMat (y)),
Z(x,y) = Z%(x) + 2ZY(y), Zs:=sBlk(I)+ Zs(z,vy),

()
Ve(x) := sBlk o1 (AMat (2)T),  V¥(y) := sBlk(sMat (y))
V(w,y) = Y*(x) + Y¥(y), Y :=sBlky(AAT) + Y(z,y).
E:=Wo [E - IC(sBlk2(AAT))} ,
U’ := H, o [K(sBlk»(4AT)) - U*],
LP:= Hyo[L" — K(sBlky(AAT))] .
By abuse of notation, we let the functions Z¥,...,) act directly on the matrices X,Y. The
meaning will be clear from the context.
The unknown matrix Y in (3.7) is equal to Y(z,y) with the additional constant in the
2,2 block, i.e., our unknowns are the vectors z,y which are used to build Y and Z,. Using
this notation we can introduce the following vector form of the relaxation of (3.7).

min - fy(z,y) = 5[|Wo (K(V(z,y))) - E||p;
bject to W(2,y) = Hyo K(Y(z,y) —U” < 0
SN subj Gul\T, Y 1
(SN Ean) g(r,y) = 1"~ HoK(r,) < 0
sBlk (1) + Z4(z,y) = 0.
As above, we consider the functions g,, g, as implicitly acting only on the nonzero parts

of the upper triangular part of the matrix that results from the Hadamard products with
H,, H;, respectively.

(A.31)

B Duality for SNL with Quadratic Constraint

Instead of using the standard linearized relaxation as SIN L sy in (A.31) and in [19], we now

study the new relaxation without linearizing the quadratic constraint X X7 —Y < 0. This

avoids ill-conditioning caused by this linearization, see Remark 3.2. Our numerical results

indicate that the new quadratic approach is more stable than the linear approach, see more

in Section 4. A discussion on the strengths of the corresponding barriers is given in [15, 9].
Recall that 2 = v/2vec (X), y := svec (V). We begin with the reduced problem

min  fy(z,y) = W o (K(V(x,y))) — Elly
subject to gu(z,y) = H,o K(Y(z,y)) — U
gz( y) =L — HzOIC( (z,v))

Mat (z)Mat (z)" — sMat (y) < 0.

(SNLumn) (B.32)

<
< 0
1
2
Then the Lagrangian is
L(z,y, A, A, A) = W o K(Y ( Y)) = Bl + (A, Hy o KV(2,y) - U)
+ (A, L= Hio K(Y(x,y))) (B.33)
+ <A, 1Mat (z)Mat (z )" — sMat (y)> ,

b(
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where 0 < A,,0 < A; € 8™ and 0 < A € 8". In addition, we denote

),

Ay i=svec (A,), N\ :=svec

(A
hy :=svec (H,), h;:=svec(H;), X:=svec(A).

Moreover, for numerical implementation, we define the linear transformations
hy* = svec,(H,) € R™,  h}* =svec,(H;) € R"™, (B.34)

where h}'* is obtained from h, by removing the zeros; thus, nz, is the number of nonzeros
in the upper-triangular part of H,. Thus the indices are fixed from the given matrix H,.
Similarly, for h;* with indices fixed from H;. We then get the vectors

A =svec ,(Ay) € R™ A\ = svec(A)) € R™™.
The adjoints are sMat ,,, sMat ;; and, for any matrix M we get
H, o M = sMat svec ,(H, o M).
This holds similarly for H; o M. Therefore, we could rewrite the Lagrangian as

L(z,y, Ay, A, A) = L(:L’,y,AZZ,)\l"Z,A)
= MW oK(z,y)) — E|} + (svecu(Ay), svec, (H, o K(V(z,y)) — U))
+<svecl Ay) svecl( Hyo K(Y(x, )))>
+<A,§Mat( )Mat ()" — sMat (y )>
(B.35)

To simplify the dual of SNLpsn , i.e., the max-min of the Lagrangian, we now find the
stationarity conditions of the inner minimization problem, i.e., we take the derivatives of L
with respect to = and y. We get

0 = VxL(x>y>Au>AlaA) B
= [Wo (Ky")]" (WoK(V(x,y)) — E) + [Hyo (KV*)]" (Au) (B.36)
—[H; o (KY*)]" (A)) + vec (AMat (x)).

Note that
_ M T
T(x) = <A, Mat (x)Mat (z) > (B.37)
= 1(z,vec (AMat( ))) -
Therefore, %gf) = vec (AMat (z)), since (z,vec (AMat (z))) is a quadratic form in x. Simi-
larly,

0 = V,L(z,y,Au, Al A) )
= [Wo (KYY)]" (WoK(Y(x,y)) — E) + [Hyo (KY¥)]" (Au) (B.38)
— [Hy o (KY¥)]" (A) — svec (A),

23



since (A, sMat (y)) is linear in y. We can solve for A and then use this to eliminate A in the
other optimality conditions, i.e., we eliminate t(n) variables and equations using

svec (A) = [Wo (KY")]" (W oK(V(z,y)) — E) + [Hy o (KY)]" (Ay)

—[Hy 0 (KYY))" (Ay). (B.39)

We now substitute for A in the first stationarity condition (B.36), i.e

0 = [Wo (KY*)"(WoKk(Y(zy)) - E) +[H, (/Cy‘””)] (M) — [Hy o (KY*)]* (A)
+vec (sMat {[W o (ley)] (WoK(Y(x E)
+ [Hy o (RY)]" (M) — [Hy o (KYY)] (Az)}Mat (x)).
(B.40)
The Wolfe dual is obtained from applying the stationarity conditions to the inner mini-
mization of the Lagrangian dual (max-min of the Lagrangian), i.e., we get the (dual SN Lysn )
problem
max L(z,y, A, Ai, A)
subject to  (B.36), (B.38)
sMat (\,) > 0,sMat (A;) >0
sMat (A) > 0.

(SNLyv — D) (B.41)

We denote the slack variables

S, = U—H,o(K(Y(z, Y))), Su=svecS,
S; = Hio(K(Y(z,y)))—L, s =svecS (B.42)
Z = Y-XXT»0

We can now present the primal-dual characterization of optimality.

Theorem B.1 The primal-dual variables x,y, A, \,, \; are optimal for SIN L psn if and only
if:

1. Primal Feasibility:
sy >0, s >0, in (B.42),

£ Mat () Mat ()" — sMat (y) < 0. (B.43)

2. Dual Feasibility: Stationarity equations (B.36),(B.38) hold and

A =sMat (A) = 0; A, > 0; A, > 0. (B.44)
3. Complementary Slackness:
A0S, = 0
Nos; = 0 (B.45)
AZ = 0.
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We can use the structure of the optimality conditions to eliminate some of the linear dual
equations and obtain a characterization of optimality based mainly on a bilinear equation
and nonnegativity /semidefiniteness.

Corollary B.1 The dual linear equality constraints (B.38) in Theorem B.1 can be eliminated
after using it to substitute for X in (B.36), i.e., we get equation (B.40). The complemen-
tarity conditions in (B.45) now yield a bilinear system of equations F(x,y, Ay, ) = 0, with
nonnegativity and semidefinite conditions that characterize optimality of SIN Ly . [ |

C Linearization for a Gauss-Newton Primal-Dual Interior-
Point Method

We now present a primal-dual interior-point method for SIN L, , see in [19] for the lin-
earized case, SIN Ly . First, we define the equation (B.40) to be:

Ls(x,y, Ay, \y) = 0.

Then, to solve SN Lp;n we use the Gauss-Newton method on the perturbed complementary
slackness conditions (written with the block vector notation):

Au © Sy — Jhy
)‘l O S — e
ANZ — p.d
Ls

F(z,y, A\, Np) i= =0, (C.46)

where s, = s,(z,y), s = si(x,y), A = Az, y, A\, Nr), Z = Z(x,y) and Ly = Lg(z,y, Ay, Ay).
This is an overdetermined system with

(Mmy +ny) + (my +ny) +n? + nr equations;  nr +t(n) + (my, + ny,) + (my + ny) variables.
We denote the Gauss-Newton search direction for (C.46) by

Az
Ay
AN,
AN

As =

The linearized system for the search direction As is:

F;/L(AS> = F,L/I,(':C7 Y, >‘u7 )‘l)(AS> = —FH(SL’, Y, >‘u; )‘l)
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To further simplify notation, we use the following composition of linear transformations.
Let H be symmetric. Then

Ki(z) = Ho (K(*(x))),
Kuly) = Ho(K()"(y))),
Ku(z,y) = Ho(K(x,9))).

Therefore, we have the following:

Al@,y, di, M) = sMat [(Ky)*(Kw (z,y) — E) + (K, )*(sMat (\)) — (Kf,)* (sMat (\))],
Ly(x,y, Ay Nr) - = (Kyy)*(Kw (2,y) — E) + (K, )" (sMat (M) — (KF,)"(sMat (A1)
+vec (AMat (x)).

Define the linearization of above functions as:

AN(Az, Ay, AN, AN) = sMat [(K},)"(Kw(Az, Ay)) + (K}, )*(sMat (AX,))
—(Kip,)* (sMat (AN))],
AL (Ax, Ay, AN, AN) = (Kf) (Kw(Az, Ay)) + (Kf,)*(sMat (AX,)) — (Kf;,)*(sMat (A\))
+vec (AAMat (z)) + vec (AMat (Az)).

The linearization of the complementary slackness conditions results in four blocks of equa-
tions

1.
— Xy osvec Ky, (Ax, Ay) + s, 0 ANy = pye — Ay 0 8y
2.
Ao svee K, (Az, Ay) + s;0 AN = e — Ny o s
3.
1
A(sMat (Ay) — %Mat (e)Mat (A)T — S Mat (Az)Mat ()")
1
+AA(As)(sMat (y) — §Mat (z)Mat (x)7)
= pd—AZ
4.
ALg(As) = —Lg(x,y, Ay, \y)
and hence
— Xy o svec Ky, (A, Ay) + s, 0 AN,

FL(AS) _ Ao svec Kp, (Az, Ay) 4 s, 0 AN

A(sMat (Ay) — 1Mat (z)Mat (Az)” — IMat (Az)Mat (z)7) + AA(As)Z
ALs(As),
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where F), : M™T x RU 5 REmAm) 5 REmEn) —y RE0mHn) 5 REMEN) 50 M3 5 R™ e, the
linear system is overdetermined.

We need to calculate the adjoint (F})*. We first find (K%,)*, (K%)*, and (Kg)*. By the
expression of YV(Ax, Ay), we get

cron  [(P)(S)]  [Mat *(sblk o, (S)TA)|  [vec (sblk 2 (S)T A)
Yi(9) = {(yy)*(sﬂ = [ sMat *(sblk 1 ($)) } = [ svec (shlk 1 (S)) } ‘ (C47)
By the expression of Ky (Az, Ay), we get
ooy _ |(Ka) ()| _ [ () (K (H 0.5))
69) = [ 9] = (GG 3 o
Moreover,
(AsMat (Ay), W3) = trace (W3 A)sMat (Ay)
1 T
= <§svec (AW5 + W5 A), Ay> :
Similarly
1 1 T
<§AMat (z)Mat (Az)", W3> = trace §W3TAMat (x)Mat (Ax)
1 T
= <§V6C (W5 AMat (x)), Am>
and
1 1 .
<§AMat (Ax)Mat (x)", W3> = trace §W3TAMat (Az)Mat (x)
1
= <§V6C (AW3Mat (z)), Am> :
In addition, using the expression for Ky (Ax, Ay), with S € 8", we get
(ngV):(ICg,V(svec (5))) Ax
L o T
—svec [(Ky;,) (svec (S))] AN

Now we find (ALg)*(w,), which consists of three columns of blocks with four rows per column.
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We list this with columns labelled C, Cs, Cs:

e

G = | e (K W)(wi)]

| ~svee [(KC5, ) (ws)]

[vec (AMat (wy))
0

0
0

Oy = (-AA)*(%[Mat (w) XT + XMat (w,)7]).

Cy =

Thus, the desired adjoint is given by (ALg)* = Cy + Cy + Cs.

Now we evaluate (F),)*(w1, wa, W3, wy), where w; € RU™H1) py € RUH) Wy € MPX",
and wy € R™. This consists of four columns of blocks with four rows per column. We list
this with columns labelled K7, Ky, K3, Ky:

[—(KF,.)* (sMat (A, o w1))
—(K%;.)* (sMat (A, o wy))
_ 1 0 u
[(Kf;,)* (sMat (A 0 wy))
(’C?IJ{1>* (SM&t ()\l e} wg))
0

W9 O S

K, =

KQI

K; = Kz + Ks
K4 = (ALS>*(U)4)
where
—1vec (W AMat (z) + AW3Mat (z))
Tsvec (AW; + WiA)

0
0

K31 =

Ksp = (AA) (W57 + 2W])).

Thus the desired adjoint is given by (F})* = K1 + Ky + K3 + Kj.
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