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Embedded in the Shadow of the Separator

Frank Goring, Christoph Helmberg, and Markus Wappler*
September 2, 2005

Abstract

We study the problem of maximizing the second smallest eigenvalue of the Laplace
matrix of a graph over all nonnegative edge weightings with bounded total weight.
The optimal value is the absolute algebraic connectivity introduced by Fiedler, who
proved tight connections of this value to the connectivity of the graph. Using semidef-
inite programming techniques and exploiting optimality conditions we show that the
problem is equivalent to finding an embedding of the n nodes in n—space so that
their barycenter is at the origin, the distance between adjacent nodes is bounded by
one and the nodes are spread as much as possible (the sum of the squared norms
is maximized). For connected graphs we prove that for any separator in the graph,
at least one of the two separated node sets is embedded in the shadow (with the
origin being the light source) of the convex hull of the separator. In particular, the
barycenters of partitions induced by separators are separated by the affine subspace
spanned by the nodes of the separator. Furthermore, we show that there always
exists an optimal embedding whose dimension is bounded by the tree width of the
graph plus one.

Keywords: spectral graph theory, semidefinite programming, eigenvalue optimiza-
tion, embedding, graph partitioning, tree-width
MSC 2000: 05C50; 90C22, 90C35, 05C10, 05C78

1 Introduction

Let G = (N, FE) be an undirected graph with node set N = {1,...,n} and edge set
E C{{i,5} :i,j € N,i # j}. Edge {i,7} will be abbreviated by ¢j if there is no danger
of confusion. The adjacency matrix A € R"*™ of the graph is defined as the (symmetric)
matrix having a;; = 1 if ¢j € E and 0 otherwise. The Laplace matriz or Laplacian of the
graph is the matrix L = diag(Ae) — A, where e denotes the vector of all ones of appropriate
dimension and diag(v) denotes the diagonal matrix having v on its main diagonal. For
symmetric matrices H € R™*™ we order the eigenvalues by A (H) < M\y(H) < --- < A\, (H).
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Because the Laplacian L is positive semidefinite and Le = 0, we have A\ (L) = 0 with
eigenvector e. Fiedler [6, 7] showed that the second smallest eigenvalue A\o(L) is tightly
related to edge and vertex connectivity of the graph. In particular, A\o(G) is positive if
and only if G is connected. Therefore, Fiedler called \y(L) the algebraic connectivity of
the graph. FEigenvectors to Ay(L), often referred to as Fiedler vectors, have been used
quite successfully in heuristics for graph partitioning in parallel computing [21, 22, 15],
in clustering of geometric objects [2] or hyperlinks in the world wide web [13] or even
computer vision [16]. The second smallest eigenvalue allows to derive various bounds in
graph partitioning or bandwidth optimization ({14, 12]); further properties of the Laplacian
spectrum are presented in [8, 9, 10, 3, 26] and [18, 19] give a survey on the Laplacian
spectrum of graphs. See also [4, 20] for related applications of spectral graph theory in
combinatorial optimization.

By the Courant-Fischer Theorem, the eigenvalue A\y(L) and its eigenvectors may be
characterized as optimal solutions to the optimization problem

Xo(L) = min v Lo,
veR” vTe=0,||v||=1

The usefulness of Ay and its eigenvectors in graph partitioning should relate to this char-
acterization in some way. In order to get a better understanding of these connections, it
seems natural to study weighted matrices on the same support (i.e., arc weighted graphs on
the same edge set) that are extremal in the sense, that for their distribution of the weight,
Ao is maximal. We will investigate this problem, already raised by Fiedler [7] under the
name “absolute algebraic connectivity”, within the setting of semidefinite programming.
It turns out that the dual to this problem may be interpreted as an embedding problem
of the nodes in R™, see (4). We show that optimal embeddings have structural properties
tightly connected to separators in graphs (Th. 12). In particular, if a subset S C N of
nodes separates the graph into two disconnected node sets K, Ky forming a partition of
N\ S, then for one of the two sets, say K, all nodes are in the “shadow” of the convex hull
of the nodes in S as seen from the origin, i.e., the straight line segment between any node
of K and the origin intersects the convex hull of S. This offers good geometric insight
into the usefulness of Fiedler vectors for graph partitioning. In addition, Th. 12 yields
via Cor. 30 a dual geometric interpretation for the result of Fiedler [8] on the “absolute
algebraic connectivity” for trees.

The embedding may also be interpreted as a variant of vector labelings of graphs as
introduced in [17] for the Lovédsz ¥-number of a graph. On first sight, strong similarities
exist with respect to the Colin de Verdiere number p(G), see the excellent survey [24].
But the strong Arnold-property is not required in our context, so no direct connection to
1(G) should be expected. Yet, similar to maximizing the corank in the Colin de Verdiere
number, one may ask for an optimal embedding of minimal dimension. Even though we
are still far from answering this question to our full satisfaction, we are able to exhibit an
intriguing bound based on the tree width of the graph. Indeed, we show in the proof of
Th. 19, that there is always an optimal embedding whose dimension is bounded by the
cardinality of a “central” node of an arbitrary tree decomposition of G. This bound is



tight for some particular graph classes (see Ex. 22). None the less, the bound seems to
be far too pessimistic, e.g., for planar graphs. Therefore it is conceivable that significantly
better bounds can be obtained by minor related approaches.

The paper is organized as follows. In Section 2 the embedding problem is derived as the
dual problem to the eigenvalue optimization problem of determining the absolute algebraic
connectivity. Section 2 introduces several basic geometric operations on embeddings that
will later be used to improve the objective or to reduce the dimension of a given embedding.
Section 4 holds the core of the paper as it gives the main theorem on the shadow of the
separator and the bound on the minimal dimension over all optimal embeddings. Finally,
Section 5 concludes with an example of a class of graphs, for which the bound on the
dimension is attained, and with special structural properties of optimal embeddings in the
presence of articulation points, which includes the case of trees.

We use basic notions and notation from graph theory and semidefinite programming
([25]). In particular, the (unweighted) distance of two nodes in a (connected) graph is the
minimum number of edges in a path connecting the two nodes; for symmetric H € R"*",
H > 0 is used to denote positive semidefiniteness; for matrices A, B € R™*" (A, B) =
> _ij AijBij is the canonical inner product; ||-|| refers to the usual Euclidean norm; e denotes
the vector of all ones of appropriate size; po(+) is the projection on a closed convex set C.

2 Formulation as an Optimal Embedding Problem

In the remainder of the paper we assume, that the graph G = (N, F) is connected and
n > 2. Let

W:{wERf:Zwij:wTegl}

ijeE

denote the set of all possible nonnegative edge weightings that sum up to at most 1. For
a particular w € W, let A, denote the weighted adjacency matrix, ie., A;; = w;; for
ij € E and 0 otherwise, and L,, = diag(A,e) — A, the corresponding weighted Laplacian.
For i,5 € V, ¢ # j define E;; € R™" as the matrix having the two diagonal elements
(Eij)ii = (Eij)j; = 1, the two offdiagonal elements (£;;);; = (Eij);; = —1 and all other
elements equal to zero. Then we may rewrite the Laplacian as

Lw = Z wijEij.

ijel

The matrix L,, is positive semidefinite (because £;; is positive semidefinite and w;; > 0 for
all ij € E) and has an eigenvalue zero with eigenvector e (because E;je = 0). Our basic
optimization problem reads

max Aa(Ly). (1)

Since G is assumed to be connected, the result of Fiedler [6] for w = ‘—]{3‘
|—£1?|)\2<L) > 0, so the optimum value is strictly positive. In order to reformulate the op-
timization problem as a semidefinite program it will be convenient to shift the smallest

e asserts \g(Ly) =



eigenvalue 0 to a sufficiently large value. Thus, (1) may be rewritten as the following
semidefinite program,

max A\
s.t. ZijeE wijEij + [LGGT — A i 0
Ez‘jeE wi; <1
w >0, A\, u free,

Because the optimal value is strictly greater than zero by the connectedness of G, we may
rescale the problem by 1/\ and equivalently minimize the sum of the weights instead,

min Zz‘jeE Wij
S.t. ZijEE wijEij + MGGT =1 (2)
w >0, p free,

Note, that by the considerations above, w = me, 1 = 1+-¢ is a strictly feasible solution
for \y(L) > & > 0. Therefore the program attains its optimal solution and semidefinite
duality theory together with strict feasibility asserts that the optimal value of its dual
semidefinite program is also attained. The dual reads

max ([, X)
st (ee’, X) =0 3)
X = 0.
Now consider a Gram representation of X via a matrix V € R™" with X = VTV and
denote column i of V' by v;, V = [vy,...,v,]. Then
Xy =vlv; and (Ey, X) = [Jol* = 20] v; + [Jo;||* = [lvi — v,

Since 0 = <66T, X> =el'Xe=e"VIVeor Ve =3 v; = 0, the dual semidefinite program
(3) translates directly to
max ZieN”UiHQ
st (Xienvi)* =0 (4)
|v; — 0] < 1 forij e B
v; € R" for ¢ € N.

Thus, the dual problem to (1) is equivalent to finding an embedding of the nodes of the
graph in n—space so that their barycenter is at the origin (we will call this the equilibrium
constraint), the distances of adjacent nodes are bounded by one, and the sum of their
squared norms is maximized.
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Figure 1: Original graph: The 30 vertices, picked randomly in [0, 1], are
connected by an edge if the Euclidean distance is at most 0.3.

Remark 1 Together with the KKT conditions (we do not list feasibility constraints again)

vj+2wij(vi—vj)+,u2vi =0 VJEN
ijel 1EN
U}”(]_ — ||UZ — ’Uj||2) = O \V/'Lj c E

p(O_v)* =0

1EN

the embedding problem suggests the following physical interpretation of optimal primal and
dual solutions. Consider each node as having a point mass of unit size and imagine each
edge being a mass free rope of length one that connects the points. Now the optimum
solution of (4) corresponds to an equilibrium solution of this net spread within a force field
that acts with force v on a point of mass one at position v. The w;; are the forces acting
along rope ij. Indeed, all w;; > 0 are on the same scale as the force field, because w;; > 0
only if ||v; — v;||* = 1. So the first line of the KKT conditions asserts that these forces are
in equilibrium in each point (1Y v; = 0 by feasibility, so this term does not enter). If an
optimal two dimensional embedding exists, such a physical situation is encountered when
spreading the net on a disk rotating around its center (the centripetal force is mw?r, where
m is the mass, w the angular frequency and r the radius).

We illustrate the embedding for a graph on 30 vertices. It was generated by picking
the vertices randomly in the unit square and by connecting two points by an edge if their
Euclidean distance is at most 0.3. The original graph is displayed in Fig. 1. The edge



0.9

0.8

0.7

0.6

0.5

0.4+

10
12

17
15 16 9

o5 18

25

21

28

2 o6 27

1 1 1 1 1 1 1 1 30129 ]

25

15

0.5

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

Figure 2: Graph with optimal edge weights.
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Optimal embedding (the central circle indicates the origin).



weights corresponding to an optimal solution of problem (2) are given in grey shades in
Fig. 2 (white is weight 0, black is maximum weight). The optimal embedding corresponding
to (4) was computed using SeDuMi [23] and is displayed in Fig. 2 (in fact, the optimal
embedding is indeed two dimensional in this case; the origin is indicated by the small
circle in the center). Note, that embedding coordinates are identical for several nodes of
the original graph. We also point out that in the optimal embedding the block formed
by the nodes {1,7,8,13} with articulation point 13 is stretched right out along the ray
emanating from the origin and passing through the articulation point.

Remark 2 The interpretation of the w;; as Lagrange multipliers to the embedding problem
(4) may also turn out to be useful in judging the importance of certain links in networks
(e.g. in telecommunication). Indeed, the size of w;; indicates the marginal increase in
distance of the points in the network, if the length of the chord connecting i and j (see
Rem. 1) is increased, or just dropped. Thus loosing a link ij with a large weight w;; may
lead to a significant increase in transmission length or significant additional traffic on
several other edges.

3 Operations on Point Sets in the Embedding

In order to describe structural properties of optimal embeddings of (4) we first study basic
movements on subsets of points and their effect on the cost function. We start by observing
that the rotation of a block of vectors around its barycenter does not affect the value of
the cost function (we do not yet bother about feasibility).

Observation 3 (Rotation around the Barycenter) Let v; € R" fori € K C N with
v = ﬁ Y ick Ui their barycenter. If v; € R", i € K, result from rotation or reflection of

the v; at v then Y-, |’ng2 =D iex ”Uz”2
Proof. For i € K we have v, = Q(v; — 1) + v , where Q' Q = QQ" = I. Therefore

Dol = D Q —v)|* +2 <Q > (wi—w), v> + K] |19

€K €K €K

=0

- Z||vi—v||2+2<2<vi—v>,v>+|K| ol

€K €K

= Y |l —v+7)°

€K

2
= Sl

[1¢

Next, we analyze the uniform translation of a block of vectors.
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Figure 4: Rotation around an Affine Subspace.

Observation 4 (Translation) Let d € R", v; € R" and v, = v; +d fori € K C N .
Then Y i Vi1 = Sk uill® + | K| (20 + d, d), where © = ﬁ Y ick Vi is the barycenter
of the v;.
Proof. Y, v +dIF = Xy oll* +2 (K5 d) + K| (d, d). .
Thus, in a combined translation and rotation of a block of vectors, the change in the
cost function can be determined from the translation of the barycenter of the block. For
a block connected to the graph by an articulation point, a basic step to improve a given
embedding might be to rotate the block outwards around the articulation point while
keeping the distances within the block constant (for feasibility, the entire embedding will
have to be recentered, too). In the proof of the main theorem we will need a particular
type of rotation around a given affine subspace.

Observation 5 (Rotation around an Affine Subspace) Let v; € R" fori e K C N
with barycenter v = ﬁ Y ick Vi satisfy, for alli € K, hTfv; = 0 and bTv; < B for given
bh € R", B> 0 with ||b]| = ||h]] =1, bTh = 0. Let v arise from rotating the v; by angle v
around the affine subspace L = {x € R" : hTx = 0,bTx = 3}, then
SO =D vl + 21K |r(1 = cos )8 with r = 3 — b5 > 0.
i€EK €K
Proof. By Obs. 3 the rotation around L may be split into a rotation of the points in K
around v and a translation as analyzed in Obs. 4. The corresponding displacement d for
rotating ¥ around L by angle v is d = r(siny)h + r(1 — cos )b where r = 3 — b1 > 0 is
the radius (see Fig. 4). By Obs. 4, v7h = 0, and b h = 0 the cost function changes by
|K|(20"d+d"d) = |K|(2r(1—cosy)v"b+ r?[sin®v + (1 — cos~)?])
= |K|(2r(1 — cos7)v b+ 1?2 — 2cos 7))
= 2|K|r(1 —cosy)(o'b+7)
= 2|K|r(1 — cosv)p.



0,L %—D

K
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Figure 6: ¢ folds K into the halfspace specified by b (Obs. 6).

Next, we construct a continuous transformation that collapses the points of a subset
of nodes around a given subspace into a flat halfspace specified by the subspace and a
direction b. During this transformation the cost function is kept constant and all distances
between the points involved are not increased (we still do not care about the equilibrium
constraint), see Figs. 5-7. The transformation is done in two steps. First the points on the
negative side of the halfspace are jointly folded into the positive side (Fig. 6 and Obs. 6),
then all points are jointly collapsed (like an umbrella) into the flat halfspace (Fig. 7 and
Obs. 7). Finally, in Obs. 8, we concat both transformations to one single transformation
and exhibit some convenient properties. The algebraic proofs may be safely skipped by
readers used to geometric reasoning.

Observation 6 (Folding along a subspace into a halfspace) Let v; € R" for i €
K C N, let L C R" be a subspace, and b,h € L with ||b]| = ||k|| = 1, hTb = 0 and
hTv; =0 for i € K. Define continuous maps @; : [0,1] — R" fori € K by

() = v; — (VIb)b+ (vIb)[bcostr + hsintr] if vib <0
oilt) = Vi if vib > 0.

Then ;(0) = v;, p;(1) € (span{b,v; :i € K})N{x € R" : bTx > 0} and for all t € [0, 1]
it holds that ||@;(t) — ¢, ()| < |[vi —v|| fori,j € K and ||pi(t) —v| = ||v; —v]|| forv e L.
In particular, -, |li(t)||* is constant over all t € [0,1].

Proof. Let U = {x € R" : b7z = 0,7z = 0} D L, then py(v;) = v; — (v]b)b for i € K,
because h'v; = 0. Therefore py(v;) = pu(pi(t)) and |los(t) — v||?> = [l@i(t) — pu(v)||* +

9



Figure 7: 1 collapses K into the flat halfspace spanned by £ and direction
b (Obs. 7).

pee(vi) — v]|? = [bTv]? + [|pu(v;) — v]||? for all v € U (in particular for v = 0), t € [0, 1],
i€ K. If fori,j € K,v/b>0and v]b > 0 then ||¢;(t) —¢;(t)|| = ||v;—v;|| by definition; if
v b<0and vfb <0 then ||p;(t) —;(D)I* = [Ipu(vi) = pu(v) > + v b— v b = [[v; = v;]|*;
if, wlo.g., v/b < 0 and v]b > 0 use the point vy; = [vs, v;] N {x € R" : bz = 0} € U for
[vi = w5l = llvi = visll + llvig — vsll = ll@i(t) = visll + llvig — @O = llpi(t) — @3 (@) by the
triangle inequality:. |

Observation 7 (Collapsing a halfspace around a subspace into a flat halfspace)
Let L C R™ be a subspace, b € L+ with ||b] = 1 and v; € {x € R™ : bTz > 0} for
i€ KCN. Fori € K, let B; = |lpee(v;)|| and 0 <~ < %, g€ L, g]b=0, ||gi]| =1 s0
that ppi(v;) = Bi(gi cos~y; + bsin~y;). Define continuous maps 1; : [0,1] — R"™ fori € K by
s
2
Then v;(0) = v, ¥;(1) € L+{Bb: B > 0} and for allt € [0, 1] it holds that ||1;(t)—1;(t)]] <

|lvi — ;|| fori,5 € K and ||¢i(t) — v|| = ||v; — v]|| forv € L. In particular, ZZ_GK |l (8)||?
is constant over all t € [0, 1].

™

= ) + bsin(yi + (5

Vi(t) = pe(vi) + Bi | gicos(vi +t[ IR

Proof. By g;,b € L we obtain p(v;) = pe(¢:(t)) and |[vs(t) — v||? = ||vs(t) — pe(v)||* +
lpc(vi) — v||?2 = B2 + ||pc(v;) — v||? for all v € £ (in particular for v = 0), ¢t € [0,1], 7 € K.
For proving ||¢:(t) — ¢;(0)|* < ||vi — v]|? for 4,5 € K we show 9;(t)T4;(t) > vlv; or
F(t) = (9] gj)cos(vi + 1[5 —il) cos(; + 1[5 — ])] +sin(ys +¢[5 —v]) sin(y; + (5 —v]) >
(g% g;)[cosy; cosyj] + sinv;siny; = f(0). In the case g]g; < 0 the inequality holds for
t € [0,1] because both cosine terms in f() are non increasing and the sine terms are non
decreasing. In the remaining case we use the angle addition formulas to find

7r

2

™

F(t) = g gjcos((1 =)l = w]) + (1 = g/ g;) sin(vi + ¢ — %)) sin(; + 5 — 750

Then f(t) > f(0) holds for ¢ € [0,1] because 0 < g/g; < 1 and the cosine and sine terms
are non decreasing. [ |

10



Observation 8 (Concatenation of Folding and Collapsing) Letv; € R" fori € K C
N, let L C R™ be a subspace, and b,h € L+ with ||b|| = ||h]| = 1, hTb =0 and hTv; = 0 for
i € K. Define continuous maps v; : [0,1] — R"™ fori € K by

o pi(2t) fort €0, 1]
ult) = { 2t —3])  fort e (3,1],

where @; is as given in Obs. 6 and ; of Obs. 7 starts with the embedding vi = ¢;(1),
i € K. Then v;(0) = v;, v;(1) € L+ {Bb: B > 0} and for all t € [0,1] it holds that
|vi(t) —v; (O < [Jvi — vy fori,j € K and ||v;(t) —v|| = ||v; — v forv e L. In particular,
Yicx lvi(t)||? is constant over all t € [0, 1].

Furthermore, for v(t) = Y,c vi(t) and B = L+ span{b} the function \(t) = v(t)"b
is nondecreasing and continuous with pp(v(t)) = pe(v(0)) + A(t)b. In particular, v(1) =
pc(0(0)) + A(1)b and

A0) < llpes @) < llpee (@)= A1) =Y Ipes (W)l V€ [0,1],

icK
so A(1) is independent of the choice of b.

Proof. The stated properties of v;(t), i € K, follow directly from Obs. 6 and 7. Turning
to o(t), observe that ps(v;) = pe(vi(t)) and W > 0 for all t € [0,1], i € K, so for
each i € K, \;(t) = bTv;(t) is a nondecreasing function with pg(vi(t)) = pe(vi) + Ai(2)b.
Furthermore, \;(1) = ||pso(v;)| because |lv;]| = ||vi(1)]| and this value is independent of
the choice of b. Therefore this also holds for A(-) = >, Ai(+). [

We need yet another operation similar in style to Obs. 7, but this time we squeeze vec-
tors in a flat halfspace relative to the invariant subspace into a halfspace of its boundary
(comparable to closing a fan, see Fig. 8).

Observation 9 (Squeezing a halfspace into a halfspace of its boundary)

Let L C R"™ be a subspace, b,g € L+ with |[b]| = |lg|] = 1, bTg = 0 and v; € {z €
L +span{b, g} : bTax >0} fori € K C N. Fori € K, let 3; = ||pee(v;)| and 0 < v <=
so that pei(v;) = Bi(gcosy; + bsin~y;). Define continuous maps 0; : [0,1] — R™ fori € K,

0i(t) = pc(vi) + Bi [g cos(vi — t:) + bsin(y; — t:)] -

Then 0;(0) = v;, 6;(1) € L+{Bg : > 0} and for all t € [0, 1] it holds that ||6;(t) —0;(t)]| <
log — 5l for i € K, 18:(t) — vl] = s — vl for v € £ and 6:(¢) — ]| < [jvi — v]] for
ve L+ {Bg:p >0} In particular, Y, 10:;(t)||* is constant over all t € [0,1] and
> ik 0:(0)T g is nondecreasing.

Proof. By g,b € L' we obtain pg(v;) = p(0:(t)) and ||0;(t) — v[|? = [|0:(t) — pe(vi)]|* +
lpc(vi) — vl = 82 + ||pc(vi) — v||? for all v € L (in particular for v = 0), t € [0,1],
i € K. For proving ||6;(t) — 0;(¢)]|* < |lv; — v;||* for 4,5 € K we show 6,(¢)70;(t) > v]'v; or
cos(y; —ti) cos(y; —ty;)+sin(y; —tv;) sin(y; —ty;) > cos~y; cosy;+sin-y; siny;. By the angle

11



Figure 8: 6 squeezes K spanned by L + span {g} and nonnegative b into
the boundary halfspace spanned by £ and nonnegative g. (Obs. 9).

addition formulas and since the cosine is an even function we may rewrite the inequality
to cos((1 — )|y — v51) = cos(|y: — ;1) This holds for ¢ € [0, 1] because 0 < |y; — | <7
and the left hand cosine term is non decreasing. Finally, this also holds true for arbitrary
i€ Kandallve L+ {Bg: [ >0} as can be observed by setting, e.g., 7; = 0 above. M

The last observation of this section will be helpful in establishing the equilibrium con-
straint.

Observation 10 Given scalars 5; >0, j € M{1,...,m}, m > 2, so that, for each j € M,
> jemigy B = By then there exist vectors dl,dg,dg € RQ with ||d1|| = ||dz]| = ||d3|| =1 and
an assignment k : M — {1,2,3} so that }_ ey Bidsgy = 0. This also holds, if in addition
{j € M:k(j) =1} =1 is required.

Proof. If [M|= 2 then 3, = 3, and the claim holds for d1 —d2 and Kk correspondlngly
Otherwise let j € M be the smallest number so that Z ﬁj <z Z enr 35 < D751 By, set
k() =1, k() =2for j>j€ M and k(j) =3 for j< j € M. Let ﬁh_z]EMﬁt(g _i 5,
h € {1,2,3} and assume w.l.o.g. (by changing the numbering, if required) that the relations
B < By < Bs and By + Py > B3 hold. Set di(a) = (cosa, —sina)? for 0 < a < 7,
do(a) = (cosy(a),siny(a))T for Bysiny(a) = Bysina and dz = (—1,0)7. Then b(«)
Brdi(a) + Bado () + Bads satisfies [b(a)]s = 0 for all 0 < a < 7, [b(0)]; > 0 and [b(7)]; <
so by continuity of b(«) there is a a € [0, 7] with b(a) = 0.

IS

4 Properties of Optimal Embeddings of Graphs

We first note, that a feasible embedding cannot be full dimensional.

Observation 11 The dimension of any feasible embedding is at most n—1, i.e., let v; € R"
satisfy the constraints of (4) then there is a vector h € R™, ||| = 1, with hTv; = 0 for all
1€ N.

12



Figure 9: Initial setting in case 1 of the separator-shadow proof.

Proof. The n vectors v; satisfy > . \ v; = 0, so they are linearly dependent and therefore
dim(span{vy,...,v,}) <n—1. |

Our main result on the structure of optimal embeddings is the following.

Theorem 12 (Separator-Shadow) Let v; € R" fori € N be an optimal solution of (4)
for a connected graph G = (N, E) and let K{USUK, be a partition of N with no node
in K adjacent to a node in Ky. Then, for at least one j € {1,2}, for every i € K; the
straight line segment [0,v;] intersects the convex hull of the points in S, i.e., Vi € K;:

0, v;] Nconv{v, : s € S} # 0.

If K; and K, are both nonempty then S is a separator in G. Note that the theorem holds
trivially if the origin is contained in the convex hull of the points in S or if one of the
sets S, Ky, K, is empty (if S = () then one of K; and Ky must also be empty by the
connectedness of G).

Proof. Let h € R™ with ||h]| = 1 satisfy hTv; = 0 for all ¢ € N as in Obs. 11 and let
S = conv{vs : s € S}. Assume, for contradiction, that the theorem is not true. Then,
w.l.o.g., there are points vy, vy with 1 € Ky, 2 € Ky and [0,v1]NS = [0,v2]NS = O (the set
S cannot be empty as K and K5 are not). By convex separation there exist, for j € {1,2},
separating hyperplanes b; € R™ with h7b; = 0 and 8; > 0 within the subspace spanned by
the v; so that b7z > f; for all z € S and bjx < §; for all z € [0, v;].

Note, that there cannot exist a € [0,1], b = ab; + (1 — @)by, 8 = af; + (1 — @)
so that (b,v;) > ( for all i € K; U Ks, because the hyperplane (b,x) = /2 > 0 would
separate 0 strictly from conv{v; : i € N}, but by feasibility of the v; the origin is a convex
combination of the v; as % Y ien Vi = 0.

Hence, there must exist an o € [0, 1] so that for b = ab; 4+ (1 — )by, f = af; + (1 —«)Fs
the open halfspace (b, x) < (3 contains points of both K; and K, (illustrated in Fig. 9).

Note, that b¥h = 0 holds and by scaling b and 3 we may assume w.l.o.g. ||b]] = 1. Let,
for j € {1,2}, M; = {i € K, : (b,v;) < B}, m; = |M;| >0, and v; = %ZZEMJ_ v;. Next,
consider rotating independently for each j the points in M; around the affine subspace

13



Figure 10: Improving movement in Case 1 of the separator-shadow proof.

L ={x € R": (h,z) = 0,(byz) = [}. Because the points in M; and M, are not
adjacent and distances to the remaining points are not increased, the edge constraints in
(4) remain satisfied. We show, that rotating the points in M; in direction h and the points
in M, against direction h by sufficiently small angels 4 and 7, improves the solution
(see Fig. 10). As in the proof of Obs. 5 denote, for j € {1,2}, by r; = 3 — bTy; > 0
the radius and by d; = r;[(siny;)h + (1 — cos~;)b] the displacement of v, yielding the
improvement 2m;r;(1 — cos~y;)f. Rotation j adds m;d; to the barycenter of all points
and has to be compensated in order to maintain feasibility. Shifts of the barycenter in the
direction of h can be avoided by requiring m;dIh = —mydlh, i.e., given v; choose 7 so
that mqry siny; = —morg sinys. After carrying out these rotations it therefore remains to
shift all points by d = —(mydT b+ madib)b/n = —[myri(1 — cosy1) + mare(1 — cosy2)]b/n
for feasibility in (4). Using Obs. 4, the total objective improvement is

Z 2m;r;(1 — cosv;)B —n(d,d) =

Jje{1,2}

1
= Z 2m;r;(1 — cos ;)5 — g[mlfrl(l — cos71) + mara(1 — cosyy)]2
je{1,2}

This is positive for v; and ~,(7;1) close enough to zero, yielding a contradiction to the
optimality of the embedding. |

The theorem allows to derive several further structural properties.

Corollary 13 Let v; € R"™ fori € N describe an optimal solution of (4) for a connected
graph G = (N, E) and let S be a separator in G, i.e., there is a K C N\ S and no node in
K is adjacent to a node in N \ (SUK). Then the convez hull of the points in S intersects
the straight line segment between the barycenter v of the points in K and the barycenter v
of the points in N \ K.

_ K
Proof. Let S = conv{vs : s € S}, v = ﬁZieKvi, and v = WZEMKW = —“\L\I‘(

(by > ienvi = 0), 50 0 € [9,v] and it suffices to prove that [0,0]NS # @ or [v,0]NS #

7 -

14



Setting K1 = K, Ko = N \ (SUK), Th. 12 implies that for at least one of j € {1,2} we
have [v,0]NS # 0 for all v € {v; : i € K}, and therefore also for all v € conv{v; : i € K;}
and for all v € conv{v; : i € K; US}. If j =1 then v € conv{v; : i € K1}, if j = 2 then
v € conv{v; : i € Ky U S}, which proves the corollary. [ |

Remark 14 The typical bisection procedure for Fiedler-vectors is to take an eigenvector
v of A2(L) and partition the nodes according to K1 = {i € N : v; < 0} and Ky = {i €
N :v; > 0}. A first improvement suggested by the embedding is to use — instead of an
arbitrary eigenvector to Ao(L) — an eigenvector to the mazimum eigenvalue of an optimal
solution X of (3).

According to Cor. 13, the following heuristic might do an even better job in finding good
separators or bisections into parts of size between one and two thirds of all nodes. Project
the points onto a random hyperplane (like in the approach of Goemans and Williamson [11]
and maybe biased by the eigenvalue/eigenvector structure of X as suggested in [1]), yielding
an assignment of the points to an interval on the real line. If the hyperplane happens to be
close to perpendicular to the affine hull of a desired separator, then the points within the
separator should be mapped close to each other and the majority of the remaining points
should be mapped to the correct respective sides. So, when looking at the middle third of
points within this interval and checking for good separators within a fized number of adjacent
points, chances should be reasonable to locate an acceptable candidate. In particular, if the
embedding is low dimensional (see Th. 19 and Remark 20 below), relatively few random
hyperplanes will suffice to obtain a suitable hyperplane with high probability. Whether this
approach is indeed successful in practice has to be explored in future research.

Theorem 12 is not very descriptive, if the convex hull of the separator contains the
origin. The following result improves on this and will help to establish a nontrivial bound
on the dimension of an optimal embedding of minimal dimension.

Theorem 15 Let v; € R fori € N be an optimal solution of (4) for a connected graph
G = (N,E) and let S C N with 0 € § = conv{vs : s € S} be a separator in G inducing
a partition (S, Ky, ..., K,,) of N so that no node in K; is adjacent to a node in K; for
j#h, jyhe M={1,...,m}. Set L =spanS and, for j € M, §; = ZieKj lpee(vi)]]-

(i) If B; > D jeanyyy B Jor one ) € M then there exist h € LY and an optimal embedding
vl € R of (4) with v; = v; fori € S, v; € L +span{h,v; : i € K;} fori € K;
Emd vie L+ {5 ZieKj v :_ﬁ >0} fori € L_JjeM\{j} K;. If, in addition, there exists
b € span{v; : i € K;}, [|b]] = 1 so that (b,v;) > 0 for all i € Kj, then such an
embedding exists with h = 0.

(it) If By < 3 jeangsy Bi for all ) € M then there exist vectors di, ds,d3 € L, ||di]| =
|da|| = ||ds]| = 1 with dimspan {d;,ds,ds} < 2, b; € {dy,ds,ds}, j € M, and an
optimal embedding v, € R", i € N, of (4) with v, = v; fori € S so that for each
Jj € M we have v, € L+ {Bb; : B > 0} for alli € K;. One may assume b; = d; for
at most one j € M.
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(i11) If, in case (ii), the index j € M is the only j € M satisfying b; = dy and at most
|S| — 1 nodes of S are adjacent to nodes in K;, then there is an optimal embedding
of dimension at most |S)|.

Proof. We start by eliminating some easy cases. If there is no ¢ € N with v; ¢ £ then
B; =0 for all j € M, thus case (ii) holds and the dimension of the embedding is bounded
by |S| — 1 without making use of vectors dy, ds, ds. So assume that there is an h € M with
v; ¢ L for some ¢ € Kj,. For j € M such that v; € £ for all i € K; the embedding will not
be changed in the proof and we may add, for notational convenience, all such points jointly
to K, and remove j from M. If, after this preprocessing step, |M| < 1, then case (i) of the
theorem holds for v} = v;, i € N, and h = 0. So assume, w.l.o.g., that M = {1,...,m} for
some m > 2 and for all j € M, the K; contain points outside £. For convenience we set
H1 :KluSand Hj:Kj fOI‘j GM\{]_}

For each j € M consider fixing, as a parameter to be specified later, a goal direction
bj € L+ with ||b;|| = 1 and set B = {L£+0b; : 8 > 0}. For each Hj, j € M, and i € Hj let
vi(t), U;(t) = Xieq, vi(t), Aj(t) denote the transformations/maps of Obs. 8 (set K = H;,
b = b;, use the current £ and choose any h € £+ with ||h| = 1 and b7k = 0 as in Obs. 11
exploiting | K| < |N|). The transformation maintains feasibility in the distance constraints
but does not care about the equilibrium constraint.

By feasibility of the initial solution

Do =Y 500 = pe(v;(0) + D per(;(0)) = 0, (5)

jEM icH; jEM jEM jEM
and therefore

Z ZPL(M‘(O)) = Z ZPL(Uz‘(tj)) = Zpﬁ(ﬁj(tj)) =0 fort; €0,1],j € M,

jEM i€ H; jEM icH; jeM

independent of the choice of the b;, 7 € M. Therefore it remains to find b; and t; that
achieve equilibrium in the space orthogonal to L. For j € M, ; = X;j(1) = X_ic gy [[pe (vi) |
(see Obs. 8; #; > 0 by assumption) and assume, w.l.o.g., that 51 > §; for all j € M. Now
consider the following cases.

Case (i): 1 > Y -, 3. If there exists b € span{v; : i € Hi}, ||b]] = 1, satisfying
bTv; > 0 for i € Hy, set by = b, otherwise set b; = % for some 7 € H,; with
v; ¢ L. By Obs. 8, ||p1(9;(t))]] < B; for j € M, t € [0,1], so (5) implies ||ps+(2:1(0))] <
> j—o ;. Considered as a function of ¢ € [0, 1], the norm ||p,+(v:1(¢))]| is continuous with
[ (©1(1))]| = Bi, so there must be a t € [0,1] with [[pz.(01(2))|| = D272, 8. Now set

b = —%. Then the embedding v/ = v;(t) for i € H; and v] = v;(1) for
i € H; with j € M\ {1} is feasible, has optimal value and satisfies the requirements of the
theorem, where h is the additional direction needed if ¢ < % (the folding part ¢ of Obs. 6
within v(-) of Obs. 8). If b exists, no folding is needed and we can always find a ¢ > 1.
Case (ii): #1 < >, B;. By Obs. 10 we can find three vectors di, dy, d3 € R", [|dy| =

|da|| = ||ds]| = 1, in a plane orthogonal to £ and a corresponding assignment x : M —
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Figure 11: Transformation in the proof of Th. 15 (iii).

{1,2,3} with [{j € M : (j) = 1}| = 1 so that >, Bdugy = 0. Thus, setting b; = d,(;)
we obtain a feasible embedding v} = v;(1) for ¢ € H;, j € M with the same (and therefore
optimal) objective value.

Case (iii): Within this setting of Case (ii) let 7 € M be the only index with b, = d;
and assume that, with respect to S, the vertices of K; are adjacent only to a subset
S" C S with [S"] < |S]. For ease of notation, let Hy = U;cpr. (j)=n K; for b € {1,2} and
Hy = Ujerrngy=s K5 U S. I dim £ < [S| — 1 the claim holds by Case (ii), so assume,
the v}, ¢ € S, span an |S| — 1 dimensional simplex. If 0 ¢ conv{v, : s € S}, then the
separator-shadow Th. 12 asserts that v; € £ for i € H{, and this case was dealt with in
the beginning of the proof. Thus, it suffices to consider the case 0 € conv{vs: s € 5'}.

We will transform the embedding v, and reduce its dimension by one. Let 5 € S\ 5
and set £’ = spanconv{v, : § # s € S}, ¢ = IIEii:igll' Observe (see Fig. 11), that
dfe = 0 for h € {1,2,3}, v, € £ for s € S", v, € L'+ {Bc: [ > 0} for s € S, and
v; € L +span{c} + {fd, : B > 0} for h € {1,2,3}, i € H;. Next employ Obs. 9 and
define for h € {1,2,3} the transformations v}(t) = 02(t), i € H},, setting in Obs. 9, L = L/,
b=dy, g=—cforh=1,g=cfor h€{23}, K= Hj and 67(0) = v]. These squeeze H;
into L'+ {fc: f <0} and Hj, H) into L+ {fc: > 0} in a fan-like manner within the
corresponding flat halfspaces spanned by d;, da, ds respectively. Observe, that vi(t) = v}
for i € S, ¢ € [0,1] and that for h € {1,2,3}, 4,5 € H; US the distances [|vj(t) — v}(t)|
are nonincreasing for ¢t € [0,1]. Furthermore the value of the cost function does not
change. The equilibrium constraint is influenced by the movement of the points v (t) =
ZieH;L vi(t) for t € [0,1], h € {1,2,3}. Their projections onto £’ are invariant, therefore
> heq1,2.3) Pe (v, (1)) = 0 throughout. The only potential infeasibilities caused by squeezing
subgraph h € {1,2,3} are in directions d;, (with v, (t)"d, > 0 throughout) and ¢ (with
v, (t)T ¢ nonincreasing for h = 1 and nondecreasing for h € {2,3}). Set B3,(t) = ||[pz. (v())].
Suppose t" € [0,1], h € {1,2,3}, are chosen such that [0 (¢;) + Da(t2) + v3(t3)]Tc = 0 and

Butn) < ) B(t;) holds for h € {1,2,3} (6)

then after having squeezed the subgraphs sufficiently we can employ Obs. 10 in order
to find an equilibrium in the plane spanned by di,ds,ds. In fact, if equality holds for
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Figure 12: Optimal two dimensional embedding of two wheels with iden-
tical hub, see Rem. 16. The construction of the proof of Th. 15 (i) would
yield a three dimensional embedding.

one of the three relations then the updated three vectors dy,d,,d; will only span a one
dimensional subspace and we are done. In order to take care of the last direction ¢, let
7(t1) be a nondecreasing continuous function satisfying [v;(t;) + vo(7(¢1)) + v3(7(t1)] c =
0 for small enough ¢; € [0,1] so that 7(¢;) < 1. Such a function exists as v;(t)%c is
strictly decreasing in ¢ (because (3,(0) > 0), (92(t) + v3(t))Tc is strictly increasing in t,
and [1(0) + 92(0) + v3(0)]Tc = 0. Let £; be the smallest ¢; € [0,1] such that (6) with
toy = t3 = 7(t1) does not hold strictly for all b € {1,2,3}. Such ¢ € [0,1] exists, as
(6) must hold strictly for t; =ty = t3 = 0 (or the dimension would be |S| already) and
Bn(1) = 0 for all b € {1,2,3}. Therefore applying Obs. 10 to v/ = vi(t;), i € H} and
v =v(7(t1)), i € H} for h € {2,3} yields a feasible and optimal embedding of dimension
|S]. [

Remark 16 A solution corresponding to the modified solution of the theorem is not nec-
essarily an optimal embedding of minimal dimension. Consider, e.g., the graph consisting
of two wheels with identical hub and rims of k and k + 1 nodes with k > 6, see Fig. 12.

The structure of optimal embeddings seems to be tightly related to tree-decompositions,
whose definition we recall next.

Definition 17 For a graph G = (N, E) let T = (N, €) be a tree with N' C 2V and & C (/;[)
satisfying the following requirements:

(i) N=UyenU.

(i) For every e € E there is a U € N with e CU.

(111) If Uy, Uy, Uz € N with Uy on the T—path from Uy to Us, then Uy N Us C Us.
Then T is called a tree-decomposition of G. The width of T is the number max{|U| — 1 :
U e N}. The tree-width tw(G) is the least width of any tree-decomposition of G.

Note, that in a tree decomposition T'= (N, €) of G = (N, E), any U € N and any U N U’
with {U, U’} € £ is a separator of G (see e.g. Lemma 12.3.1 in [5]). The next lemma asserts,
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that for any optimal embedding any tree-decomposition has “central nodes” containing the
origin in their convex hull.

Lemma 18 Let T = (N, &) be a tree decomposition of a connected graph G = (N, E) and
v; ER™, i € N, an optimal embedding of (4). Then there is at least one node S € N with
0 € conv{vs : s € S}, i.e., the convex hull of the points of S contains the origin.

Proof. In order to show that there exists a node S € N with 0 € § = conv{v, : s € S}
consider a smallest subtree 7" = (N',&’) of T with 0 € conv{v; : i € Uyep» U}. Such a
tree exists since the condition holds for 7" = T'. Let the convex combination giving the
origin be described by K C [Jycps U and a € RE with a’e =1 so that Y, oyv; = 0.
Assume, for contradiction, that |N’| > 1 and Then there is an edge {U,U’} € & and
S"=UNU' is a separator of G. Deleting edge {U, U’} from T" splits 7" into two nonempty
subtrees Tj = (N}, &}) for j € {1,2} with 0 ¢ conv{v; :i € UUeNJf U} by assumption. Set
N} = UUeNJf U. Because S" C N for j € {1,2} we obtain 0 ¢ &’ = conv{v; : i € 5'}.
Thus, the separator-shadow Th. 12 applied to S’ implies that, w.l.o.g., for all i € Ny,
[0;,00] NS # (0. Set K1 = KN (N, =5, Ko = K\ K; C N} and, for j € {1,2},
a; = ZieKj a; and v; = &i ZieKj a;v; € conv{v; : i € N;}. Then 0 = a;01 + aets € [0, U]
and () # S’ N [01,0] C [0, 2], so there is a p € 8" C conv{v; : i € Nj} with 0 € [p, 0] C
conv{w; : i € N}, a contradiction. Hence, 7" consists of only one node. |

Theorem 19 Let G = (N, E) be a connected graph, then there exists an optimal embedding
for (4) of dimension at most tw(G) + 1.

Proof. Let T'= (N, ) be a tree decomposition of G = (N, E) and assume, w.l.o.g., that
all nodes U € N are distinct subsets of N. Note, that for any optimal embedding v; the
set of nodes S € N with 0 € conv{v; : i € S} (called a zero-node in the sequel) and the set
of edges {5,5'} € € with 0 € conv{v; : i € SN S’} (called a zero-edge) form a nonempty
subtree of T (the zero-subtree) due to the separator-shadow Th. 12 and L. 18. Starting
with a leaf of the current zero-subtree, we will walk off in “inward” direction, splitting the
tree alternatingly with zero-nodes and zero-edges into one part containing visited nodes
and one or several unvisited parts while ensuring all the time, that the part of the tree,
that contains visited nodes is in dimension bounded by the size of the node incident to the
separator.

Forr =0,1,... and an S" e NU{UNU : {U,U'} € £} (actually it will hold that
S™ € N whenever r even and S™ = U N U’ when r is odd) we will use the following
conventions. Removing S” from 7', i.e. removing the corresponding edge or node of T,
splits 7' into connected components 7] = (N7, &7) for j € M" = {1,...,m"}. We set
K =Upe N \S" for j € M" and let U} € N denote the unique adjacent /incident neighbor
node of 77 to S” in T'. So S” is a separator of G inducing a partition (S™, K7,..., K},.) of
N.

Let v?, i € N be an initial optimal embedding and let S° be a leaf of the corresponding
zero-tree. If for all neighbors U]Q, J € MY, it holds that 0 ¢ conv{v) : i € S°N UJQ} then
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the separator-shadow Th. 12 asserts, that the embedding has dimension dim 8° < |5 —1
(one less than the cardinality, since the origin is contained in the convex hull) and we are
done. Otherwise there is unique neighbor zero-node Uy with h € M° with 0 € conv{v? :
i€S'NUP}Y. Setr=1,0v7 =), i€ N and S" = S°NU}.

Step 1 (7 is odd): For the separator S” (an edge) in 7', let j~ € M" be the index of the
tree Tjr = (N7, £) with S™! € NJ,. Observe, that for the current embedding v7, i € N,
there is a b so that v; € span {v7 : i € S™~ 1}+{ﬁb B >0} forie Kj, (forr=1,5%is a
leaf of the zero-tree of v] and employing the separator-shadow Th. 12 the claim holds for
an arbitrary direction b orthogonal to span {v} : i € S7'}) and 0 € conv{v) : i € S7}.

Apply Th. 15 (for v; = v}, i € N and S = S” with partitioning K7 for j € M = M")
and first assume that case (ii) holds. Let v}, i € N be the embedding given there and
observe that its dimension is at most |S”| + 1. Since S™ = U NU’ for some {U,U'} € &
one of U and U’ has cardinality at least |S”| + 1, so the embedding v}, i € N satisfies the
required bound.

Next assume that case (i) of Th. 15 holds. Let v} (i € N), L, b; 7 € M" be the objects
specified there. If ) = j" then v} € span {v},h : i € S7"'} (since S™ C S"! and we found
an optimal embedding of the required dimension. If 7 # j observe that all nodes of the
“visited” subtree T}~ are embedded in a flat halfspace, v; € L+ {8)_,. K, : B > 0} for

i € K[, US". Set it =], ST = U7 increase r by one and continue Wlth Step 2.

Step 2 (ris even) lee in Step 1, let for the separator S” (a node) in T, j© € M" be
the index of the tree Tjr = (N}, £} ) with S™2 € Nj.. Then for the current embedding

, i € N there is a b so that v; € span {v] : i € S™ 1} +{Bb: 3 >0} for i € K, (see the
foregomg Step 1, case (i) with j # j7) and 0 € conv{v} : i € S"}, because S"* C ST

Apply Th. 15 (for v; = v}, i € N and S = S" with partitioning K; = K} for j € M =
M") and this time first assume that case (i) holds. Let v} (i € N), L, ] € M" be the
objects specified there. If 7 = 57, then, making use of h = 0 because of b in Th. 15 (ii), the
embedding v/ is contained in £+ {3b: 5 € R} ({vf i€ S™"'} € L by STt C S"), so the
dimension is at most |S”|. If j # j", then {S", U7} € £, set S™"" = S"NU7, vi Tt = o) for
i € N. Observe that 0 € conv{v]™" : S™+! because otherwise the separator- shadow Th. 12
would imply 8, = 0 in (ii). Furthermore, all nodes of the “visited” subtree T}~ and S” are
embedded in a flat halfspace, v/t € £+ {3 ZzeK ot B >0} fori e K7 US". Increase
r by one and go to Step 1.

Because T' contains no cycles and only finitely many vertices, the process must either
stop at some point, or, finally, meet case (ii) of Th. 15 and we show that we can stop then.
Let v] (i € N), L, b; (j € M"), dy, da, d3 be the objects defined there. If dimspan {v] :
i€ N} <|S7| or S" has a neighbor with |S”| + 1 nodes, then the v}, i € N satisfy the
requirements. Otherwise the {v] : i € S™} span an |S"| — 1 dimensional simplex and for
each neighbor U7, j € M", it holds that |Uj N S"| = [S"| — 1. This is case (iii) of Th. 15
and the proof is complete. |

Remark 20 An optimal embedding of (4) computed by interior point methods will in
general have maximal dimension instead of minimal dimension due to the properties of the
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central path (e.g., the computed solution for a star on n nodes will put the n — 1 degree
one nodes as the vertices of an n — 2 dimensional simplex while the minimal dimension
would be either one for n odd or two for n even). This may be undesirable in the context of
potential applications as indicated in Remark 14. In this case the proof of Th. 19 provides
an algorithm for constructing for any given tree-decomposition T = (N, &) of G and any
optimal embedding v;, i € N of (4) an optimal embedding v, satisfying dim conv{v] : i €
N} <max{|U| : u € N'}. Even though it is NP-complete to find a tree-decomposition of
width tw(G), there is still good hope to end up with a low dimensional embedding, because
the proof also illustrates, that the bound on the dimension mainly depends on the size of a
central separating node in the tree-decomposition, and its size may be significantly smaller
than the tree-width.

5 Some Special Cases and Examples

We first present, as examples, the complete graphs and then a class of graphs for which
the bound of Th. 19 is attained.

Example 21 (Complete Graphs) For K, = ({1,...,n},{{i,j} : 1 <i < j < n}) we
show that the unique optimal embedding is the reqular n — 1 dimensional simplex with all

points lying on the ball of radius r, = ,/”2—;1. The optimal X is given by Xy = r2 = "2—’nl
for1 <i<mn, X;; =X,; = —ni%l = —ﬁ for 1 <i < 35 <mn, and the optimal weights are

w;j = % for 1 <i < j <n. Choosing p = % we compute Ly, + peel — I =0, so (w, )
is feasible for (2) with objective “5*. Likewise, X is feasible for (3) and (I,X) =251, so
optimality is shown. Furthermore, since w;; > 0 for all ij, the constraints (E;;, X) =1
hold for all optimal X, i.e., the embedding must have all points pairwise at distance one.
So the regular n — 1 dimensional simplex is the only optimal embedding. Note that the
tree-width of K, is n — 1, thus the complete graphs are not tight with respect to the bound

of Th. 19.

Example 22 (Graphs with tight dimension bound) We append to K, three inde-
pendent vertices that are completely linked to K,, resulting in a graph G(n) = ({1,...,n+
3LEM) ={{i,j} : 1 <i<n,i<j<n+3}). The tree-width of G(n) is n and for n > 4
the minimal dimension of an optimal embedding of G(n) isn+1. In fact, we show that, for
n > 4, the vertices of K, are again arranged as a centrally symmetric n — 1 dimensional

simplex with all points lying on a ball of radius r, = ,/”2—;1, while the three new points are
arranged centrally symmetric on a circle orthogonal to this simplex with radius ¥ = "2—21
The optimum of (3) is obtained by extending the optimum of Ex. 21 with Xy = 7 = "Z—J;l

form<i<n+3, Xij:Xj:—g:—’l—*: forn<i<j<n+3, and X;; = X;; =0 for
1<i1<n,n<j<n+3. The optimal weights arewij:%forlgign,n<j§n+3

and w;; =1 — 2 for 1 <i< j<n (use Rem. 1 and symmetry). Settin =L the slack
i = n  n J Y Y g pu=-
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Figure 13: A graph with tree-width 2 and optimal embedding of dimen-
sion at least three, see Ex. 22 (the central circle indicates the origin).

matriz of (2) computes to

1 7 2o 0
Z_Lw—i—gee —[—[ 0 %Jg}EO, (7)

where Jy, denotes the square matriz of all ones of order k. Therefore (w, u) is feasible for
(2), the objective value is 3n= + @(% — 2y =3(n+1)+ 251, Likewise, X is positive
semidefinite because it is a gram matrix. Furthermore, X satisfies all distance constraints
and has the same objective value. Hence the primal and the dual solution are optimal.

Now take any optimal embedding v;, i = 1,...,n and set V = [v1,...,v,]. Sincew > 0,
all optimal embeddings must have all edge lengths equal to one, ||v; — vj|| = 1 for all
ij € E(n). By (7) and semidefinite complementarity it holds that (V'V,Z) = 0, thus
Yor, v =0 and ZZZL;’H v; = 0. So the embedding of K, must be centrally symmetric
like in Ex. 21, and by the distance constraints each of the three additional vertices must
be embedded orthogonal to the embedding of K, with distance 7 to the origin. As the three
vectors have to sum up to zero, this can only be done in two additional dimensions. This
completes the proof.

For n =1 the construction yields a star with one central and three exterior nodes and
the bound is also tight. For n = 2 the embedding described above is not optimal (it would
collapse to the image of the star), for n = 3 the embedding is optimal but not of minimal
dimension. Without going into details, the cases n = 2,3 can be extended to tight examples
by appending to each node of K, yet another node by a single edge, see Fig. 13 for an

tllustration of the resulting embedding for n = 2.
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In spite of these examples, the bound of Th. 19 seems far too pessimistic for many
important graph classes. E.g., for planar graphs the tree-width can be made arbitrarily
large but we have not succeeded in exhibiting an example whose minimal dimension exceeds
three.

We turn to the special structure of the embedding if the separator is a single node.

Definition 23 In a graph G = (N, E) a node i € N s called an articulation point (or cut
vertex ) if deleting i and all its incident edges increases the number of connected components
in the graph.

For a connected graph G = (N, E) with articulation point i let G, = (N}, E}), j
L,...,m denote the connected components arising from G by deleting i and let G; = G(Nj
{i}) be the induced subgraphs of G arising from adjoining i to N;. Then we call G
(N;, Ej), j=1,...,m, a splitting of G in 7.

A breadth first search tree T' (BFS-tree) of a connected graph G = (N, E) with respect
to 1 € N is a spanning tree so that the distance from i to j is the same in G and T for all
j€N.

I

For articulation points the separator-shadow Th. 12 admits the following corollary.

Corollary 24 Let G = (N, E) be a connected graph with articulation point i and splitting
Gj=(Nj,E),jeM={1,...,m}, ini. Letv; € R" i€ N, be an optimal embbeding of
(4) with v; # 0. Then there is a j € M so that for all j € M\ {j} and i € N; it holds that
v; = v; + de(2, z)m, where dg(+,-) denotes the distance in G.

In words, the embedding of the nodes of G;, j € M \ {j} described in the theorem cor-
responds to stretching the BFS-tree of G; with respect to i as far as possible into the
direction Z—ZH

Proof. ]%y the equilibrium constraint and v; # 0 there must be at least one j € M
for which the statement does not hold. The separator-shadow Th. 12 implies that the
embeddings of all other j € M \ {7} must lie on the half ray {v; + )\”zz” : A >0} (for each
h € M\ {j} successively pick S = {i}, K1 = N, \ S and Ko = U;cpp oy V5 \ 5)-

The embedding of the nodes of G, h € M \ {j}, described in the theorem satisfies the
distance constraints, because each edge ij € Ej, implies that |dg(i,1) —dg(2, )| < dg(i,7) =
1 by the triangle inequality. Suppose, for contradiction, that there is an h € M\{j} with the
embedding v;, i € Ny, not of this form. Let K = {i € Ny, : ||v; —v;|| < d¢(i,4)} and set d =
”Z—z” min;e g {dg(i,7)—||v;—v;]| }. Then we can translate all points in K by d without violating
the distance constraints. Combining this translation with recentering yields a new feasible
embedding v] = v; + Y&l for i € K and v} = v; — Eld for i € N\ K. By Obs. 4 (use

N ||

Vg = ﬁ Yoiex Vi € {vi F A c A > 0} and ov\ g = —%T)I() the translations increase

flvz l
fact 5 IN|=|K]| 7 [N|-|K] = LK K]
the objective value by | K| <21}K + 54 TR d>+|N—K| <2vN\K - _Wd> > 0.

Therfore the v; could not have been optimal, a contradiction.

For a given articulation point we next give precise criteria for recognizing those sub-
graphs in the splitting that can always be embedded on a ray in an appropriate optimal
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embedding. In order to give a more intuitive formulation we prepare the ground by giving
names to the objects of interest.

Definition 25 Let G = (N, E) be a connected graph with articulation point @ and splitting
Gj = (N;,Ej), je M={1,...,m} ini Setp; = ZZENJ_ dg(i,i). We call @ central if
Br < ZjeM\{h} B; for allh € M. If B, > ZjeM\{h} B; for some h € M then call G}, the
heavy subgraph split off by @. For a central articulation point the heavy subgraph is defined
to be the empty graph.

Let G = (N, E) be a connected graph and G = (N;, E}), j € M' = {1,...,m}, a
decomposition of G into its blocks (bridges and mazimal two-connected subgraphs). We
call a block G}, central if for each articulation point of G' the heavy subgraph contains G,.

Let 7 be an articulation point of G with @ € Nj for a block G} = (N}, E}) of G. If G},
is not contained in the heavy subgraph split off by i, then call @ a root of block GI,.

We state the following two observations without proof.

Observation 26 Let G}, be a block of a connected graph. Gy, has a root if and only if it
1s not central. If a root exists, it is unique.

Observation 27 A connected graph has a central block if and only if it has no central
articulation point. Furthermore, the existing object is unique.

Corollary 28 Let G = (N, E) be a connected graph with articulation point i. There exists
an optimal embedding v;, i € N, of (4) with the following property. Each subgraph of the
associated splitting, that is not a heavy subgraph, is embedded on a one dimensional ray
emanating from the origin and containing v;. If, in addition, © is central, then v; = 0 in
any optimal embedding of (4).

Proof. Let G; = (N;,E;), j € M = {1,...,m} be the splitting of G in 7. Set 3; =
ZzeNj dg(i,i). Let v;, i € N, be an arbitrary optimal embedding. If v; # 0 then Cor. 24
asserts the existen;e of a ] € M with v :,ngfNj v; = —2iem, (Ui + A D)) =
—[(|N|— |Nj|)vg+m > jenn () Bil- Because —v g < B it follows that 3; > > jemniiy Bi-
For the case v; = 0 it suffices to apply Th. 15. |
Using Th. 15 and similar arguments as in the proof of Cor. 24 one can show that an optimal
embedding exists so that all blocks that are not central, are embedded on rays stretched

out according to their BFS-tree with respect to their root. We give this result without
proof.

Corollary 29 Let G = (N,E) be a connected graph and G; = (N;,E;), j € M =
{1,...,m}, a block decomposition of G. Then there exists an optimal embedding v; € R",
i € N, of (4) with the following property. Let G;, j € M, be a block that is not central and
letr; € Nj denote its root, then v; = v, +dg(ry, Z)”Z%j”, for alli € N; where dg(-,-) denotes
the distance in G;. Furthermore, if G; is a central block, then 0 € conv{v; : © € N;} for
any optimal embedding.
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In the case of trees, each block consists of a single edge and Cor. 29 takes the following
special form.

Corollary 30 Let v; € R" fori € N be an optimal solution of (4) for a tree T = (N, E).
In this embedding, either there exists a unique root node located at the origin, and each
child lies at distance one from its parent on a ray emanating from the origin through its
parent, or the origin is located in the interior of a straight line segment of length one
between two (unique) adjacent nodes in T and all nodes lie on the line spanned by these
two nodes, having the same Fuclidean distance to these two nodes as in the tree.

Remark 31 Cor. 30 may be used to construct an optimal embedding for trees directly
without the need of solving a semidefinite program. Note, that the absolute algebraic con-
nectivity was already determined for trees in [8] and Cor. 30 offers a new dual view of these
results.
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