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Abstract

A matrix is a Euclidean distance matrix (EDM) if there exist points such that the matrix elements are
squares of distances between the corresponding points. The inverse eigenvalue problem (IEP) is as
follows: construct (or prove the existence of) a matrix with particular properties and a given spectrum. It
is well known that the IEP for EDMs of size 3 has a solution. In this paper all solutions of the problem
are given and their relation with geometry is studied. A possible extension to larger EDMs is tackled.
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1. Introduction

A matrix D € R™" is a Euclidean distance matrix (EDM) if there exist points x; € R”,
i=1,2,...,n, such that d;; =|lx; - xj||2. The minimal r is called an embedding
dimension. EDMs were introduced by Menger in 1928, and later studied by
Schoenberg [11] and other authors. They have many interesting properties, and are
used in various applications in linear algebra, graph theory and bioinformatics, for
example, where frequently the question arises of what can be said about a configuration
of points x; if only distances between them are known.

By their construction EDMs are symmetric, hollow (with zeros on the diagonal)
and nonnegative. A nonzero EDM has only one positive eigenvalue and the sum of its
eigenvalues is zero. More properties can be found in [4, 8, 9]. There are several nice
characterisations of EDMs, see [8], for example. We will need the following result.

TueoreMm 1.1 [8]. Let D € R™" be a nonzero symmetric hollow matrix. The matrix D
is an EDM if and only if it has only one positive eigenvalue and there exists w € R"
such that Dw = e and w'e > 0. Heree:=[11 ...1]T eR".
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An inverse eigenvalue problem (IEP) is as follows. Given numbers Ay, A3, ..., 4, €
C, is it possible to construct (or prove the existence of) a matrix D, satisfying some
prescribed requirements, such that A; are the eigenvalues of D? Such problems are
encountered in various applications, for example in civil engineering when studying
vibrations of buildings: the frequencies (eigenvalues) are prescribed, and one needs to
construct an appropriate matrix.

IEPs are hard when additional requirements are given, such as d;; >0, i, j=
1,2,...,n,D=D",and d;; =0,i=1,2,...,n (see [10], for example). The problem
for such a setup was solved by Fiedler (see [6, Theorem 2.2]). More on IEPs in
general can be found in the nice monograph [3], and for some particular problems
see [2, 5, 10].

The IEP for EDMs is as follows: for given real numbers 4; >0> A, >---> 4,
such that }; A; = 0, construct an EDM D which has the spectrum {1y, A2, . . ., 4,,}. For
n = 2, the solution is simply

0 -4
- 0 [

For n = 3, it turns out that Fiedler’s solution (see [6]) yields an EDM

0 1 [(A2 + 43)45 |
2
— 1 0 ,/M , (1.1)
\/ (A2 + A3)43 \/ (A2 + A3)A3 0
L 2 2

since it corresponds to points

A A + A3)A -A
0.0). \/ZZJF /(2+23)3,1V22 ’

that form an isosceles triangle (see [8]). This is a cornerstone for the construction of
a solution of the IEP for some larger n [8]. The smallest open problem is n = 7, and
the construction for larger 7 is related to the well-known problem of the existence of
Hadamard matrices.

Fiedler’s construction, based on bordered matrices, was analysed in [8]. It was
shown that it has considerable limitations for large n.

A natural question arises whether Fiedler’s solution for n = 3 is unique. If not, some
other solution could perhaps have some advantage in solving the IEP for EDMs.

In this paper we show that there are infinitely many solutions of the cubic IEP for
EDMs. A nice interplay between analysis, geometry and linear algebra can be seen.
A relation between eigenvalues of a hollow symmetric matrix and its bordered matrix
suggests that such a construction could be used to find a solution of the IEP for EDMs
for some larger n. The paper is concluded by studying the step from the quadratic to
the cubic case and some remarks on problems encountered for larger n.
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2. Inverse eigenvalue problem for the cubic case

Take 1} > 0 > A > A3, such that 1; + A, + A3 = 0. Without loss of generality we can
assume that the points x;, corresponding to the EDM D that we are looking for, are
0,0, (a, 0), (b, c), where a>0,b >0, c>0. This follows from invariance of EDMs
for rotations and reflections. Thus

0 a? b2+ 2
D=| a 0 (a—b)* +c*|.
b2+ ¢? (a—b)2+c2 0

Its characteristic polynomial is

p(x) = —X3 + 2x((a2 —ab + b2)2 + ((a - b)2 + b2)C2 + c4)
+2a*((a = b)* + )(B* + ).

Note that the quadratic term is missing, and the coefficients at the linear term and
the constant are positive. Descartes’ rule of signs reveals that there are two negative
eigenvalues and one positive. Since the polynomial p is a depressed cubic, it it easy to
obtain solutions by Cardano’s method.

On the other hand,

P(x) = =(x = A)(x = A)(x = A3).
A comparison of coefficients gives the nonlinear system

2ad*((a - b)* + )b + ) = = A3(A + A3),
2((a® = ab + b*) + ((a— b + D) + ) = 2+ Las + 22, 2.1)

A brief look at the geometry of the problem reveals that there are 24 solutions: there are
triangles with base length equal to a, Vb2 + ¢2, /(b — a)? + ¢ representing a rotation
or reflection of the original triangle. For each of them, the y-flip b & (a — b) gives
two possibilities. Thus there are six solutions, but if we consider the possibilities
+a, b, +c there are four in each case, which altogether gives 24 solutions.

Thus, if a is an admissible solution, then the choices a = Vb2 + ¢2 and a =
V(b — a)* + ¢* also give admissible solutions that yield the same triangle, just in a
different position.

By solving the system (2.1) for unknowns b and ¢, we obtain an appropriate solution

@ +-d* (@ + 1)@ + L)@ + A3)
1 24* ’ 2.2)
c= ﬁ\/2613\/—(fl2 — (@ = 1)@ = B3) + L1odz — @245 + Lds + 43).
a

b
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For the solution at hand,

dys = dya(a) = d*
d13 = d13(a) = b2 + C2

V=@ = )@ - L)@ = A3) —y/—(@® + 1)@ + L)@ + A3)

- 2a ’ (23)
dry = dos(a) := (b — a)* +

_ V=@~ )@~ )@ =~ A3) + V(@ + 1)@ + )@ + L)

2a ’

The requirement d;3 > 0 yields 24,4,43 > 0. The last expression is clearly positive.
This gives the following result.

Tueorem 2.1. The matrix

0 dpn dis
D=\|d, 0 dsf,
ds dy 0

defined by (2.3), is nonnegative, hollow, and has prescribed eigenvalues 11 >0 > A, >
A3 with 41 + Ay + A3 = 0 if and only if its elements are well defined, that is,

-A < a2 < —As. 24)

Let us denote I := [v—A;, V—A13]. In order for D to be an EDM, we need additional
requirements—the points x; = (0, 0), x = (a, 0), x3 = (b, ¢) have to exist. Thus we are
looking for parameters a € I such that

fla) = 2a*V (@ + A3 + A3)(@® — 2)(a* - A3)

(2.5)
— (D + )3 — (A + L3 + 22) 2 0.

There is at least one admissible a since the choice a = V-1, yields the well-known
solution (1.1) (with a triangle in a different position). This follows from

F=2) = B + 2V24[03(0 + A3)) = B +2V24J222) = =343 > 0.
A brief analysis of

FV=23) = (0 + 2V222(42 + 23))

reveals that it is nonnegative for A3 € [2(2 + \/6)/12, A>]. For such a A3 each a € I leads
to a solution of the IEP for EDMs.

If 13<22+ \/6)/12, the analysis is more complex. For A3 =22+ \/6)/12,
f(¥/=13) = 0, but there is another interesting zero,

az:=@=\/1+\/§ﬁ,
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Figure 1. Shape of the function f for small ¢ := A3/, (top left), r =2(2 + V6) (top right), and for large ¢
(bottom) on interval /. Here A, = —1.

in [ which is also a local minimum of f (see Figure 1). Thus this is a limit case: for A3 €
22 + V6)A2, L] and a € 1, f(a@) = 0. In fact, it is positive for A3 € (2(2 + V6) 15, A51.
At the limit case there appear a zero at the endpoint v—13 and the double zero a. in
the admissible interval /. All a € I yield admissible solution of the IEP for EDMs.

For A3 < 2(2 + V6), the double zero turns into two zeros z; and z», and there is
another zero z3 < Y—=A13 in 1. The function f is nonnegative in [v=15, z;] U [22, z3] and
solutions of the IEP for EDMs exist only for parameters « in this set.

Let us summarise the results.

THEOREM 2.2. Let I := [V—Ay, V—A3] and let the function f be defined by (2.5). If:

(1) 2>2322Q+V6) A andacl; or
2) A3<2Q2+ \/6)/12 and a € [V-A2, 211 U [22, 23], where z1, 22, 23 are the zeros of
the function f in I,

then the matrix D is an EDM.

The admissible region for the parameter a is large, since it covers all possibilities,
and thus the same triangle is described three times (for a equal to each of the lengths
of the triangle edges). In order to give a more precise result, let us consider some
properties of the function f.
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Lemma 2.3. A local maximum of f in I (for 13 <22 + \/6)/12) is reached at

1 [V6(2 + 205 + 22)

Cy = — +Z(1, A 2.6
M Ve Z0h. 19 (A2, 43) (2.6)
with
Z(A2, 23) 1= =9A3(A + A3) + W(Ay, A3)
and

W(Aa, A3) = \/5\/—@5 =243 = 23)2A5 + 2,05 — 3)(A5 + 4,45 + A3).

Its local minimum in I is obtained at

4v21(1 49(1 22
b= |22 | A e S0 gy OO
6vV2 |\ Vr £ vr

with t = A3/ 45,

5= V578 + 17341 + 419712 + 550483 + 4197 + 173415 + 57816,
p =235+ 705t + 21397 + 31037 + 2139¢* + 7051 + 23515,
r=p+i3V3s(=2 = 3t + 3> + 21°),

k=Vr2 + 10V (1 + 1+ %)+ 49(1 + 1 + ).

Lemma 2.4. The function f reaches its local maximum (2.6) in I at parameter a for
which generating points form a perpendicular triangle (with perpendicular angle at

(b, 0)).

Proor. The generating points form a perpendicular angle at (b, ¢) if and only if
dip = dy3 + dp3 for the squared distances in (2.3). This simplifies into the relation

@ = V=@ - 1)@ - L)@ - 13). 2.7)

Derivation of f leads to

f(a) = 2a|3av—(a® - 1)@ - A)(a? - A3)
_ a3(3a4 + Az + 41 A3 + /11/12)
V=@ - )@ - L)(a* - A3)

By using the relation (2.7), the derivative vanishes. A solution of the equation f’(a) =0
gives the local maximum (2.6). O

—(/1§+/12/13+/l§].
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Lemma 2.5. The generating points form an isosceles triangle for

1 1
a=\-L. b=3=3V-A c= 5\/12 +2V2( (0 + ).

The lengths of the triangle edges are

\/7 \4//13(/12 + A3) {x//b(/lz + A3)
9’ 2 b 9

2

and this gives the solution of the IEP for the EDM in (1.1).

Proor. In order for the triangle to be isosceles, the following relation needs to be
satisfied

Vb2 + ¢ = (b - a)* + .

This yields b=a/2. By using (2.2), it can be seen that the only admissible
solution is a = y—41,. Computation of ¢ and the triangle edges lengths concludes the
proof. m|

Recall that if a is an admissible solution, then the choices a = Vb2 + ¢2 and
a=+/(b—a)? + ¢? also give admissible solutions. It is enough just to study the case
a € [\= 13, z1], since the other two solutions lie in [z7, z3].

Since f(z1) = f(z2) = f(z3) = 0, the corresponding solutions give collinear points
0, 0), (b,0), (a,0), where a=2z;, b=>b(a) =b(z;), i=1,2,3 (see (2.2)). The triangle
edge lengths a, Vb2 + c2 and /(b — a)? + ¢* are continuous functions of a in /. Thus
the shape of triangle changes from the degenerate triangle (the case f(z)) = f(z2) =
f(z3) =0) up to the isosceles triangle (Lemma 2.5) when a goes from z; down to
v—=2,. (The other two edge lengths converge from z, and z3 into VA3(1> + 13)/2.)

We can now give a precise version of Theorem 2.2.

THEOREM 2.6. Let I := [\—Ap, V—A3] and let the function f be defined by (2.5). If

(1) L2222+ V6)andael, or

2) A3<2@2+ \/5)/12 and a € [\—-A13, 21], where z; is the first zero of the function f
inl,

then the matrix D is an EDM. This covers all possible distinct geometric configurations
of generating points.

Note that for A3 = 4, from (2.4) it follows that there is only one admissible solution
a=+-2,.

Zeros of f are continuous functions of 1, and A3. We can give good bounds on the
zero 71, and show that the admissible interval for a tends to {v/—=1,} for A, and A3 far
apart.
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THEOREM 2.7. Let t := A3/A;. Good lower and upper bounds for z; (a; < z1 < a; and
fla1) >0, f(ax) <0) are

-2 5t—11
= = - >2(12 .
ap = t—2\/_V v =55 A, 1222+V6)

As t — oo, the admissible interval [\—Ao, z1] shrinks to {\—A1,}.

Proor. The upper and lower bounds were obtained as

1 1
a=—— =

72— -
22

Y2 -2

; 101

As t — oo, both a; and a; converge to v—A,. Furthermore,

V5(5V2 - 1)t
R 1 e
(t-2V2)(5-22)
tends to O for large ¢. Note that for 2(2 + V6) = 8.89898 < 1 < 8.89907, f(ay) >0, so

here a; does not give an upper bound for z;. A better upper bound in this case can be
obtained, but then it is not as good for larger ¢. O

3. Inverse eigenvalue problem and bordered matrices

First let us give a relation between eigenvalues of a symmetric hollow matrix and
its bordered matrix.

TueoreM 3.1. Let Ay, Ao, . . ., Apy1 be given real numbers with Y; 4; = 0. Let M € R™"
be a symmetric hollow matrix, and let M = UDU" be its eigendecomposition with
D =diag(d,, ...,d,), UTU=1. Let

o H;“%(d—ﬂj)
=N di—d;)

i=1,2,...,n, 3.1
J Lj#i

and b := Ua. Then the matrices
M b d D a
" o ¢ laT o0

are similar and have eigenvalues A, Az, . .., Adyy1.

KO | o e

Proor. Since
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the matrices are orthogonally similar. The right-hand-side matrix is an arrow matrix.
Its characteristic polynomial is (see, for example, [7])

2
ay

dp— A

== A=)+ (A=) = A+ )
k=1

A simplification of the right-hand side and comparison of coefficients of the
polynomials obtained gives a polynomial system that needs to be studied. Its solution
is (3.1). O

CoROLLARY 3.2. Let the assumptions of Theorem 3.1 be satisfied. Let d; = A;.1,
i=2,3,...,nin (3.1). Then a=pLe,B>0 and b=pLu,. This gives Fiedler’s
construction of a larger EDM from a given one by using Perron’s theorem and
properties of a specific bordered matrix (see [5]).

In order to construct an EDM with given eigenvalues 4, >0 > A, > - - - > 4,41 with
>idi=0, we need to find dy,dy, ...,d, such that 4, <d; < A;,i=1,2,...,n, and
that the matrix obtained is an EDM. The first relation gives us a lot of freedom, but the
second one is a hard nut to crack.

Assume that the matrices M € R™" and

Ci= [% g] g RO D(reD) (3.2)

are nonsingular.  The eigendecomposition M = UDUT, with UTU=1, D=
diag(d;, d,, . . ., d,) and b = Ua, together with

-1
D a D' 0 1 Dlal[ 7.
I e s

yield the solution

1 1
w=UD"'"U'e - ——UD"'"aa’ D"'U"e + ———UD'a,
a’Dla al’Dla

(@’ D 'UTe-1)

b ollel-[i)

The matrix C is an EDM if and only if

o=
al’D-la

of the system

https://doi.org/10.1017/S0004972712000755 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972712000755

[10] Inverse eigenvalue problem for EDMs of size 3 91

A short computation simplifies this relation to

1
Trrp-17/T T y-17/T 2
eUD Ue-———F(aD Ue-1). (3.3)

Since M~ = UD™'U” and since the matrix M is an EDM, there exists w such that
Mw =e, wl'e > 0. Thus the first term in (3.3) is nonnegative. The following lemma
implies that the last one is nonnegative too.

Lemwma 3.3. For D nonsingular,

a'D'a>0.

Proor. Let us define matrices

D! 0 —~ [D a I D'la
Al '_[aTD' —1}’ D'_[aT 0}’ Az'_[O aTD'a}'

Clearly A;D =A,. Thus detA; det D =detA,. Since detA; = —det D!, detD =
[T/ A; and det A, = a” D 'a,

1
[T5 A

! n
d‘
i=1 "

> 0.

This concludes the proof. O
As an example, let us consider the step fromn =2 ton = 3.

Lemma 3.4. Let n = 2. There exists d, such that the second term in (3.3) vanishes, and

wle =w'e = =2/d,. This solution does not give the maximal possible value w”e.

Proor. Forn =2,

and

\/ (di - ﬁl)(dl ﬂz)(dl A3) \/ (dy = 21)(dr — )(dr — 23)1T
dr — d,

With b=Ua and M = UDU”, we can construct the matrix C in (3.2). If C is
nonsingular, we can apply the previous computation, and obtain

23— LHNENEL) 3, 13y + 25) + o + ods + 12)
dy b A3(A2 + A3)

we=
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14 -12 -10 -8 -6 -4 -2

FIGURE 2. The value d, which gives unchanged w”e = —2/d, is obtained as the intersection of curves.
Here 1, = -2, A3 = —16.

For n =2, wle = —2/d,. The solution of the system w’e = —2/d, is

/122\3/6(1 +142)+i(1 +V3)T2 cm

dy = —
? 6T

with

T:= \3/91‘ +922 — i V3Y2 + 61 — 1522 — 4063 — 156 + 615 + 216.

The solution is obtained as the curve —1/d, touches the curve w” e (see Figure 2). For
data in Figure 2, the solution d, = —12.9694 yields w’e = —2/d, = 0.154 209. But the
values d, = —12 and d» = -2 give a larger w’e = 0.159 722. O

The study of the general case is more complex. We need to find dy,d>, ..., d,
such that A4 <d;<4;, i=1,2,...,n, and that expression (3.3) is nonnegative.
Furthermore, the matrix M has to be hollow (m; =0,i=1, 2, ..., n) and an orthogonal
matrix U is required such that M and b are nonnegative.
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