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1 Introduction

Rockafellar’s watershed.

Boyd’s multitude of applications expressible as convex problem.

Brief history in [Urruty] identifies Hermann Minkowski (1864-1909), Werner
Fenchel (1905-1988), Jean-Jacques Moreau (1923-), R. Tyrrell Rockafellar

(1935-).



2 Convexity theorems and definitions

There is relatively less published pertaining to matriz-valued convex sets and
functions. We present results that we may later need. The reader is referred
to [1] [2] [3] for a comprehensive treatment of convexity.

2.1 Sets

Definition. Conver set. A set C is convex iff for all Y, Z € C and
O<p<l,
pY +(1—pzZeC (1)

Apparent from the definition, a convex set is a connected set.

Theorem. Intersection. The intersection of an arbitrary collection of
convex sets is convex. [2, §2][1, §2]

Theorem. Image/inverse image. Let f be a mapping from RP** to
R™*™ (2, §3]

e The image of a convex set C under any affine function
fO)={f(X)|XeC} (2)
is convex.

e The inverse image of a convex set F,
fHF)={X|f(X)eF} (3)

a single or many-valued mapping, under any affine function f is convex.

Corollary. Projection. The orthogonal projection of a convex set on a
subspace® is another convex set. [2, §3]

LA nonempty subset of a vector space is called a subspace if every vector of the form
ax + By is in the subset whenever x and y are both in the subset, and o, € R. [4, §2.3]
A subspace contains the origin by definition.



Corollary. Matriz-valued set convezity. Set C C R™*" is convex if and
only if the set vICw = <wvw?, C> C R is convex for each and every vector
v€eR™ and w € R"; more generally, if and only if the set of inner products
<E,C> CR is convex for each and every matrix £€R™*".

Proof. This corollary is an application of the image theorem under linear
transformation f(C)=wv?Cw. The requirement for every v and w precludes
trivial transformations. Consider any particular v and w and take any two
elements C; and Cy from C. Then

v'Cw = tr(wo’Cr) = 17 ((vw”)o Cr) 1 = <vw’, C;> (4)
where o denotes the Hadamard product? of matrices [5] [6, §1.1.4], and
<A, B> 2 tr(A"B) = tr(BAT) = tr(BTA) = 17(A o B)1 (5)

denotes the inner product of matrices of like size. [1, §2]
The inner products form a convex set which is easy to see by forming
convex combinations of them; viz.,

p<ovw?, Ci> + (1 — p)<ovw?, Co> = <vw?, uCi> + <vw?, (1 — pu)Co>
= <vw?l, uCy + (1 — p)Co>
(6)

an inner product of vw’ with an element from C for 0 < <1 when C is
convex.

Going the other way, we assume that the inner products form a convex set
generated from some set C. Take a convex combination of any two elements
from C, then form the inner product,

<vw?, pCr+ (1 — p)Co> = p <vw?’, C1> + (1 — p) <vw?, Cy> (7)

Because the right-hand side of (7) is a member of a convex set for 0< <1 by

assumption, then pC; + (1 — p)Co must belong to C. Since all such convex

combinations belong to C for any C; and C, from C, then it must be convex.
The generalization from vw” to matrix F is trivial. ¢

2The Hadamard product is a simple entry-wise product of corresponding entries from
two matrices of like size; id est, not necessarily square.
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Definition. Symmetric matriz subspace. Define a subspace of RV*¥:
the set of all symmetric N x N matrices;

SV 2 A= ATeRVV) (8)

Definition. Hollow matriz subspace. [7] Similarly, define a subspace of
SY: the set of all symmetric N x N matrices having zero main diagonal;

SY 2 {AesV |54) =0} (9)
Definition. Positive semidefinite cone. The set of all symmetric positive

semidefinite matrices of particular dimension is called the positive semidefi-
nite cone: (confer §8.1)

SV 2 fAesN| A0} (10)

The convex set Sf forms a proper cone [1, §2] in the vector space RNNV+1)/2
whose dimension is the number of free variables in a symmetric Nx/N matrix.

3 A proper cone is convex, closed, has nonempty interior, [sic] and pointed (contains no
line). A proper cone induces vector or matrix inequality (a partial ordering on set RY or
sV ) by making comparable points and a minimum element well defined.



2.2 Functions

The vector-valued function f(X) : RP** - RM is convex in X if and only if
dom f is a convex set and for all Y, Zedom f and 0<u<1,

fY + (1 =p)Z) 2 pf(Y)+ (1 —p)f(2) (11)

Since comparison of vectors here is with respect to the nonnegative orthant
Rf , the same test can be accomplished by separately comparing each el-
ement of the vector function. The vector-valued function case is therefore
a straightforward generalization of conventional convexity theory for a real
function. (See [1, §3] for more details.)

Definition. Convex function.
1) Epigraph. We define g(X) : RP** S to be a convex function of X iff
its epigraph

epig 2 {(X,t) | Xedomg, g(X) =t} € R"*x R (12)

forms a convex set.
2) Inequality form. A function g(X):RP**—SM is convex in X iff domg
is a convex set and for all Y, Z&domg and 0<pu<1,

gpY + (1 -p)2) = ng(Y)+ (1 —pg(2) (13)

We require g(X)€SY because we compare matrix-valued functions with
respect to the positive semidefinite cone in the subspace of symmetric matri-
ces (§8.1). The epigraph of a real function is treated in [1] [2] [4]. A convex
function is continuous on the relative interior of its domain. [2, §10]

Theorem. Positive semidefinite matriz. |1, §2] (confer,§5.2) Matrix

A € SM is positive semidefinite (A > 0) if and only if for each and every
E =0,

<E, A> = tr(ETA) > 0 (14)

The product AB of positive (semi)definite matrices A and B is positive
(semi)definite when AB=DBA. [8, §5.2] AB is commutative when AB, A, and



B are symmetric. This product rule applies to longer products. If A is pos-
itive (semi)definite, then for all matrices X, X7AX is positive (semi)definite.

Scalar-Definition. Matriz-valued function convezity. g(X) : RP**—sM
is convex in X iff w’g(X)w € R is convex in X for each and every w e RY;
[1, §3] more generally, iff the real function <F, g(X)> is convex in X for
each and every E > 0.

This general scalar-definition follows directly from (13) and the positive
semidefinite matrixz theorem, with no presumption of differentiability.

Line Theorem. [1, §3] ¢(X): RP**~SM is convex in X if and only if
it remains convex on the intersection of any line with its domain.

Definition. Differentiable convex function. g(X) : RP**—8S™ is convex
in X iff dom ¢ is an open convex set, and its second derivative along every line
X+ tY that intersects dom g, ¢’(X+tY) : R—SM, is positive semidefinite

on each point of intersection; id est, iff for each and every X,Y € RP** such
that X+ ¢Y € domg over some open interval of t€R,
d2
—g(X+tY)>=0 15
T (X +1Y) = (15)

Example. Matriz inverse. g(X) = X"" on {X€ SY| X = 0}. For all
YesY
d’ -1 -1 -1
@Q(X—i-tY) =2(X+tY) Y(X+tY) Y(X+tY)" =0 (16)
on some open interval of t€R such that X+¢Y > 0. Hence, g(X) is convex
in X. This result is extensible;* tr X! is convex on X = 0. [5, §7.6, Prob.2]
Example. Matriz exponential. g(X)=e¥ on {Xe S”| X = 0}. ...

There are more methods to determine function convexity, [1, §3] [2] each
of them efficient when appropriate.

Yd/dttrg(X+tY) =trd/dtg(X+tY). (App.H)
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2.2.1 Quasiconvex functions

Quasiconvex functions are useful in practical problem solving because they
are unimodal; a global minimum is guaranteed to exist over the function do-
main or over any convex set in the function domain. In terms of sublevel set,
their definition is elegant and parallels the epigraph-form definition for con-
vex functions:

Definition. Quasiconvex function.
1) Sublevel set. We define g(X) : RP**—S™ to be a quasiconvex function
of matrix X iff domg is a convex set and for each and every v € R the
corresponding sublevel set

L, 2 {X eR* | g(X) < vI} (17)

is convex.
2) Inequality form. g(X):RP* S is a quasiconvex function of matrix
X iff domg is a convex set and for all Y, Z&€domg and 0<pu<1,

g(pY + (1 —p)Z) = max{g(Y), g(Z)} (18)

A quasiconvex function is not necessarily continuous.

Definition. Differentiable quasiconvex function. Declare t€R variable
and domg an open and necessarily convex set. Then g¢(X) : RP*F — §M
is quasiconvex in X if wherever in the domain the directional derivative®
9, §A.5] [10] [11] [12, §2.3.4] becomes zero, the second directional derivative
is positive definite there [1, §3] in the same direction Y; id est, if

2

d
X+tY)=0 = =
t:(;q< +tY) e

o g(X+tY) =0 (19)

t=0

for each and every point X € dom g and all nonzero Y € RP*¥.
Conversely, if g(X) is quasiconvex then for each and every X € dom g and
all Y e RP*¥,

X+tY)=
p gX+tY)=0 =

t=0

g(X+tY) =0 (20)

2
dt?

By using a generalization of the Taylor series in Appendix A, we extend the traditional
definition of directional derivative so that direction may be indicated by a vector or matrix.
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2.2.2 Salient properties of convex and quasiconvex functions

1. g convex < —g concave.
g quasiconvex < —g quasiconcave.

2. Convexity = quasiconvexity.
Concavity = quasiconcavity.

3. The definition of quasiconvexity is exactly like that of convexity for the
scalar-definition and for the line theorem in §2.2. [1, §3]



Figure 1: Convex hull of three points (N =3) is shaded in R? (n=3). Dotted
lines are imagined vectors to points.

3 Euclidean Distance Matrix

Euclidean space is a finite-dimensional vector space having both a metric and
inner-product defined on it. A Euclidean distance matrix, an EDM E]Rf xN
is an exhaustive table of distance-squared between points taken by pair from
a list of N points in Euclidean space R". Each point is labelled ordinally,
hence the row or column index of an EDM, 7 or 5 € 1... N, individually
addresses all the points in the list.

Consider the following example of an EDM for the case N = 3:

dyi dip dis 0 dig2 dis 015
D= dor doy  dog = dia 0  dog = 1 0 4 (21)
d31 d32 d33 d13 d23 0 5 4 0

Observe that D has N? entries but only N(N —1)/2 pieces of information.
In Figure 1 we show three points in R? that can be arranged in a list to
correspond to D in (21). Such a list is not unique because any rotation,
reflection, or offset of the points in Figure 1 would produce the same D.
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3.1 Metric space requirements

For 4,7 € 1... N, the Euclidean distance between points x; and x; must
satisfy the axiomatic requirements imposed by any metric space: [13]

1. /dij >0, i#j nonnegativity
2. \Jdij =0, 1= self-distance

3./ dij = 4/ dji symmetry
4. \Jdij < \Jdip +\/dij, 1#jFk triangle inequality

where \/d_” is the Euclidean metric in R" (§3.3). Suppose we let d;; denote
distance-squared® and the 4,5 entry of an EDM D. Then all entries of an
EDM must be in concord with the axioms: specifically, each entry must
be nonnegative, the main diagonal must be zero,” and an EDM must be
symmetric. The fourth axiom provides upper and lower bounds for each
entry (§9); loose bounds when N > 3. Axiom 4 is more generally true when
there are no restrictions on indices 7, 7,k but furnishes no new information.

6 Despite the terminology “distance-squared”, the definition adopted throughout is

Vd A ‘d‘uz et Arg(d)/2

where 1=+/—1. Thus we consistently make the presumption: /dy; >0 & dj; > 0.
"What we call zero self-distance, Marsden calls nondegeneracy. [14, §1.6]
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x3

surd x4 2

x1 1 X2

Figure 2: Four axioms of Euclidean space are not a recipe for reconstruction
of this polyhedron.

3.2 4 fifth Fuclidean requirement

The four axioms of Euclidean space provide insufficient information to recon-
struct a convexr polyhedron more complex than a triangle, from incomplete
distance information. Yet any list of points or the vertices of any polyhedron
must conform to the axioms.

Example. Triangle. Consider the EDM in (21), but missing one of its
entries:

0 1 di
D=|1 0 4 (22)
dsy 4 0

Can we determine the unknown entries of D by applying the axioms? (§9)
Axiom 1 demands v/dy3,v/d3; > 0, axiom 2 requires the main diagonal be
zero, while axiom 3 makes \/d3; =+/di3. The fourth axiom tells us

1< \/ds <3 (23)

Indeed, described over that closed interval [1,3] is a family of triangular
polyhedra whose angle at vertex x, varies from 0 to 7 radians.
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Example. Small completion problem. Now consider the polyhedron in
Figure 2 formed from an unknown list of four points {x,zs, x5, 24}. The
corresponding EDM less one critical piece of information, dy4, is given by

d14
(24)

[ N =
= O = Ot

1
1
0

From axiom 4 we may write a few inequalities for the two triangles common
to dyg; we find

V-1 < Vdyy < 2 (25)

We cannot further narrow those loose bounds on v/dy4 using only the four
axioms. (App. C.1.1) Yet there is only one possible choice for v/di4 because
points s, T3, x4 must be collinear. All other values of v/d4 in the interval
[\/5 —1, 2] specify impossible distances in any dimension; id est, in this ex-
ample the triangle inequality axiom does not yield an interval for v/d;4 over
which a family of convex polyhedra can be reconstructed.

We will return to this simple example to illustrate more elegant methods
of solution in §5.4 and §6.4.1.

3.2.1 Lookahead

There must exist at least one requirement more than the four axioms of
Euclidean space that makes them altogether necessary and sufficient to re-
construct convex polyhedra. We will return to that question in §6. One of
our early objectives is to determine the matrix criteria which subsume all the
Euclidean axioms and requirements. Once found (§5.3), we will see there is
a bridge from convex polyhedra to EDMs.®

We digress to review some invaluable concepts and to link the axioms to
matrix criteria.

8From an EDM, a generating list (§4.5, §4.6) can be found (§5.3.4) correct to within
an offset, rotation, and reflection (§3.4).
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3.3 EDM definition
Ascribe points in a list {z, € R", /=1... N} to the columns of a matrix X;
X =[x, - oy] € RV (26)

When D is an EDM, its entries d;; must be related to those points consti-
tuting the list by the Euclidean metric-squared:

dij = Hxi—%‘HQ = (%—%)T(%—fﬂj) = HfEiHQJrH%HQ—?ﬂ??ﬂ?j
I -1 T;
_ T T 7
= Ij]{—f [} La}

Thus each entry d;; is a convex (§2.2) quadratic function of iz} c R*™
J

[1, §3] [2, §6] In terms of matrices, the collection of all Euclidean distance

matrices EDMY is a convex subset of ]Rf *N hence not a subspace;

(27)

0 € EDM" C (S;'n R{"N) c sV (28)

D e EDM? must be expressible as a function of some X: id est, it must have
the form

D(X) = §(XTX)N1T+ 161(X"X) - 2XTX ¢ EDMY (29)

where the main diagonal of A€ RY*" is denoted?

5(A) e RY (30)
and _ .
el afee  afes - afay
zyry lef? 23w oo ajaw
XTX = | oTe, ales |ws)? - alew | €ERVY O (31)
| 2w wRme oz o law|? )

9When linear function &() operates on a square matrix, it returns a vector composed
of all the entries from the main diagonal. On a diagonal matrix A € RV*¥,

S(5(A)) 2 A e RVXN

Operating on a vector, §() naturally returns a diagonal matrix.
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Conversely, D(X) in (29) will make an EDM for any X € R™*" but D(X)
is not a convex function of X (§3.5). D(X) is the matrix definition of EDM
and so conforms to the Euclidean axioms:

Nonnegativity of EDM entries (axiom 1, §3.1) is obvious from the distance-
square definition (27), and so assumed to hold for any D expressible in the
form D(X) in (29).

When we say D is an EDM, reading from (29), it implicitly means the
main diagonal must be zero (axiom 2, self-distance) and D must be symmetric
(axiom 3); §(D) =0 and DT = D are necessary matrix criteria.

3.3.1 Inner-product form

Equivalent to (27) is [15, §1-7][8, §3.2]

dij = d,k + dkj -2 dzkdkj COS gikj
L dir (32)
v ][ e (V]

called the law of cosines, where 1+ = v/—1, 1, k,j are positive integers, and
0ix; is the angle at vertex x;, formed by vectors z; — z;, and z; — xy;

s(di +dig —dig) (i — )" (5 — )

N R I e

\/dik . . . 2 p N
d,]<[\/d—k]l) is a convex (§2.2) quadratic function on R . d;;(6;) is a

quasiconvex function (§2.2.1) [1, §3] minimized over domain —m <@;; <
when 6,,;=0, we have the Pythagorean theorem when 6;,; = 7 /2, and
dij (Qlkj) is maximized when Gikj ::|:7T;

dij = (/dix + \/di; )2, Oirj = +m

= dij, + dy;j, Oirj = 5 (34)

dij = (Vi — \/dk:j)Qy Oij = 0
Vdik = di] < Vdiy < i+ dy (35)

Hence the triangle inequality, axiom 4 (§3.1, confer (101a)) of Euclidean
space, holds for any EDM D.

(33)

coslir; =

&
<.
|

SO
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LV di2din cos Oa1n \V dizdin cos O31n AV dyadin cos Oqn

We may construct the inner-product form of the EDM definition for ma-
trices by evaluating (32) for k=1:

D(O) £

{ 5(@0T@) } 17+ 1[0 57(@%)] - 2 {

for which all Euclidean axioms hold, and where

d12

0’ =

AV dy2dy3 cos 0913 v dy2dy4 cos 0914

vV dyo d13 Cos 9213 d13 v d13 dy4 cos 9314
vV dyady4 cos 914 AV d13 dy4 cos 9314 dyg

0
0

OT
6’6 ] c EDM”Y

(36)

VvV dy2din cos (921N-
\ d13 dyn cos 931N
\/ dyadin cos 04N

din A
c RN*lXN*l (37)
The entries of ©7O result from inner products as in (33); id est,
O = [ZBQ—xl r3 —T1 - $N—$1] GR”XN*l (38)

Like D(X) (29), D(O) will make an EDM for any © € R™*¥~! and is neither
a convex function of © (§3.5.1). Scrutinizing ©7© we find that because of
the choice k=1, distances therein are all with respect to point x;. Similarly,
angles in ©TO are between all vector pairs having vertex z;. Yet picking
arbitrary 6;;; and d;; to fill ©7© will not necessarily make an EDM. We
deduce that knowledge of inter-point distance is equivalent to knowledge of
distance and angle from the perspective of one point, z; in our case. The total
amount of information in @70, N(N —1)/2, is unchanged!'® with respect to

EDM D.

10The reason for the amount O(N?) information is because of the relative measurements.
The use of a fixed reference in the measurement of angles and distances would reduce the
required information but is antithetical. In the particular case n=2, for example, ordering
all points z, in a length- NV list by increasing angle of vector xy—x; with respect to zo—x1,

j—1
6i1; becomes equivalent to > 0k 1 x+1 < 27 and the amount of information is reduced to

2N — 3; rather, O(N).

k=1
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3.4 Rotation, reflection, offset invariance

When D is an EDM, there exist an infinite number of corresponding N-point
lists in Euclidean space. All those lists are related by rotation, reflection, and
offset (translation or shift).

3.4.1 Offset

If there were a common offset among all the xz,, it would be cancelled in the
formation of each d;;. Proof follows directly from (27). Knowing that offset
a in advance, we may remove it from the list in X by subtracting 1?. Then
it stands to reason by definition (29) of an EDM, for any offset a € R",

D(X — all) = D(X) (39)

In words, inter-point distances are unaffected by translation; EDM D is offset
imvariant. When « = zq, in particular,

D(X —211") = DX —Xe11") = D(X [0 V2Vy |) = D(X) (40)

where we introduce the full-rank skinny matrix!'?

[ -1 -1 . -1 ]
a1 ! 1 ! 1 17 NxN-1
VN:E :E{I]ER (41)
L O 1 .
having range
R(Vy) =N(17), N(1") LR() (42)
(and nullspace N (V)r) = 0), and where
1
e 2| Y (43)
0

For the inner-product form EDM definition, D(0) is not offset invariant
in the following sense: For o € R" it is generally true that

D(O — al”) # D(O) (44)

11 “Skinny” meaning more rows than columns. In §D.2, properties of V) can be found.
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3.4.2 Rotation/Reflection

Rotation of the list in X about some arbitrary point, or reflection through
some hyperplane is accomplished via QX — a1, where Q is an orthogonal
matriz. [8] We rightfully expect

D(QX — al”) = D(Q(X — al’)) = D(QX) = D(X) (45)

Because D(X) is offset invariant, we may safely ignore offset and consider
only the impact of matrices that pre-multiply X. Inter-point distances are
unaffected by rotation or reflection; we say, EDM D is rotation/reflection
invariant. Proof follows from the fact,!? QT=Q ! = XTQTQX=XTX. So
(45) follows directly from (29).

The class of pre-multiplying matrices for which inter-point distances are
unaffected is a little more broad than orthogonal matrices. Looking at EDM
definition (29), it appears that any matrix ), such that

XTQIQ, X = X"X (46)

will have the property
D(QoX) = D(X) (47)

An example is @, € R™*" (m>n) having orthonormal columns.

Likewise, D(0) (36) is rotation/reflection invariant;
D(Q®) =D(0) (48)

so (46) and (47) would similarly apply.

3.4.3 Invariance conclusion

In the construction of an EDM, absolute rotation, reflection, or offset in-
formation is lost. Reconstruction of point position, the list in X, can be
guaranteed correct only in the affine dimension r; id est, in relative position.

12The characteristic Q@ '= Q7 defines an orthogonal matrix Q. Curiously, Q7 is itself
an orthogonal matrix.
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3.5 —V{ID(X)Vy convexity

In §3.3 we saw that the EDM entries d;; ( [iz}) are convex quadratic func-
J
tions. Yet —D(X) (29) is not a quasiconvex function of matrix X because

the second directional derivative (§2.2.1)
2
—=5 D(X+tY)=2(-0(Y"Y)1" — 16"(Y"Y) + 2Y"Y) (49)
t=0
is indefinite for any Y € R™" because the main diagonal is zero. [6, §4.2.8]
[5, §7.1, prob.2] Hence —D(X) can neither be convex in X.

The outcome is different when instead we consider
— ViD(X)Vy = 2VEXTX V), (50)

where Vi is defined in (41). (50) meets the criterion for convexity in §2.2
over its domain which is all of R™*"; wiz., for any Y,

d2

- DX +tY)Vy = 4VEYTYVy = 0 (51)

—VIED(X)V)y is therefore a convex quadratic function of X that achieves its
minimum, with respect to the positive semidefinite cone (§2.1), at X = 0.

3.5.1 Inner-product form convexity

In §3.3.1 we saw that d;; is a convex quadratic function of { \/—Vglk} and a
kj

quasiconvex function of 6;;;. Here the situation for the inner-product form
D(O) (36) of the EDM definition is identical to that in §3.5: —D(©) is not

a quasiconvex function of © by the same reasoning, and
—ViD(O)Vy =0"6 (52)

is a convex quadratic function of © on the domain R™" ! achieving its
minimum at © = 0.
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3.6 Injectivity of D

The EDM definitions D(X) (29) and D(©) (36) are many-to-one maps (§3.4)
to the same range, a convex subset of subspace SY called the EDM cone

(88.3);

EDM" = {D(X) : RN —§) | XeR™, nel2..} (53)
= {DO): R"" ' 58} |0 e RN ne12,..}

Substituting (52) back into the inner-product form EDM definition (36),
EDM D 2 D(O) may be decomposed:

D(D)2 D= {5(_VN2DVN) } 1741[0 §5(—VEDVy)] -2 [ o o }

0 —ViDVy
(54)
Defining D(D) on the left-hand side, we invented a new function. Unlike
D(X) or D(©), D(D) is not a definition of EDM; rather, it is an identity
predicated upon D being EDM. D(D) is an injective (one-to-one) map of the
EDM cone onto itself. Yet when the domain is instead SY, D(D) becomes an
injective map onto that same space Sy. Proof follows directly from the fact
that linear function D(D) on SY has no nullspace in its domain. [16, §A.1]
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" b0

Figure 3: Hyperplane a’(y—1v,)=0 delimiting halfspaces in R?.

4 Basic convex geometry

4.1 Halfspace, Hyperplane

A two-dimensional affine set in R" is called a plane. An n— 1-dimensional
affine set in R" is called a hyperplane. [2] [3] A hyperplane can be a subspace,
but not necessarily. Any hyperplane h in R" can be described as the solution
set to aly = b,

h(a,0) = {y|a'y =b} = {y[a’(y=vo) =0} = {yo+Z&|E€R™™'} C R"
(55)

assuming the hyperplane has normal a€R" not equal to 0 as in Figure 3.

All solutions y constituting the hyperplane are offset from the nullspace of
a’ by the same constant vector y, which is any particular solution to a’y=b;
id est, y =y, + Z& where the columns of Z € R™" ! hold a basis for the
nullspace AN (a”).

R" is divided into two halfspaces by any hyperplane. The resulting closed
halfspaces may be described

Ha,b)- = {y|a"y<b} = {y|ad"(y—y,) <0} (56)
H(a,b)s = {y|a"y>b} = {y]a'(y—y,) >0} (57)
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Visualization is easier if we say b=a’y,. Then for any vector y—v, that
makes an obtuse angle with normal a, y will lie in the halfspace H_ on one
side of the hyperplane (shaded in Figure 3), while acute angles denote the
other side H, .

Another useful halfspace description comes about when we consider all
the points in R" closer to ¢ than to d or equidistant, in the Euclidean sense;

{wllly =l <lly—dll} (58)

This description, in terms of distance, is resolved with the hyperplane de-
scription (56) by squaring both sides of the inequality;

{y | (d—C)Tyﬁw} = {y | (d—C)T<y—d;rc) SO} (59)

Definition. Supporting hyperplane. The boundary of a closed halfspace
that contains set C is called a supporting hyperplane h to C when it contains
at least one point of C. [2, §11] For example, given point y, on the boundary
of C and a # 0, if

{yeCla'(y—y,) <0} =C (60)
then
Ma,a"y,) ={y | a"(y — yo) = 0} (61)

describes a supporting hyperplane to C at y,. When the supporting hyper-
plane contains only one point of C, the hyperplane is strictly supporting and
termed tangent to C. [17, §25/6]

Theorem. Halfspaces. [1, §2] [3, §A.4.2(b)] A closed convex set is
equivalent to the intersection of all halfspaces that contain it.

4.2 Extreme direction, extreme point, vertex

Need a figure here to show extreme and exposed points...

An extreme point x. of a convex set C is a point belonging to C that is not
expressible as a convexr combination of points in C distinct from x.; id est,
for all x1,z2€C,

ve £ o+ (1= p)es, pe [0,1), forany o, £ 2. (62)
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The point of tangency in C with a strictly supporting hyperplane identifies

an extreme point, but not vice versa.'3
Definition. Ray. The set
{Ca+b|(>0,a#0} (63)

defines a halfline called a ray having base b€ RM and direction a € RM.

The concept extreme direction arises in connection with the geometric
object called the conver cone (§4.4, §8). Informally, an extreme direction
corresponds to an edge of a convex cone. An extreme direction is formally
represented by a ray emanating from the origin. Rockafellar suggests the
mnemonic, “extreme point at infinity”. [2, §18]

Theorem. FExtremes. [2, §18] Any closed convex set containing no lines
can be expressed as the convex hull of all its extreme points and directions.

Definition. Face, exposed face, facet, edge, vertex. A face of a convex
set C is a convex subset F C C such that every closed line segment in C
having relative interior point in F, has both endpoints in F. [2, §18] The
zero-dimensional faces of C are the extreme points. The empty set and C
itself are faces of C.

F is an exposed face of convex set C iff there is a supporting hyperplane
h to C such that [3, §A.2.4]

F=Cnh (64)

An exposed point is a zero-dimensional exposed face, and the definition of
verter; it is an extreme point but not vice versa. An edge is a one-dimensional
face of a convex set; [3, §A.2.3] it is not necessarily exposed.

A facet is an (n—1)-dimensional exposed face of convex set C of affine
dimension n. [18] [3, §A.2.3,8A.2.4]

Definition. Boundary.

13The point of tangency with a strictly supporting hyperplane is the same as an ex-
posed point, which is an extreme point. But an extreme point is not necessarily exposed.
[3, §A.2.4]
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4.3 Affine dimension, affine hull

The lower bound on FEuclidean dimension consistent with an EDM D is
called the embedding [7] or affine dimension. The affine dimension r is the
dimension of the smallest affine set in R™ (empty set, point, line, plane,
hyperplane, subspace, R") that contains the list (26) in X € R™*"; r is the
same as the dimension of the subspace parallel to that affine set. [2, §1]
That affine set in which the points are embedded is unique and is called the

affine hull [1, §2];

AL aff{z,, (=1...N} = aff X = {Xa|a"1=1} C R* (65)

4.4 Convex cone, conic hull

A set K is called a cone if (A belongs to K whenever A€ C and ¢ > 0. We
call the set C a convex cone iff

A BeC = CA+EBeC foral ((£>0 (66)

If A lies on the relative boundary of C, then the ray {CA | > 0} also belongs
to the boundary and is called an extreme direction [2, §18] of C. A convex
cone is a narrower but more familiar class of cone equivalently described as
the non-empty intersection of a number of hyperplanes (through the origin)
and halfspaces each of whose delimiting hyperplane (Figure 3) passes through
the origin.!* Esoteric examples of convex cones include the point at the
origin, any line through the origin, any ray having the origin as base, any
subspace, any halfspace delimited by a hyperplane through the origin, and
R"™. When a convex cone has a vertex, it resides at the origin.

In terms of a point list contained in the columns of X (26), the conic hull
is defined:

CéCone{xZ,ézl...N}:{Xa]aEO}QR” (67)

The conic hull of a set forms a convex cone; the smallest convex cone that
contains the set.

14The number of hyperplanes and halfspaces constituting a convex cone is possibly but
not necessarily infinite. When the number is finite, the convex cone is termed polyhedral.
The convex cone is a closed set by the definition of halfspace in (56) and (57).
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Figure 4: Convex hull of a random list of points in R®. Some points from the
generating list reside in the relative interior of this convex polyhedron. [18,
Convex Polyhedron, Avis-Fukudal

4.5 Convex hull

The convez hull 1, §2][2] of any finite-length list (or set) of points in Euclidean
space R"™ forms a unique relatively closed [4]**[14] convex polyhedron whose
vertices constitute some subset of that list; e.g., Figure 4,

P 2 conv{zy, {=1...N} = conv X = {Xa|a'l=1,a=0} C R"

(68)
Observe the notation a = 0.'% The relative boundary and relative interior
[1, §2]'7[2] of polyhedron P constitute the convex hull P; the smallest convex
set (§2.1) that contains the list in X. Given P, the generating list {x,} is
not unique.

15When a set C is relatively closed, it means closed relative to the affine hull of C.

I6For symmetric matrices, the notation A > B denotes comparison on the positive
semidefinite cone (§2.1). For vectors, a > b denotes comparison on the nonnegative
orthant while > is reserved for scalar comparison as in aTy > b.

1"The relative interior of a set C is the interior relative to the affine hull of C. (Likewise
for the relative boundary.)
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4.6 Convex polyhedron

We define convex polyhedra to be of any dimension and to comprise all
affine sets, polyhedral cones,'® line segments, rays, and halfspaces. Not all
convex polyhedra are bounded, hence neither can they all be described by a
convex hull as in (68). Boyd and Vandenberghe [1, §2]*° propose a universal
description of polyhedra in terms of that same generating list (26) in X €
R™¥ which encompasses all three classes of convex object:

{Xa|al,1=1, a1, =0, 1 <m < N} (69)

a1., denoting the truncated a-vector,

a1m = [ al ] (70)

am

From (65), (67), and (68), we deduce the conditions that may be applied to
the coefficients left unspecified in (69);

affine sets —s af1=1
convex cones — a >~ 0

} «—— bounded polyhedra (71)

There is an equivalent halfspace/hyperplane description of convex poly-
hedra: A polyhedron is the intersection of a finite number of halfspaces and
hyperplanes; [3]

{y| Ay 2b, Cy=d} CR" (72)

where A and C' generally denote matrices. Each row of A is a vector nor-
mal to the hyperplane delimiting one halfspace, while each row of C' is a
vector normal to a hyperplane. A polyhedron thus described must be a con-
vex set.??(§2.1) When b and d in (72) are zero, the result is a polyhedral
cone. Conversion between the halfspace/hyperplane (72) and convex hull
descriptions (68)(69) is nontrivial, in general.?! [19]

18Tn Rockafellar’s terminology, finitely-generated convex cones; [2, §19] id est, all sets
that can be described, using matrix coefficients, {y| Ay < 0, Cy = 0}. (confer (72))

19 Their definition is designed to enhance Rockafellar’s [2, §19] by facilitating intersection
with affine sets.

20 We consider only convex polyhedra, but acknowledge the existence of concave poly-
hedra. [18, Kepler-Poinsot Solid]

21The conversion is easy for simplices (§5.3.2). [1, §2]
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A vertex of a convex polyhedron is the same as a zero-dimensional ex-
posed face.?? (§4.2) [3, §A.2.4] Hence a vertex always resides on the relative
boundary of a convex polyhedron. [17, §25/6] In Figure 4 the vertices are
located at the intersection of three or more facets. Not all members of a
generating list become vertices of the corresponding polyhedron; certainly
true for (68) and (69), some list members reside in the polyhedron’s relative
interior. Conversely, when (68) applies, the convex hull of the vertices is a
polyhedron identical to the convex hull of the generating list.

4.7 Embedding in the affine hull

The affine hull (65) of the x, in X is identical to the affine hull of the
polyhedron P formed from all convex combinations of the x, as in (68);
[1, §2][2, §17]

A=aff X = aff P (73)

Comparing definitions (65) and (68), it becomes obvious that the x, and
their convex hull P are embedded in their unique affine hull A;

ADP D {x} (74)

We define the dimension r of the affine hull A to be the same as the
dimension of the convex hull P [2, §2], but 7 is not necessarily equal to the
rank of X.?® For the particular example illustrated in Figure 1, P is the
triangle plus its relative interior while its three vertices constitute the entire
list in X. The affine hull A is the unique plane that contains the triangle, so
r=2 in that example while the rank of X is 3. Were there only two points
in Figure 1, then the affine hull would instead be the unique line passing
through them; r» would become 1 while the rank would be 2.

22For the polyhedron in R? from Figure 4, the edges are one-dimensional exposed faces
while the two-dimensional exposed faces are the facets.
Brank X <min{n, N}, r < min{n, N—1} (84).
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4.8 Determining affine dimension

Affine dimension r is important because we lose any absolute offset com-
ponent common to all the generating z, in R" when reconstructing convex
polyhedra given only distance information. (§3.4) To calculate r, we first
eliminate any offset that serves to increase dimensionality of the subspace
required to contain P; subtracting a € A from every list member will work,

X —al” (75)

translating A to the origin: 24
A—a = aff(X —al”) = aff(X) -« (76)
P—a = conv(X —al’) = conv(X) —a (77)

which follow from their definitions. Because (73) and (74) translate,
R" D A-—a = aff(X —al”) = aff(P—a) D P—a D {z,—a} (78)
where from the previous relations it is easily shown
aff(P — a) = aff(P) — « (79)

Translating A neither changes its dimension nor the dimension of the em-

bedded polyhedron P;

1]>2

r 2 dimA = dim(A—a) £ dm(P—a) = dimP  (80)

For any «a € R", (76)-(80) remain true. [2, pg.4, pg.12] Yet when a € A, the
affine set A —«a becomes a unique subspace of R" in which the {z, — a} and
their convex hull P — a are embedded (78), and whose dimension is more
easily calculated.

24We might choose the geometric center of the x; [7][20]

a:ag:ng:leepgA
N
If we were to associate a point-mass my with each of the points x, in a list, then their
center of mass (or gravity) would be (D" xpmy)/ > my. The geometric center is the same
as the center of mass under the assumption of uniform mass density across points. [10]
The geometric center always lies in the convex hull; (68) id est, ay € P because bgl =1
and by = 0.
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Example. Translating first list-member to origin. Subtracting o = x;
(x1€ P C A) from every list member will translate 4 and P and, in partic-
ular, x; to the origin in R"; wiz.,

X—z11" = X —Xe1" = X(I—e1") = X[0 V2V ] (8))
where V) is defined in (41), and e; in (43). Applying (78) to (81),

R" D R(XVy) = A—2; = aff(X—2,17) = aff(P—2,) D P—2; 5 0

(82)
where XV € R™Y~1 Hence
r=dimR(XVy) (83)
The general fact
r <min{n, N — 1} (84)

is evident from (81) but can be visualized in the example illustrated in
Figure 1. There we imagine a vector from the origin to each point in the
list. Those three vectors are linearly independent in R?, but the affine di-
mension r is 2 because the three points lie in a plane. When that plane is
translated to the origin, it becomes the only subspace of dimension r = 2
which can contain the translated triangular polyhedron.
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4.9 Affine dimension vs. rank

Now, suppose D is an EDM as in (29) and we pre-multiply by —Vi& and
post-multiply by V. Then because V{1 =0 (42),
~VEDVy = 2VEXTX V) € RNV (85)
Consequent to (39) for any «,
—ViEDVy = 2VE(X — al")T(X — al®)Vy (86)
Similarly multiplying the inner-product form EDM definition (36),
~ VDV = 6Te e RV 1N (87)

Theorem. Rank, nullspace, and number of 0 eigenvalues. For any
AeR™P

rank(A) + dim N (A) = p (88)

by conservation of dimension. [5, §0.4] For any square matrix (p = m),

the number of 0 eigenvalues is at least equal to dim N (A). For any diag-
onalizable matrix (p =m), the number of 0 eigenvalues is exactly equal to

dim NV (A).

For any matrix A, rank ATA = rank A. [5, §0.4]*® Hence

rank Vi;DVyy = rank XVy = rank® = r (89)
By conservation of dimension,
r+dimN(ViDVy) = r+dimN(©) = N—1 (90)
We summarize the affine dimension:

r & dim(P —«a) = dimP = dimconv X

= dim(A—«a) = dimA = dimaff X
rank(X — z,17)

rank XV,

rank VDV

rank © D € EDM"
rank A, (125)

min {n, N — 1}

(91)

IA

BFor ACR™P, N(ATA) = N(A). [8, §3.3]
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5 Metric vs. matrix criteria

5.1 Nonnegativity axiom 1
When D is an EDM (29), then it is apparent from (85) that
VU XTXVy = —VIDVy =0 (92)

because for any A, ATA = 0.26 Kreyszig notes that axioms 2 through 4
(§3.1) together imply nonnegativity of the d;;. [13, §1.1, prob.15] We claim
that nonnegativity is enforced primarily by the matrix inequality (92); id est,

—VIDVy = 0
S(D)=0 § = dy; >0,i+#j (93)
DT=D

(The matrix criterion to enforce strict positivity differs by a stroke of the
pen. (96))

We now support our claim: If any matrix A € R™*™ is positive semidef-
inite, then its main diagonal 6(A) € R™ must have all nonnegative entries.
6, §4.2] Given §(D) =0 and DT= D,

—VDVy =
d12 %(dm +di3—da3) %(dl,i—&-l +diji1—dit15+1) %<d12+d1N —day) |
%(d12+d13 —das3) di3 %(dl,z'ﬂ +dy i1 —dit1,54+1) %(d13+d1N —dsn)
%(dl,jﬂ +di i1 —djt1,i41) %(dl,jﬂ +diiv1—djr1,i41) diit1 %<d14+d1N_d4N)
%(d12+d1N_d2N) %(d13+le_d3N) %(d14+d1N_d4N) e din ]
c RN—IXN—I (94)
where row,column indices i,j€1... N—1. [21] It follows that
d
~VIDVy = 0 dﬁ
§(D)=0 p= §(-ViDVy)=1| " | =0 (95)
DT=D :
din

BFor A € R™", ATA = 0 & yTATAy = ||Ay|? > 0 for all y € R". When A is
full-rank skinny or square, ATA = 0.
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Multiplication of Vs by any permutation matrix = has null effect on its range
and nullspace. In other words, any permutation of the rows or columns of
Vi produces a basis for N'(17); id est, R(Z,Vy) = R(VyZ.) = R(Vy) =
N(@1T). Hence, —=V{DVy = 0 & —VLEID=E, Vi, = 0 (& —EIVEDVAE, = 0).
Various permutation matrices®” will sift the remaining d;; similarly to (95)
thereby proving their nonnegativity. Hence —VEDV), = 0 is a sufficient test
of the first axiom (§3.1) of Euclidean space, nonnegativity. ¢

5.1.1 Strict positivity

Should we require the points in R" to be distinct, then entries of D off
the main diagonal must be strictly positive {d;; > 0, i # j}, and only those
entries along the main diagonal of D are zero. By similar argument, the
strict matrix inequality is a sufficient test of strict positivity of the FEuclidean
metric-squared;

—VIDVy = 0
S(D)=0 » = di >0,i#] (96)
DT=D

2"The rule of thumb is: If Z,.(i,1) = 1, then §(~VFELDZE, Vi) e RV ! is some permu-
tation of the i row or column of D excepting the 0 entry from the main diagonal.
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5.2 Triangle inequality axiom 4

In light of Kreyszig’s observation [13, §1.1, prob.15] that metric space axioms
2 through 4 (§3.1) imply axiom 1, the nonnegativity criterion (93) suggests
that the matrix inequality —V,$ DV = 0 might somehow take on the role of
the triangle inequality; id est,

5(D) =0
DT=D :>\/dij < \/dik+\/dkj7 Z7é.77ék (97>
—VIDVy = 0

We now show that is indeed the case: Let T be the leading principal sub-
matriz in R*? of —VEDV); (upper left 2x 2 submatrix from (94));

A dia %(d12+d13—d23)

T = 98
5 (dia+diz—da3) dis (%8)

A bit obscure from standard texts [8, §6.3] [5] [6] but true that 7" must be
positive (semi)definite whenever —V{:DV), is. More generally,

Theorem. Principal submatriz. (App.F, confer (14))

o AeSMis positive definite if and only if all the principal submatrices of
dimension less than M are positive definite and det A is positive.

e AecSMis positive semidefinite if and only if all principal submatrices
of dimension less than M are positive semidefinite and det A is non-
negative.

Now we have,

—VAT/DVNEO = T>0 < 01>09>0

—VIDVy =0 = T>0 < 01>09>0 (99)

where o7 and o9 are the eigenvalues of 7', real due only to symmetry of 7"

3 (diz +diz + \/d3; — 2(diz + dig)dos + 2(dfy + df) ) €R (100)
% d12 + d13 — \/d223 — 2(d12 + dlg)d23 + 2(d122 + d123> eR

o1 =

09 =
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Nonnegativity of eigenvalue o; is guaranteed by only the nonnegativity
of the d;; which in turn is guaranteed by the matrix inequality (93). The
inequality between the eigenvalues in (99) follows from only the realness of
the d;;. Since o, always exceeds or equals oy, conditions for the positive
(semi)definiteness of submatrix 7' can be completely determined by exam-
ining oy, the smaller of its two eigenvalues. A triangle inequality is made
apparent when we express T' eigenvalue nonnegativity in terms of D matrix
entries; viz.,

T>0 < detT =0109>0, dio,di3>0
=1
dy €R, 03>0
=4
dia,dy3,dy3 >0

and (101)
[Vdiz = Vdys | < Vdiz < iz + Vs (a)

Triangle inequality (101a) (confer (105)), in terms of three entries from D,
is equivalent to §3.1 axiom 4

diz < \/dy2 + \/dos
doz < \/dy2 + \/di3 (102)
diy < \/dy3 4 \/das3

for the corresponding points 1, s, x5 from some length-N list.2®

28 Accounting for symmetry axiom 3 (§3.1), axiom 4 demands three inequalities be sat-
isfied per one of type (101a). The first of those inequalities in (102) is self evident from
(101a), while the two remaining follow from the left-hand side of (101a) and the fact for
scalars, |a| <b & a <b and —a <.
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5.2.1 Comment

Given D whose dimension N is greater than or equal to 3, in total there are
N!/(3!/(N— 3)!) distinct triangle inequalities like (35) that must be satisfied,
of which each d;; is involved in N—2, and each point z; is in (N — 1)(N —2)/2.
We have so far revealed only one of those triangle inequalities, (101a) which
came from T (98). Yet we claim if —V;FDV), = 0 then all triangle inequalities
will be satisfied simultaneously;

Vdix —/diy | < Vdiy < di +/dy, i<k<j (103)

(There are no more.) To verify our claim, we must show that the matrix
inequality —V{DVj, =0 is a sufficient test of all the triangle inequalities;
more efficient, we add, for larger N.

5.2.2 Shore

The columns of =,V Z. hold a basis for A(17) when =, and Z. are permu-
tation matrices. In other words, any permutation of the rows or columns of
Vi leaves its range and nullspace unchanged; id est, R(Z,Vy Z.) = R(Vy) =
N (17) (42). Hence, two distinct matrix inequalities can be equivalent tests
of the positive semidefiniteness of D on R(Vy); id est, =ViDVy = 0 <
— (5, VnE)ID(Z, Vi E.) =0. By properly choosing the permutation matri-
ces,? the leading principal submatrix T € R**? of —(Z, Vi Z,)"D(E, Vi Z.)
may be loaded with the entries of D needed to test any particular triangle
inequality (similarly to (94)-(101)). Because all the triangle inequalities can
be individually tested using a test equivalent to the lone matrix inequality
—VEDV) =0, it logically follows that the lone matrix inequality tests all
those triangle inequalities simultaneously. We conclude that —VEDV)y =0
is a sufficient test of the fourth axiom (§3.1) of Euclidean space, triangle
inequality. ¢

2To individually test triangle inequality |\/dir —+/dij | < \/dij < \/dix ++/dy; for

particular i, k, j, set E,.(i,1) = E,.(k,2) = Z,.(4,3) = 1, and Z.=1.
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5.2.3 Strict triangle inequality

Without exception, all the inequalities in (101) and (102) can be made strict
while their equivalences remain true. The then strict inequality (101la) or
(102) may be interpreted as a strict triangle inequality under which collinear
arrangement of points is not allowed. [17, §24/6] Hence by similar reasoning,
—VEDVy = 0 is a sufficient test of all the strict triangle inequalities; id est,

5(D) =0
DT=D = \/dij < \/dik+\/dkj7 Z%]?ﬁk (104)
_VIDVy = 0

5.2.4 Affine dimension reduction in two dimensions

The leading principal 2x 2 submatrix T' of —VZDV)y has largest eigenvalue
o1 (100) which is a convex function of D.3° o, can never be zero unless
di2 =d13=dy3=0. o7 can never be negative so long as d;; are nonnegative.
The remaining eigenvalue o, is a concave function of D that becomes zero
only at the upper and lower bounds of inequality (101a) and its equivalent
forms: (confer (103))

Vi = Viys | < Vdiy < V2 + Vs (a)

g
VI —VTs| < VI < VIt Vdz ) (105)
4

Vs~ V| < Vs < Vs + Vs (0

In between those bounds, oy is strictly positive; otherwise, it would be neg-
ative but prevented by the condition 7" > 0.

When o5 becomes zero, it means that triangle /93 has collapsed to a
line segment; a potential reduction in affine dimension r. The same logic is
valid for any principal 2x2 submatrix of —V{:DV), hence applicable to other
triangles.

30The maximum eigenvalue of any symmetric matrix is always a convex function of its
entries, while the minimum eigenvalue is always concave. [1, §3] In our particular case, say
dy2
dis
das
certifies concavity. Each Hessian has rank equal to 1. The respective gradients Voy(d)
and Voa(d) are nowhere zero.

a2 €R>. Then the Hessian V20 (d) =0 certifies convexity whereas V2o3(d) <0
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5.3 Bridge: Convex polyhedra to EDMs

The criteria for the existence of an EDM include, by definition (29) (36), the
axioms imposed upon its entries d;; by a Euclidean space. From §5.1 and
§5.2, we know there is a relationship of matrix criteria to those axioms. Here
is a snapshot of what we are sure thus far: for i,j€1... N, (confer §3.1)

Vdi; 20, i#
/d,].:() ziéﬁ _ﬁDVNio
\/d—”_\’/d— = §(D)=0 <« Dc EDM"
i Jt DT =D
Vdij < \/dig +/dij, 1#]Fk
(106)

At this moment, we have no converse for (106). As of concern in §3.2, we have
yet to establish the metric requirements beyond the four Euclidean axioms
which allow D to be identified as an EDM, or which facilitate polyhedron
or list reconstruction from an incomplete EDM. Our present goal is to es-
tablish the necessary and sufficient matrix criteria that will subsume all the
Euclidean axioms and any further requirements®' for all N >1; id est,

—VIDVy = 0

N
pesy © DEEDM (107)

From (42) R(Vy) = N(17), so (107) is the same as
—2™Dz >0

172=0 < D<cEDM" (108)
Desy

31Tn 1935, Schoenberg [21] first extolled expansion (94) showing that nonnegativity of
—yTVNTDVNy >0, for all y e RV is necessary and sufficient for D to be an EDM.
(Symmetry and zero self-distance predicate (94).)
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5.3.1 Geometric criterion

We derive matrix criteria for D to be an EDM, validating (107) using simple
geometry: distance to the polyhedron formed by the convex hull of a list of
points in Euclidean space R".

EDM assertion. D is a Euclidean distance matrix if and only if D €S}
and distances-squared from the origin

{lpw)I* = —y"ViiDVyy |y € S — 3} (109)

correspond to points p in some relatively closed convex polyhedron

P—a = {ply) |lyeS—73} (110)

having N or fewer vertices embedded in an r-dimensional subspace A — «
of R", where o € A = aff P, and where the domain of linear function p(y)

is the unit simplex S shifted such that its vertex at the origin is translated
to —G in RY "L When =0, o = ;.
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5.3.2 Unit simplex
The unit simplex, a peculiar convex subset of the nonnegative orthant,
S 2 {s]s=0,1"s <1} cRY™! (111)

is itself a regular convex polyhedron having nonempty interior, N vertices,
and dimension N —1. [1, §2]

dimS = N —1 (112)

The origin supplies one vertex, while heads of the standard basis [5] [8]
{e;,i=1...N—1} in RV~ constitute those remaining;*?

S = conv{0, {e;, i=1...N—1}} (113)
In terms of V), the unit simplex can be represented equivalently;
S ={seRV | V2Vys = —e} (114)

where e; is as in (43).

Incidental to the EDM assertion, shifting the simplex domain in RV~
translates the polyhedron P in R" Indeed, there is a one-to-one correspon-
dence between vertices of the unit simplex and members of the list generating
P;

p . RN*l N Rn
4 —ﬁ A ( :L‘l—a 3\
er1—f T — (115)
p es — (3 — T3 — «
\ eNfl_ﬁ Y, \ In —a J

32In R the unit simplex is the point at the origin, in R the unit simplex is the line
segment [0, 1], in R? it is a triangle and its relative interior, in R? it is the convex hull of
a tetrahedron [22], in R* it is the convex hull of a pentatope. [18] The unit simplex is a
special case of the general class of polyhedra called simplez: [2]

{conv{vi} | dimaff{v;, i=0...k} =k, v; e RN, N—1 > k}
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5.3.3 Proof of EDM assertion

— To validate the EDM assertion (§5.3.1) in the forward direction, we
must demonstrate that if D is an EDM then each distance-squared ||p(y)||?
described by (109) corresponds to a point p in some embedded polyhedron
P — a. Assume that D is indeed an EDM; id est, D comes from a list of
N unknown points in Euclidean space R”; D = D(X) for X € R”" as in
(29). Since D is offset invariant (§3.4), we may shift the affine hull A of
those unknown points to the origin as in (75). Then take any point p in
their convex hull; (68)

P—a = {p=(X—-Xb1"a|a"1=1,a>0} (116)
where a = Xbe€ A < b'1 = 1. Solutions to a1l =1 are:®
a=e +V2Vys (117)
where s € RV ! and e, is as in (43). Similarly, b = e, + v2V3.

P—a = {p=X{T- (e +V2VaB)1")(er +V2Vxs) | V2Virs = —e1}
= {p=XV2Vx(s = B) | V2Vy s = —e1}

which describes the domain of p(s) as the unit simplex S; [22][1, §2] e
S={s|V2Vys»= —e;} CRN"! (119)

Making the substitution y <« s — 3,
P—a = {p=V2XVyy|yeS—73} (120)

Point p belongs to a convex polyhedron P—a embedded in an r-dimensional
subspace of R"™ because the convex hull of any list forms a polyhedron,
[1, §2][2] and because the translated affine hull A—« contains the translated
polyhedron P — « (78) and the origin (when a€ A), and because A has di-
mension r by definition (80). Now, any distance-squared from the origin to
the polyhedron P — « can be formulated

{r'p = IplI* = 20" Vi X'XVyy |y €S -5} (121)
Applying (85) to (121) we get (109).

33The solutions a constitute a hyperplane orthogonal to the vector 1, and offset from
the origin in RY by any particular solution; in this case, a = e;. Since R(Vy) = N(17)
and N (17) L R(1), Virs is a hyperplane orthogonal to 1 for s € RV ™%,
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<= To validate the assertion in the reverse direction, we must show that if
each distance-squared ||p(y)||? on the shifted unit simplex & — /3 corresponds
to a point p(y) in some embedded polyhedron P — «, then D is an EDM.
The r-dimensional subspace A — «a C R" is spanned by

pE=PF) =P -« (122)

because A —a = aff(P—a) D P —a (78). So, outside the domain S — 3
of linear function p(y), the simplex complement S — F € RY™! must contain
the domain of the distance-squared [|p(y)||> = p*(y)p(y) to the remaining
points in the subspace A — «; id est, to the polyhedron’s relative exte-
rior P —a. For ||p(y)||* to be nonnegative on the entire subspace A — a,
—VEDV) must be positive semidefinite and is assumed symmetric;**

—~VIDVy £ 079 (123)

where ® € R™N~! for some m > r. Because p(S — ) is a convex poly-
hedron, it is necessarily a set of linear combinations of points from some
length-N list because every convex polyhedron having N or fewer vertices
can be generated that way (§4.6). [2, §19] Equivalent to (109) are

{p'plpeP—-a} = PIp=y" o0y |yeS—p3} (124)

Because p € P — a may be found by factoring (124), the list ® is found by
factoring (123). A unique EDM can be constructed from that list using the
inner-product form definition D(0)|e—e (36). That EDM will be identical
to D if 6(D)=0 by injectivity of D(D) (54). ¢

34The antisymmetric part (—VEDVy — (=VEDVy)T)/2 is annihilated by [p(y)|*.
AT=A»0 & A= RTR for some real matrix R. [8, §6.3]

41



5.3.4 List reconstruction

At the stage of reconstruction, D€ EDM”" and we wish to find a generating
list (§4.5, §4.6) for P — a by factoring positive semidefinite —V{-DV), (123)
as suggested in §5.3.3. One way to factor (123) is via diagonalization of
symmetric matrices; [8][5]

~VEDVy 2 QAQ" (125)
QAQT =0 & A >0 (126)

where Q € RV"¥=1ig an orthogonal matrix containing eigenvectors while
A € RV-XN=1 45 5 diagonal matrix containing corresponding nonnegative
eigenvalues. From the diagonalization, identify the list using (85);

—VIDVy = 2VIXTXVy 2 QVAQTQ,VAQ" (127)

where VA Q1Q,vA 2 A = VAVA, and where Q, € R™*¥!is unknown as is
its dimension n. Rotation/reflection is accounted for by @, yet only its first r
columns are necessarily orthonormal.®® Assuming y €S then p = vV2X Vi y
= Q,vVAQTy in R" belongs to the polyhedron P — z; whose generating
point list constitutes (81) the columns of

[0 \/§XVN] - [0 Qo\/KQT] e RN (128)
If we like, we may choose n to be
rank Vi, DVyy = rank QNVAQT = rankA = r (129)

which is the smallest n possible®® because XVjr has rank r < n.(89) The
simplest choice for @, is [I 0]€R"™N! where r < N—1.(84)

35 @), is not necessarily an orthogonal matrix. @, is constrained such that only its first
r columns are necessarily orthonormal because there are only r nonzero eigenvalues in A
when VNTDVN has rank r (§4.9). The remaining columns of @, are arbitrary.

A1 0
af -
361f we write QT = as row-wise eigenvectors, A= Ar 0 in terms
T .
adN-1 0 i 0

i
of eigenvalues, and Q, = [qol e qufl] as column vectors, then Q,vA QT = S Vi Go, qF
i=1

is a sum of r linearly independent rank-one matrices. Hence the summation has rank r.
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Figure 5: —V{ DV is positive semidefinite for only one value of dy4; 2.

Given the list (128) found from the diagonalization of —VEDVy,, we
might wish to verify it. Because of offset and rotation/reflection invariance

(83.4), EDM D can be uniquely constructed from that list by calculating:
(29)

D(X) =D(X[0 V2Vy]) = D(Q,[0 VAQ'])=D([0 VAQT])  (130)

5.4 Example revisited

We now apply the necessary and sufficient criteria (107), for an EDM, to an
earlier problem.

Example. Small completion problem. Continuing the example in §3.2
which pertains to Figure 2 where N =4, dy4 is ascertainable from the matrix
inequality —VFDV)ys = 0. Because all distances in (24) are known except
V/dyi4, we may simply calculate the minimum eigenvalue of —VFDV) over
a range of di4 as in Figure 5. We observe a unique value of di4 satisfying
(107) where the abscissa is tangent to the minimum eigenvalue. Since the
minimum eigenvalue of a symmetric matrix is known to be a concave function
(85.2.4), there are no other satisfying values of dy.
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5.5 EDM indefiniteness

Any symmetric positive semidefinite matrix having a zero entry on its main
diagonal must be zero along the entire row and column to which that zero
belongs. [6, §4.2.8] [5, §7.1, prob.2] In other words, when D € EDMY”, there
can be no positive nor negative semidefinite EDM except the zero matrix
because EDMYCSY (28) and

Synsty=o0 (131)

the zero matrix. So, there can be no factorization D = ATA nor —D = ATA.
8, §6.3] Hence the eigenvalues of an EDM are neither all nonnegative nor all
nonpositive; an EDM is indefinite.

5.5.1 EDM eigenvalues

For any symmetric —D, we can find its rank and characterize its eigenvalues
by congruence transformation: [8, §6.3]

o VI . VEDVy LVEDI
—C DC — - 1 T D VN El — - 1 T 14T
(132)
Because C 2 [VN \/%1} e RV*N has full rank,
rank D = rank C'DC (133)

The congruence —CTDC' has the same number of positive, zero, and nega-
tive eigenvalues as —D. Further, if we denote the eigenvalues of —V{DV),
by o;,i€1... N—1, the eigenvalues of —CTDC by (;,i€1...N, and we
arrange each respective set of eigenvalues in decreasing order, then by theory
of interlacing eigenvalues for bordered symmetric matrices, [5, §4.3]

(NS on1 S (v S oyl <0< (<01 <@ (134)
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When D € EDM”Y, o; >0 for all i [5, §7.2] because —VIDV), = 0, as
we now know. That means the congruence must have N —1 nonnegative
eigenvalues; (;>0, i€1... N—1. The remaining eigenvalue (; cannot be
nonnegative because then —D would be positive semidefinite, an impossibil-
ity; so (y <0. By congruence, —D must therefore have one and only one
negative eigenvalue:

0 >0,iel...N—-1

N-1 135

a]\/ = — Z E)Z < 0 ( )
i=1

where 0;,i€1... N, are the eigenvalues of —D; their sum must be zero

only because tr D = 0. [8, §5.1]
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6 Fifth Euclidean requirement

We continue now with the question raised in §3.2 regarding the necessity for
at least one requirement more than the four Euclidean axioms (§3.1) to recon-
struct a convex polyhedron or its generating list from incomplete distance
information. There we saw that the Euclidean axioms become insufficient
when the number of points N exceeds three, regardless of affine dimension.

6.1 Path not followed
6.1.1 N=4

An intuitively appealing way to augment the Euclidean axioms is to recognize
that the three-dimensional analog to triangle & distance is tetrahedron &
facet-area. Each of the four facets of a tetrahedron is a triangle and its
relative interior. Suppose we identify each facet of a non-regular tetrahedron
by its area-squared: A;, Ay, A3, A4s. Then analogous to axiom 4, we may
write an area inequality for the facets

VA < A+ VA VAL i£jER£LIEL234 (136)

which is a generalized triangle inequality [13, §1.1] that follows from [23]
[18, Law of Cosines]

VA = \/Ajcos i + \/ Ak cos g + \/ Ajcos ¢y (137)

where ¢;; is the dihedral angle at the common edge between triangular facets
i and j. Conveniently, the area of the i'" triangle has a formula in terms of
D; e EDM”" "L the EDM corresponding to that particular triangle; id est,
from the Cayley-Menger determinant [18],
(-1~

Ai = 12 det |:

T NN — 1) (138)

0 17
1 D

where D; is a principal submatrix of D € EDM?Y, the EDM of the whole

tetrahedron. The number of principal 3 x 3 submatrices of D is, of course,
equal to the number of triangles in the tetrahedron; N!/(3!(N —3)!).
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6.1.2 N =5

Moving to the next level, we may encounter an object called the polychoron,
a polyhedron in four dimensions.?” The analog to triangle & distance is now
polychoron & facet-volume. The polychoron has five facets, N!/(4!/(N —4)!),
each of them a non-regular tetrahedron whose volume-squared is calculated
using the same formula; (138) where D is now the EDM of the polychoron
and D, is the EDM of the i*" tetrahedron. We could then write another
inequality in terms of facet volume, like (136) instead having four terms on
the right-hand side, and so on.

6.2 Recapitulate

From (92) we learned that the matrix inequality —VFDV)y = 0 is a necessary
test for D to be an EDM. In §5.3.1 the connection between convex polyhedra
and EDMs was pronounced by the EDM assertion. The matrix inequality
together with D € Sf;v became a sufficient test in §5.3.3 when we demanded
that every convex polyhedron have a corresponding EDM. The matrix crite-
ria in (107) for the existence of an EDM are therefore necessary and sufficient
for all N>1 (App.B), and subsume all the Euclidean requirements.

In the particular case N =3, —V,EDV)y = T defined in (98). So T = 0
and D€S? are the necessary and sufficient conditions for D to be an EDM.
From (101), the triangle inequality is then the only Euclidean constraint on
the bounds of the necessarily nonnegative d;;; and those bounds are tight.
That means the four axioms of Euclidean space (§3.1) are necessary and
sufficient requirements for D to be an EDM in the case N = 3; id est, the
fifth Euclidean requirement (§3.2) becomes coincident with axiom 4: for
ije1,2,3

Vdi; >0, i #j

3
Vdi; < i +\/dij, i#jF#k
(139)

Yet the four axioms become insuflicient when N > 3.

37The simplest regular polychoron is called a pentatope. A pentahedron is a three-
dimensional object having five vertices.
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6.3 Derivation

The correspondence between the triangle inequality and the EDM was devel-
oped in §5.2 where a triangle inequality (101a) was revealed within the lead-
ing principal 2x 2 submatrix of positive semidefinite —V-DV),. Our choice
of the leading principal submatrix was arbitrary; actually, a unique triangle
inequality like (35) corresponds to any one of the (N—1)!/(2/(N—1—2)!)
principal 2 x 2 submatrices.?® Because all principal submatrices are posi-
tive semidefinite iff —V,F DV is (App. F), then assuming —V,FDV)€S® and
D €Sj it is sufficient to show that all d;; are nonnegative (1x 1 principal
submatrices), all triangle inequalities are satisfied (2x2), and det(—VFDVyy)
is nonnegative (3x3). When N =4, in other words, the nonnegative deter-
minant is the fifth and last requirement for D € EDM?.

6.3.1 Nonnegative determinant

When D€S], from (94)

dio %(d1z+d13—d23) %(d12+d14—d24)
— ViDVy = %(d12+d13—d23) d13 %(d13+d14—d34)
%(d12+d14—d24) %(d13+d14—d34) di4

(140)
By (87) when De EDM?*, —VIDV)y is equal to the inner-product (37),

dyo AV dy2d;3 cos Oa13 \/ dy2d14 cos Oa14

CRCE \/diady3 cos Oa13 dy3 \/di3di4 cos O314 (141)
\ dy2d14 cos Oa14 AV dy3d14 cOs 0314 dy4

Because Euclidean space has both a metric and an inner-product defined on
it, the more concise inner-product form of the determinant is admitted;

det(@T@) = —d12d13d14 (COS29213+ C0829214+ C082(9314 — 2cos 6213 COS 9214 COS 9314 — 1)
(142)

38There are fewer principal 2x 2 submatrices than triangles when N >3 because there
are N!/(3!(N— 3)!) triangles made by point triples.
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The determinant is nonnegative when

€0s 0914 cos 0314 + \/Sin29214 sin?fs14

COS 0213 COS 8314 + \/sin29213 sin20314

COS 9214 COS 0314 — \/SiIl20214 sin29314

<
COS 9213 COS 9314 — \/Sin28213 Sin29314 S COS 8214
<

IA N INA

COS 9213 COS 0214 + \/sin20213 Sin29214

(143)

COS 0213 COS 9214 — \/Sin29213 sin29214
which simplifies, for 0 < 0;,; <, to
cos (014 + 0314)

<
co8(0213 + O314) < cosbaiy
cos(fa13 + O214) <

COS(9214 - 6)314)
COS(Qng — 0314) (144)
COS(9213 - 9214)

VAVANIVAN

Analogously to the triangle inequality (105), the determinant is zero upon any
equality in (144). Because point labelling is arbitrary, the fifth requirement
must apply to each of the N =4 points as though each were in turn labelled
x1. Hence there exists a more general form of the fifth requirement:

Axiom. Fifth Euclidean requirement. Angle inequality. Augment-
ing the axioms of the metric in Euclidean space R", the inequality for all

i#jAkAlel.. N

cos(Oigr + i) < cosbi; < cos(Oi — Oiry) (a)

145
0 < Oips, Oy, iy < (145)

where 6,,;=0;1; is an angle between vectors at vertex zj, as defined in (33),
must be satisfied at each point z;. Inequality (145) can be equivalently
written linearly as a triangle inequality, but between angles; viz.,

0ikt — Ouej| < Oin; < O + O (a)
Oirt + Oy + Oay < 2m (b) (146)

0 < Ot Oy, Oy < A
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Just as the triangle inequality is the ultimate test for reconstruction of
only three points, the fifth Euclidean requirement is the ultimate test for
only four. When the number of points N equals 4, the triangle inequality
remains a necessary although penultimate test;

four Euclidean axioms (§3.1). N —VEDVy = 0

4
(145) or (146) Dest © DEEDM (147)

6.3.2 Beyond the fifth requirement

When the number of points N exceeds 4, the four Euclidean axioms and the
angle inequality together become insufficient conditions for reconstruction. In
other words, the angle inequality remains a necessary Euclidean requirement
at each x;, and becomes a sufficient test of the positive semidefiniteness of
all the principal 3x 3 submatrices in —V;FDV),. The angle inequality can be
considered a test of integrity for every purported tetrahedron.

When N = 5 in particular, the angle inequality becomes the penulti-
mate Euclidean requirement while nonnegativity of det(©70) corresponds,
by induction, to the sixth and last Euclidean requirement (but its expression
becomes unwieldy), and so on.

6.4 Affine dimension reduction in three dimensions

The determinant of any M x M matrix is equal to the product of its M
eigenvalues. [8, §5.1] When N =4 and det(©70) is zero, that means one
or more eigenvalues of 070 € R**® are zero. The determinant will go to
zero whenever equality is attained on either side of (145a), (146a), or (146b),
meaning that a tetrahedron has collapsed to a lower affine dimension; id est,
r = rank ©70 = rank O is reduced below N—1 exactly by the number of zero
eigenvalues (§4.9).

Therefore, in solving completion problems of any size N where one or
more entries of an EDM are unknown, the dimension r of the affine hull
required to contain the unknown points is potentially reduced by selecting
distances to attain equality in (145a) or (146a) or (146b).
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6.4.1 Example again revisited

We now apply the fifth Euclidean requirement to an earlier problem.

Example. Small completion problem. Returning again to the example
in §3.2 which pertains to Figure 2 where N =4 (confer §5.4), dy4 is ascer-
tainable from the fifth Euclidean requirement. Because all distances in (24)
are known except v/dy4, cosfios=0 and fs50, =0 are results from identity
(33). Applying (145),

COS(9123+9324) S C089124 S COS(9123—9324) (148)
0 < cosbiags <0

It follows from (33) that dy4 can only be 2. Because equality is attained in
(148), the affine dimension r cannot exceed N —2, as explained.
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7 Closest EDM

Can be solved analytically.

Do example 2.
Mention that this was thought to be a hard problem in 80’s, mention Gower.
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Figure 6: Boundary of positive semidefinite cone of S* matrices plotted in
R?. Courtesy, Alexandre W. d’Aspremont.

8 PSD and EDM cones

The geometric object called the convex cone was introduced in §4.4. The
set of all EDMs forms a convex cone in S” because they satisfy the defining
equation (66). That will become more apparent after we examine the convex
cone of positive semidefinite symmetric matrices, also in S”. From §5.5, we
know that the EDM cone does not intersect the PSD cone except at the
origin, their only vertex. Even so, we will still be able to relate the two
cones.

8.1 Positive semidefinite (PSD) cone

From the definition of positive semidefiniteness, A >0 < yTAy >0 for all
y€RM. To see where the infinite number of halfspaces comes from, imagine
for each particular y the product yTAy is a linear function of the matrix
entries... show for M=2

The PSD cone (10) is a geometric object unique to each particular value
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of M in RMM+D/2 " For M =2 the PSD cone is a three-dimensional object,
semi-infinite in expanse, whose boundary is illustrated, but shown truncated,
in Figure 6. For M =3 the PSD cone is six-dimensional.

8.1.1 Rank along boundary of PSD cone

All the positive semidefinite matrices having at least one 0 eigenvalue re-
side on the boundary of the PSD cone in any dimension. The boundary is
delimited by all the supporting hyperplanes defined by the scalar inequality.

Prove that in the case of the PSD cone, if A belongs to the boundary of
C, then the ray generated by A must travel along the boundary of the convex
cone. Use the 0 eigenvalue theorem, the fact that (A must belong to the
cone for all { > 0 by definition, and the fact that scaling A simply scales its
eigenvalues. Therefore there exist rays base 0 through the boundary of the
PSD cone in any dimension.

In Figure 6, the only matrix having two 0 eigenvalues lies at the origin.
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rank A +rank B > rank(A + B) > max{rank A, rank B} (149)

Left-hand side from [5, §0.4] looks like some sort of triangle inequality, and
holds for all A, B. rank is a quasiconcave function (§2.2.1) on S because
the right-hand side has the form of (18), sort of.

But let us instead explain this inequality more intuitively: Nullspace.

A+ B)z = 2"Az + "Bz (150)

Matrices symmetric. Number of zero eigenvalues equals dimension of nullspace
by theorem... Nullspace of right-hand side is intersection of two nullspaces
which is smaller than or same as the nullspace of A+ B. When nullspace
diminishes, rank increases.

Range. Same explanation, alternate point of view. Imagine the polyhe-
dral cone generated by the extreme directions connoted by A and B;

C={CA+E¢B forall ¢, €& >0} (151)

Now suppose A and B each lie on the boundary of the PSD cone but are not
collinear with the origin. Then the polyhedral cone C is a slice of the PSD
cone containing A, B, and the origin. An example of such a slice is shown
in Figure 7. When both ¢ and ¢ are nonzero, (A + £B resides in the relative
interior of the polyhedral cone, but interior to the PSD cone. Hence, the
sum must correspond to a matrix having higher rank. If one or the other
coefficient is 0, then...
In higher dimensions, the statements above remain true...

8.1.2 Polyhedral cones within

Definition. Set slice. We define a slice of a set C as the intersection of C
with a (two-dimensional) plane. When C is convex, the slice remains convex
by the Intersection theorem (§2.1).

In the particular case of positive semidefinite matrices, (66) is certainly
true; [5, §7.1] that suggests:

Theorem. Cone intersection. [2, §2] The intersection of an arbitrary
collection of convex cones is a convex cone.
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Figure 7:

Slice decomposition. The PSD cone of any dimension comprises an in-
finite number of two-dimensional polyhedral cones revealed by slicing it with
any plane through the origin. The extreme directions (§4.4) of the polyhedral
cones are extreme directions of the PSD cone.

Indeed, any slice through the origin of the PSD cone is a polyhedral cone
whose extreme directions are sketched in Figure 8 for a number of arbitrarily
chosen slices. The rays shown emanating from the origin all lie along the
boundary of the PSD cone and along the relative boundary of the corre-
sponding polyhedral cone. Hence the extreme directions of the polyhedral
cones are also extreme directions of the PSD cone. In Figure 8, any two rays
are extreme directions of some slice through the origin.

By (66) it follows that there exist rays emanating from the origin which
travel along the boundary of the PSD cone of any dimension, because each
of those rays is an extreme direction of some polyhedral cone made by slicing
the PSD cone using a plane through the origin.

Alternate construction of PSD cone is convex hull of all the extreme di-
rections and the origin, by the extremes theorem in §4.2.

8.2 Hyperplanes hinged on PSD cone

(66) is the inspiration for this section. From Sweep.nb,
Show that all rank 1 3x3 and 2x2 matrices, and all rank 2 3x3 matrices can
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Figure 8: Showing extreme directions.

o7



be described by matrix on pg.141 of nascence notebook. Plot a slice of the
3-dimensional surface of the 6-dimensional PSD cone for particular s1 and
s3; it is described completely by the nullspace of the hinge equations pg.140
ibid.
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8.3 EDM cone

We may rewrite (107) slightly to emphasize that D belongs to the EDM cone
when —VEDV)y belongs to the positive semidefinite cone.

Definition. Cone of Euclidean distance matrices; EDM”. The set
of all Euclidean distance matrices forms a geometric object unique to each
particular value of N in RY®™=Y/2 called the EDM cone: (confer (53))

—VEDVy € SY

< D e EDMY 152
DesSY (152)

As shown in §5.5, there can be no positive nor negative semidefinite EDM,
so the EDM cone and the positive semidefinite cone of symmetric matrices
cannot intersect except at the origin;

EDMY N SY =0 (153)
Assuming D; and Ds belong to Sf;v, then Dy — D; belongs to the EDM
cone iff —V&(Dy—D;)Viy = 0 by (107).

Dy = Dy

—VEDWVy < =ViEDLV;
i o { NHIVN 2 NE2VN (154>
EDM

Dy,D, €Sy

From (108), any matrix V' in place of V) such that R(V)=N(17) will satisfy
(154).

The dual positive semidefinite cone is defined
S ={yesM | tr XTY >0 for all Xe SV} = sY (155)

The positive semidefinite cone is self-dual.
Find the dual EDM cone.
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9 EDM completion

Intriguing is the question of whether the list in X may be reconstructed given
an incomplete EDM. We have already examined this problem for a small ex-
ample given in §3.2 and then revisited in §5.4 and §6.4.1. When the number
of points N exceeds 4, it is no longer convenient to use the fifth Euclidean
requirement as we did in §6.4.1; we need a more general method.

Other researchers [7][24] have formulated this completion problem in a

non-convex way. We will utilize the convexity of —V{D(X)V), (§3.5) to re-
construct the list.
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10 Least squares problem solving via EDM
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11 Map of the USA

A fundamental application of EDMs is to reconstruct relative point position
given only the EDM. To draw the map of the USA will be a good illustration
of our findings thus far, although this presentation is certainly not made for

the first time.(citation)
some rows of X found by way of (ref) can (always) be truncated.
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12 Optical character recognition
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13 Spectral analysis

13.1 Fourier series

The set of all symmetric matrices S¥ forms a subspace in RM?*M 5o for it
there exists a standard orthonormal basis;

eel, i=j=1.M
Ej = 156
! 75 (eie] +ejel), 1<i<j<M (136)

where there are M (M+ 1)/2 standard basis matrices E;; €S™ formed from
the standard basis vectors e; € RM. The inner product <FEj;;, C;> becomes
a coefficient of orthogonal projection, and any element of C can be written
as a Fourier series [25, §2]

M
Cl = Z <E¢j, Cl> Eij (157)
1,7 =1
J=>i

which, in this case, is a projection on the standard basis matrices. From
the set-convexity corollary in §2.1, it follows that < £;;, C> is a convex set
when C is.

Because any symmetric matrix can be diagonalized [8, §5.6], C; has a
decomposition in terms of its eigenmatrices q;q! and eigenvalues \;,

M
Ci = QAQ" =) Naiq] (158)
i=1

where A €S" is a diagonal matrix having §(A);=\; and Q=[q, - -- qu] €SY
is an orthogonal matrix containing eigenvectors. If we rotate the standard
basis matrices into alignment with the eigenmatrices of C; by applying a
traditional similarity transformation, [8, §5.6]

QE;Q" = qi4q; i=j=1.M (159)
T G ladf tael) . 1<i<i< M
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a remarkable thing happens to the Fourier series:

Ci

M
= > <QEijQT7 Ci> QEijQT
1,7 =1
Jj=>1
M

= > <QiqiT, Ci> QiqZ‘T
i=1

M T
= Z i GiG;
i=1

(160)

The eigenvalues are clearly the coefficients of orthogonal projection of any
symmetric matrix on its eigenmatrices. The remaining M (M —1)/2 Fourier
series coefficients for i+# j are zeroed by the projection. Each element of C
generally brings a different eigenmatrix, so unfortunately the set-convexity
corollary does not apply to eigenvalues corresponding to the subspace of all
symmetric matrices. The set of all symmetric rank-one positive semidefinite
matrices does not form a subspace, hence there can be no standard basis
for it.3 The set of all circulant matrices (§13.3) forms a subspace whose
members all have the same eigenvectors; the orthogonal basis from the DFT.

UUT=1I,

k
max trUUTC, = Z)‘i
i=1

M
rQQ"C = <QQ", > = Y\
i=1

C, is projected onto the range of Q.

(161)

(162)

39 The sum of any two nonzero matrices of the form ww” has rank one or two; indeed,
for A and B € SY [5, §0.4] [1, §3],

rank A +rank B > rank(A + B) > max{rank A, rank B}
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13.2 DFT

The discrete Fourier transform (DFT) is a staple of the digital signal process-
ing community. [26] In essence, the DFT is a correlation of a windowed se-
quence (or discrete signal) with exponentials whose frequencies are equally
spaced on the unit circle.“* The DFT of the sequence { f(i) € R,i=0...n—1}
is, in traditional form,*!

n—1

F(k) = 3 f(i) e 3i2hin (163)

=0
for k=0...n—1and j = v/—1. The implicit window on f(i) in (163) is
rectangular. The values {F(k)€ C, k=0...n—1} are considered a spectral

analysis of the sequence f(i); id est, the F'(k) are amplitudes of exponentials
which when combined, give back the original sequence,

|
—

F (k) edt2mk/n (164)
0

S|

f@i) =

£
I

The argument of F', the index k, corresponds to the discrete frequencies
21k /n of the exponentials 7?27/ in the synthesis equation (164).

The matrix form of the DFT is written
F=Wf (165)

where ' = [F(k), k=0...n—1], f = [f(i),i=0...n—1], and the DFT
matriz is [27]

1 1 1 e 1

1 e—j27rk/n €—j47rk/n e—j(n—1)27rk:/n

1 e—j47rk/n 6—j87rk/n . e—j(n—l)47rk/n s
W= WT = 1 e—j67rk/n 6—j127rk/n 6—j(n—1)67rk/n e R™

1 efj(nfl)Qﬂk/n efj(n71)47rk/n . efj(n71)227rk/n

(166)

40That is the unit circle in the z plane; z = e*T where s = o + jw is the traditional
Laplace frequency, w is the Fourier frequency in radians 27f, while T is the sample period.
4 The convention is lowercase for the sequence and uppercase for its transform.
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Direct implementation of (163) would require on the order of n? operations
for large n. Similarly, the IDFT is

1
f=-WHF (167)

n
where the superscript # denotes the conjugate transpose of the DFT matrix.
The solution to the computational problem of evaluating the DF'T for large n

culminated in the development of the fast Fourier transform (FFT) algorithm
whose intensity is proportional to nlog(n). [26]
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13.3 Circulant matrices

Circulant matrices. Eigenvectors always same. Means set convexity corollary
may be applied IF circulant makes a subspace. Idea is: Interpolating between
any two circulant matrices would interpolate the known eigenvalues. Cite
Gray.
For C' circulant, where the first row is some time sequence ¢y, ¢y, Co, . . .,
let X=C7T. Then
D(CT) = k11t — 2cC” (168)

where k;=26(CCT); is any one of the diagonal entries which are all identical
for circulant matrices. This is classical relationship between autocorrelation
and similarity function where CC7T takes on the role of autocorrelation.
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13.4 DFT via EDM

The DFT (163) is separable in the real and the imaginary part; meaning, the
analysis exhibits no dependency between the two parts when the sequence is
real; viz.,

[y

n—

F(k) = f@i) cos(i2wk/n) — j Zf sin(i27k/n) (169)

=0

I
o

7

It follows then, to relate the DFT to our work with EDMs, we should sep-
arately consider the Euclidean distance-squared between the sequence and
each part of the complex exponentials. Augmenting the real list {z,€ R",
¢=1...N} will be the new imaginary list {y,€ R", {=1... N}, where

A

T [f(7),i=0...n—1]
xgé[ os(i2m (£ — 2)/71),22 —1], (=2...N (170)
ye 2 [—sin(i2r(0—2)/n), i=0...n—1], (=2...N

where N = n + 1, and where the [ | bracket notation means a vector made
from a sequence. The row-1 entries (columns ¢ =2...N) of EDM D?® are

= e =
= ;(Cos(z?ﬂ(ﬂ—%/n) — f(1))?

:75316032(i27r(€—2)/n) + f2(i) — 2f(q) cos(i2m(£—2)/n)

= 1(2n 41 ECEIAM) Z IF(k))? — 2RF((—2)
(171)

where R takes the real part of its argument, and where the Fourier sum-
mation is from the Parseval relation [25][26][27][28] for the DFT.*? For the
imaginary list we have a separate EDM DY whose row-1 entries (columns

42The Fourier summation Y |F(k)|?/n replaces Y. f2(i); we arbitrarily chose not to
mix domains. Some physical systems, such as Magnetic Resonance Imaging devices, nat-
urally produce signals originating in the Fourier domain. [29]
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¢ =2...N) are

diy = llye — 1 ?

n—1

= 3 (sin(i2n(0—2)/n) + f(i))?

=0

zjz_olsin2(¢27r(£—2)/n) + f2(3) + 2f(i)sin(i2w(€—2)/n)

. n—1
= {(on — 1 — RN AMY 4 L PP~ 29F(-2)
(172)

where & takes the imaginary part of its argument. In the remaining rows
(m=2...N, m <) of these two EDMs, D* and DY, we have®3

A = e = 2

:rg(cos(ﬂﬂ(é—?)/n) — cos(i2n(m—2)/n))?

_1 sin(27(£(2n—1)4+2)/n) sin(2w(m(2n—1)42)/n)
=q(dn+2+ sn@r(—2)/n) T sin@r(m=2)/n) ) (173)

2 = e =l
= ;(sin(iQW(ﬁ—Z)/n) — sin(i2m(m—2)/n))?

1 sin(27w(£(2n—1)42)/n) sin(27(m(2n—1)+2)/n)
- Z<4n —2- sin(2m (€—2)/n) o sin(2m(m—2)/n) )

We observe from these distance-squared equations that only the first row and
column of each EDM depends upon the sequence f(i) itself. The remaining
entries depend only upon the sequence length n.

To relate the EDMs D* and DY to the DFT in a useful way, consider the
possibility of finding the inverse DFT (IDFT) via either EDM. For reasonable
values of N, the number of EDM entries N2 can become prohibitively large.
Yet the DFT is subject to the same kind of computational intensity. It is
neither our purpose nor goal to invent a fast algorithm for doing this, we
simply present an example of finding an IDFT by way of the EDM. The
technique we use was developed in §5.3.1:

43 lim sin(27(i(2n—1) + 2)/n) /sin(2w(i—2)/n) = 2n —1

i—2
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14 Self similarity

Given the length-M real sequence f(i),i=0... M —1, we define the self-
similarity function;*

i
L

OE (f(i) = f(i—0))? (174)

N | —
I
()

i

where n < M is the window length.

T 2 f(i) €R (175)
o (Ii—ﬂfj)z, ].SZ,]SM
dij = { 0 otherwise (176)

1 n
=3 > dii (177)
=1

which is a sum of some diagonal of the EDM D. To select the ij"* element

of \/5,
Vdij 2 eI/ De; = e]T\/Bei = tr(e;el VD) = <eje; e, VD> (178)

where here,
D2VDoVD (179)

and where o denotes the Hadamard product (§2.1). For 1 <i < j< M

V2di; = V2 tr(e;ef VD) = Ttr ((eiejr + ejeiT)\/B) (180)

is a coefficient of orthogonal projection of v/ D on a member of the orthonor-
mal basis for the vector space SM.

= Ztr(eieineD) = trZeieingD (181)
i=1 i=1

is the Parseval [25][26][27][28] relation giving the total energy of the projec-
tion.

4which is the progenitor of autocorrelation. When n — oo, A(f) = K —2R({) where,
for some constant K, R(¥) is the autocorrelation function.

71



A Directional derivatives, gradients,
Hessian, linear matrix inequality,
matrix-valued Taylor series

A.1 First directional derivative

Assume that a differentiable function g(X) : R*** — RM*N has continu-
ous first and second-order gradients Vg and V?2g over dom g which is an

open set. We seek simple expressions for the first and second directional
—Y

—Y
derivatives, both in RM*" dubbed dg and dg® respectively.
Assuming that the limit exists, we may state the partial derivative of the
mn'" entry of g with respect to the klI*" entry of X:
8gmn<X> im gmn(X + At ekelT) - gmn(X>

= 1

R 182
anl At—0 At < ( 8 )

where e, is the k" standard basis vector in R¥ and ¢, is the [*" standard
basis vector in R”. The total number of partial derivatives equals K LM N
while the gradient is defined in their terms; the mn!® entry of the gradient is

B 89mn(X) agmn(X) . agmn(X) T
0X11 0X19 0X1r,
o | 090 00mn () 9gma(X) r
Vgm(X) = | 9=z X2z oXa | € RFX (183)
9gmn(X) Agmn(X) . 9gmn(X)
8XK1 8XK2 aXKL

while the gradient is defined

[ Vg (X) Vgia(X) -+ Van(X)
X X) ... X
vg(x) 2 VQQT( ) V92?( ) V92J:V( ) € RMXNXKXL

| Vo (X) Vgma(X) -+ Vgun(X)

[ 09(X) 99(X) . 99(X) (184)
0X11 0X19 0X1r,
9g9(X) 99(xX) . 99(X)

_ 9X 21 X2 9Xor, c RKXLXMXN

89('X) 39('X) . 89(‘X)

L 8XK1 8XK2 8XKL




By simply rotating our perspective of the four-dimensional representation of
the gradient matrix, we found a second equivalent expression in (184). If
M,;N>1 and L=1, then the entries of Vg could be written into the cells of
an M N K-size cube like Rubik’s. [18] If L>1, then the entries of Vg are
matrices requiring a fourth dimension for their representation.

When the limit for At € R exists, it is easy to show by substitution of
variables in (182)

OGmn (X) . Gmn (X + At Yy eke?) — Jmn (X)
Yy = 1
anl M A%I—I}O At

R (185)

which may be interpreted as the change in ¢,,, at X when the change in
Xy is equal to Y, the kI entry of Y e RE*L. Because the total change
in gmn(X) due to Y is the sum of change with respect to each and every
X, the mn' entry of the directional derivative is the corresponding total
differential [10, §15.8]

dgmn(‘xv)‘dXHY = ZaTlekl = tr (ngn(X)TY) (186>
k,l
Ty _
3 At—0 At
mn (X + ALY (X
At—0 At
= — (X + 1Y 189
G| X 1Y) (189

for teR. Equation (188) is called the Gateaux differential [9, §A.5] [3, §D.2.1]
that may be understood as the change in g,,, at X when the change in X is
equal in magnitude and direction to Y which is assumed finite.*> Hence the
directional derivative,

45 Although Y is a matrix, we may regard it as a vector in REL.
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dgn(X) d912(X) dglN(X)

-Y dgoy (X dgos(X) -+ d X
dg(X) A 921'( ) 922‘( ) gzy( ) c RMxN
dgari(X)  dgaa(X) -+ dgun(X) XY
i tr (Vgn(X)TY) tr (Vglz(X)TY) S i ) (VglN(X)TY)
|t (Vg (X)TY)  tr (Vg X)TY) -+ tr (Vg (X)TY)
|t (Vaun(X)TY)  tr (Vg (X)TY) -+ tr (Vauw (X)TY)
i 0911 0912 991
z gaxkl Z ganl o Z gaikz
Kl k.l kL
% e Yk;l % e Ykl e 89 Ykl
= Wl k.l kL
dga1 dg /;(X) dg
X gﬁ(’” Y o TR ol Iaw)]z“ e |
(190)
from which it follows . 2g(X)
Y g
dg(X) = Y, 191
g(X) ; ox, e (191)

Yet for all X €dom g, any YERE*E and some open interval of t€R,

JX+1Y) = g(X) + tdg(X) + o(f) (192)

which is the first-order Taylor expansion about X. [12, §2.3.4] [9, §A.5]
Differentiation with respect to ¢ and subsequent ¢-zeroing isolates the second
term of the expansion. Thus differentiating and zeroing g(X+tY') in ¢ is an
equivalent operation to individually differentiating and zeroing every entry
Gmn(X+ 1Y) as in (189). So the directional derivative becomes

—Y d
dg(X) = —| 9(X+1Y) (193)
t=0

130, §2.1, §5.4.5] which is simplest.
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A.2 Linear Matrix Inequality

When 09¢(X)/0Xy, are instead fixed constant matrices in S and when
Y eR* "L is variable, (191) has the form from a class of matrix called linear
matrix inequality. More generally,

Gly) £ Go+ D Giyi = 0 (194)
=1

where y € R™ is variable and the m fixed matrices G; € S are given, is a
linear matrix inequality (LMI). [31] Hence the directional derivative is related
to that matrix class.

A.3 Second directional derivative

By similar argument, it turns out that the second directional derivative is
equally simple. Given g(X) : RF*FRMXN,

[ 9%gmn(X) 9%gmn (X) . %gmn(X) T
0X0X11  0Xp0Xi12 0X0X1L
aQHmn(X) 829mn(X) azgmn(X)
Vagmn(X) = anmn(X) 2 OX0Xa1  OXp0Xa2  OXp0Xar c REXL
0Xri 0X : : :
0%gmn(X) Fgmn(X) . Fgmn(X)
L 0X10XKk1 O0Xpi0Xko 0Xk 00Xk
(195)
B 8gmn(X) 8gmn(X) . agmn(X) T
v 0X11 v 0X12 \ 0X1r,
Ogmn (X) Ogmn (X) Ogmn (X)
Vngn(X) = 0Xo1 90X 0Xor, c RKXLXKXL
9gmn (X) Ogmn(X) . Ogmn (X)
\ 0X K1 \Y 0X K2 \ O0X k1
[ OVgmn(X)  OVgmn(X) . IVgma(X)
0X11 0X12 0X1r
OVgmn(X)  OVgmn(X) . IVgmn(X)
— 0Xo21 0X22 0Xor, (196)
8ngn()() 8V9mn(X) . OVygmn (X)
L 8XK1 8XK2 8XKL
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By rotating our perspective, we get several views of the second-order gradi-

ent.46
[ V2911(X) V2912(X) ce V291N(X)
VQQ(X) = V2921(X) v2922<X) T v2g2N(X) c RMXNXKXLXKXL
| Vo (X) Vaue(X) - Viun(X)
[ v 99(X) 9g9(X) dg(X)
v 8g){ll v 8gX12 v 8‘%{1[{
99(X) 99(X) 99(X)
_ \% 8'X21 V a.X22 AV 0Xu | € REXLXMXN XK xL (197)
99(X) 9g9(X) dg(X)
L 8?(}(1 Va%(KQ e vf‘)i{KL
[ OVg(X) 09Vg(X) IVg(X)
0X11 0X12 T 0X1r,
oVg(X) 9Vg(X) OVg(X)
— X921 0X 22 e 9Xor c RKXLXKXLXMXN
OVg(X) OVe(X) . OVg(X)
- 6XK1 8XK2 BXKL

Assuming that the limits exist, we may state the partial derivative of the
mn' entry of g with respect to the kI** and i entries of X;

0X0X;;
. Imn(X + Ateel + AT eie] ) — gnn(X + At egef) — (gmn(X + AT eie]) — Gmn (X))
AT,At—0 AT At

Differentiating (185) and then scaling by Y;;,

aQan(X> Bgmn(X + At Ykl eke'f) — agmn(X)
Yl = i Yy o (199
Xy 0X,; "V At 0X,; At ;o (199)
i Gmn(X + At Yy epel + ATYe€l) — gun (X 4+ At Yigere] ) — (gmn (X + ATV €i6]) — gonn (X))
AT,At—)O AT At

46When M = N = L=1, the second-order gradient is traditionally called the Hessian.
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which can be proved by substitution of variables in (198). The mn!" second-
order total differential due to Y is

dQan |dX—>Y Z Z
4,

g )i’,;’éX Y Yy, = tr (Vtr (ngn(X)TY)TY> (200)

201

i Alt—>0 8XZ] At Y] ( 0 )

Al;lHogmn(X +2AtY) — 292;()( +ALY) + gun(X) (202)
d2

|, gmn(X +1Y) (203)

Although equality between (200) and (202) is not proven here, (202) is the
second-order Gateaux differential (confer (188)); algebraically verifiable.”
Hence the second directional derivative,

%911 (X)) d%g12(X) d*g1n(X)
—Y d%go1 (X d?ges (X d? X
de(X) A 92%( ) 92?( ) 92J'v( c RMxN
d°gan (X) d29M2( ) g (X)) XY
tr (Vi (Vou(X)™)'Y) b (Vir (VX)) "Y) -t (Vir (Vgin(0)TY) Y ) |
tr <V (Vggl( TY) tr (Vtr Va2 (X TY)TY> - tr (Vtr (V92N<X)TY)TY>
(th" (Vng( ) (th" VgMg )TY) TY) cee tr (th" (VgMN(X)TY) TY)
6 11 8 12 X 8 (X)
Z Z 8Xil aX Yzj E Z BXil ax) Y%J‘ E Z a)cgkllN 0X;; Ylj
6 21 8 22 X 8 (X)
_ Z Z 8Xil aX Yzj E Z BXil ax) Y%J‘ 2 Z an,le 0X;; Ylj
9 9 H2
3 a)?:fgii” Yy 22 agg;gw Voo X a)?—:fzx Y

(_204)

47 Mathematica is capable of symbolic partial differentiation and limiting operations on

a specified g.

[32

]
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from which it follows

i) = N S v - gy, o)

Yet for all X €dom g, any YERX*¥ and some open interval of t€R,

—Y —Y

JX+1Y) = g(X) + tdg(X) + %thgQ(X) +oo(t)  (206)

which is the second-order Taylor expansion about X. [9, §A.5][12, §2.3.4]
Differentiation twice with respect to t and subsequent ¢-zeroing isolates the
third term of the expansion. Thus differentiating and zeroing ¢(X+tY) in
t is an equivalent operation to individually differentiating and zeroing every
entry gm,(X+tY') asin (203). So the second directional derivative becomes

—Y 2

dg*(X) g(X+1tY) (207)

dt?|,_,

(30, §2.1, §5.4.5] which is again simplest.
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A.4 Taylor series

Series expansions of the differentiable matrix-valued function g(X) of matrix
argument, were given earlier in (192) and (206). The mean value theorem
from Calculus insures a finite number of terms in the series. [10] Assuming
g(X) has continuous first, second, and third order gradients over the open
set dom g, then for all X €edom g, any YeR¥*L and some open interval of
teR, the complete Taylor series is expressed,

—Y 1 —Y 1 —Y

g(X+tY) =g(X) + tdg(X) + 5152 dg*(X) + §t3 dg*(X) + o(t") (208)

which is the third-order expansion about X.

In the case of a real-valued function g(X)
derivatives are in R:

: REXEL R, all the directional

dg(X) = tr (Vg(X)TY) (209)

1g(X) = tr (Vtr (Vg(X)TY)TY> _ (VE;(X)TY> (210)

Y

dg*(X) = tr (Vtr <Vtr (Vg(X)TY)TY)TY> = tr (VggYZ(X)TY> (211)

In the case g(X):R¥—=R has vector argument, they simplify:

dg(X) = Vg(X)TY (212)
JgY?(X) =Y'V3i(X)Y (213)
ng3(X) — V(Y V(x)V)Y (214)

and so on, where the symmetric second-order gradient matrix VZg(X) is
called the Hessian while its transpose is known as the Jacobian.
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A.5 Correspondence of gradient to derivative

From the equations for directional derivative, we can derive a relationship be-
tween the gradient with respect to matrix X and the derivative with respect
to real variable ¢: Removing from (193) the evaluation at t=0 (rigorously
justifiable), we find an expression for the directional derivative of g(X) in
the direction Y evaluated along a line, parameterized by ¢, in direction Y;

dg(X+1tY) = ag(X—i—tY) (215)

In the important case of a real-valued function g(X) : R¥** - R and the
first directional derivative, from (209) we have, therefore,

%9()@ tY) =tr (Vxg(X+1Y)"'Y) (216)

Likewise removing the evaluation at t=0 from (207),

—Y 2

dg*(X+tY) = X+1tY) (217)

@9(

we can find a similar relationship between the second-order gradient and the
second derivative: From (213), the case where g(X) : R® — R has vector
argument,

d2
ﬁg(X—i- tY) =Y Vig(X+tY)Y (218)

Example. f(X) = w"X"Xw, Xec R**F weR®. Applying (216),
d
%wT(X—k tY)Y'(X+tY)w = w'(XTY + YIX 42t YTY )w (219)

which (using the tables in Appendix H) is equivalent to

tr (Vx f(X+tY)"Y) = tr Quw'(XT+tYT)Y) (220)
= w'2XTY + 2t Y'Y )w (221)

because w(XTY + YIX)w = 20X Y w.

For this particular example, it would be easy to extract Vf(X) from
(219) knowing (216); suggesting an alternate method to find the gradient.
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B —VAY;DVN nesting

From (98) observe that T'= —V{DVj/|y_3. In fact, the leading principal
submatrices of —V{:DV), form a nested sequence, nested by inclusion, whose

members are each positive semidefinite [6][8][5] and have the same form as
T; id est,

{-ViDVy|n—s = [dia] €Sy,
d H(dio+di3—da3)
_yT _ 12 5 (d12+d13—d2s3 _ 2
VEDVy|nes | (diptdrg— ) s Tes?,
[ dia %(d12+d13—d23) %(d12+d14—d24)
~ViDVylnea = 5 (dia+dis—da3) dis S(dis+dia—dsg) |, (c)
| %(d12+d14—d24) %(d13+d14—d34) dig

—VAT/:DV/\/’|N%1',1 V(Z) .
~VEDVy vy = e S,
VT(’i) dli

_VAI;DVN|N<—N—1 V(N)

—ViDVy = e sy
VT<N) le
}
(222)
where
dio+dy;—dy;
1 diz+dq;—ds; .

V(i) & 5 BT ER™2, i>2 (223)

dy i +dyi—di—q;

and where —VA?DVN| N1 is undefined. Bordered symmetric matrices in the
form (222d) are known to have intertwined [8, §6.4] (or interlaced [5, §4.3))
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eigenvalues; (confer 5.5.1) that means, for the particular submatrices (222a)
and (222b),
02 < dip <oy (224)

where djs is the eigenvalue of the submatrix (222a), and o1, 0y are the eigen-
values of T (222b)(98). Intertwining in (224) predicts that should di5 become
zero, then oy must go to zero.*® The eigenvalues are similarly intertwined for
submatrices (222b) and (222c);

V3 <02 < <0 <M (225)

where 71,72, 73 are the eigenvalues of submatrix (222c¢). Intertwining likewise
predicts that should o9 become zero (a possibility revealed in Appendix C.1),
then ~3 must go to zero. Combining our results so far for N = 2,3, 4:
(224)(225)

13 <o <dip <o <y (226)

The preceding logic extends by induction through the remaining members
of the sequence (222).

48If dy5 were zero, then eigenvalue oo becomes zero (100) because di3 must then be
equal to dog; id est, dig =0 < 1 = 5. (26)
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C Schur Complement

Consider the Schur complement: Given AT = A and CT = C, then
A B A B
& A=0, B{I-AA)=0, C—-BTATB =0 & A=-0, C-BTA'B-0
& C=0, BI-CCY)=0, A-BC'BT~0 & C=0, A—BCBT=0
(227)
where AT denotes the Moore-Penrose (pseudo-)inverse, and where C—BTA~'B

is called the Schur complement of A in G, while A — BC~'B” is the Schur
complement of C'in G. [31][33, §4.8]

C.1 Tightening the triangle inequality
For example, from Appendix B we identify

G2 —VIDVy|nea (228)
AET = —VIDVy|yo_s (229)

both positive semidefinite by assumption, B = v(4) defined in (223), and
C' = dy4. Using the latter non-strict form of (227), C' >0 by assumption (§5.1)
and CCT=1. So by theory of positive semidefinite ordering of eigenvalues
[5, §7.7, prob.1]

o1 > dyy [lv(4)]?

0 (230)

— VAI;DVN]NH; -0 & T~ df41y(4)yT(4) = {

where {d;;||v(4)||?, 0} are the eigenvalues of dj}v(4)v(4) and oy,0, are
the eigenvalues of T
C.1.1 Example revisitation

Applying the inequality for o7 in (230) to the example in §3.2, Figure 2, the
lower bound on v/dy4, 1.236 in (25), is tightened to 1.289. The correct value
of v/dyi4 to three significant figures is 1.414.
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D The V matrices

It will become convenient to define a matrix V' that arises naturally as a
consequence of translating the geometric center to the origin. Instead of
X — ang we may write XV viz.,

1 1
X — 1" = X—NXllT = X(I—NllT) = XV eR”N  (231)

Obviously,
1
V=vVT=1- —NllT € RN (232)

which is an elementary matrix. (App. D.1)

B =1 =1 =1 7

VN VN VN
1+ -1 =1 .. -1
N+vVN N+VN N+vVN
_ —1 .. -1 NxN-1
Vo= wm - wow | ER (233)

—1 —1 e 14—

L N+VN N+VN N+vN 4

Thus far, we have three auxiliary matrices V', Vs, and V,, that share some
common attributes listed in Table D. Full-rank skinny matrix V,, is distin-
guished in so far as V' can be expressed in terms of it; [24]

V=V, VI (234)
but V'V, = 1.4
Table D
dim V. rankV. R(V) N(VT) Vv vvT
Vv N x N N-1 NAT) R(Q) V V
T 1 o 1| N-1 —1"

Vw|Nx(N-1) N-1 NQ1") R@A) ;(I+11") 3 1 I
Vo INX(N—-1) N—-1 N@AT) R(1) I V

49 The fact that V can be expressed as in (234) shows that V is a projection matrix since
all projection matrices P can be expressed in the form P = QQT where @ has orthonormal
columns.
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D.1 Elementary matrix
A matrix of the form
E=1—C(w" (235)

where ¢ € R and where u and v are vectors of the same dimension, is called
an elementary matrix, or a rank-one modification of the identity. [33] Any
elementary matrix in RY*" has N — 1 eigenvalues equal to 1, corresponding
to eigenvectors that span N (uv?). The remaining eigenvalue is 1—(vTu
having corresponding eigenvector u.

E7'=1— pu” (236)
where § = C/(CuTv — 1).

For the particular elementary matrix V', the remaining eigenvalue equals
0. Because V = V7T is diagonalizable, the number of zero eigenvalues must
be equal to dimN(VT)=1, and because V1 = 0, then N (VT) = R(1).
Because V = VT and V2 = V, the elementary matrix V is a projection
matrix on its range R(V) = A (1) having dimension N — 1.

1 1 1
tI‘(—vTDV) = §tr(—V/I/DVN) = ﬁlTDl = ﬁtr 1TD Zdzj

(237)
Any matrix A€S" that can be expressed

A=k + k11" (238)

for any ki, ke € R, will have tr(A”D) proportional to > d;;. If ky is 1—p
while ks equals p€R, then as long as —1/(N—1) < p<1, all the eigenvalues of

A are guaranteed to be positive and therefore A is guaranteed to be positive
definite. [Reznik]

D.2 Vy
1L Vi1=0
2. Vi=v2[-41 I-1117] e RN "N

3. ViV =1
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E loose ends

Minimization of d from the sequence {a,b,c,d} where a < b < ¢ < d is
equivalent to min [[{a, b, ¢, d}| s -
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F Principal submatrix

Here we prove the principal submatriz theorem in §5.2.

A principal submatrix of a square matrix A € RM*M is formed by first
making a rectangular matrix S composed of any subset of columns from the
identity matrix. For example, for M =4,

S 2 Je; eg] € RM*? (239)
where e, identifies the i*" standard basis vector. Then S is applied
A(1:2,1:2) = STAS € R**? (240)

using Golub’s notation for extracting part of a matrix [6] (identical to MATLAB),
yielding the leading principal 2x 2 submatrix in this example.

There are
1. M!/(11(M —1)!) principal 1x 1 submatrices,

2. M!/(21(M — 2)!) principal 2x 2 submatrices,

3.

and so on.

Any symmetric matrix A can be diagonalized by its eigenvectors ¢; and
eigenvalues \;. Hence,

y Ay = Nild]y)

It is well known that A is positive semidefinite iff all \; > 0. All the principal
submatrices of A are formed by loading y with various patterns of ones
and zeros. [8, §6.3] The eigen-decomposition demands that any principal
submatrix selected by y be positive semidefinite whenever A is.
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G Volume of a convex polyhedron

Strang [8] pg.212

No method is known for computing the volume of a general convex poly-
hedron [34, p.173].

Algorithm: many out there on internet.

Volume is a concept in R?: in higher dimensions called “content”. The
volume of a tetrahedron is 1/3 the product of the area of the base times
the height. [17] Volume of any simplex is proportional to the Cayley-Menger
determinant.

How to know that a particular distance refers to an interior point? Find
the list. If any list member can be expressed as a convex combination of the
others, then it is an interior point. [2]

Semidefinite program to minimize volume as in §6.1.

Volume of a polyhedron is log concave function of halfspace description

parameter. [Reader, pg.78] Volume is log of piecewise linear concave func-
tion. -Boyd

89



H

Derivatives and gradients

Citations...Graham, Chen, Brooke,

a,b,z,yeR* A B, X,Y e RP* R unless otherwise noted.

xt means 0(0(x)") for peR; id est, element-wise exponentiation.
§ is the main diagonal operator (30). 2021, X0 2 J.

d
A dxq
di = : ,log z, sinx, etcetera, are maps f : R¥ — R that maintain
X
d
dzy
dimension.

The symmetric part of square matrix A is (A + AT)/2;
The antisymmetric part is (4 — AT)/2.

When algebraically proving results for symmetric matrices, it is critical
to take the gradient with respect to the nonsymmetric matrix first and
then substitute the symmetric elements.
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Table 1: Algebraic

V,Ax +b= A"

VexTA+b" = A

V, xTAz + 22TBy + yTCy

= (A+AT)z + 2By
V, wieTew = 2zxwTw Vy wl XTXw = 2Xww”
V, wirzTw = 2ww’z Vx w!' X XTw = 2ww’ X

L(X+tY)=Y
ABT(X+tY)"A=-BT(X+tY)'V(X+tY) A
CBT(X+tY) TA=2BT(X+tY) 'Y (X+tY)'V(X+tY)'A

ar?

L(X+tY)TAX+tY) = YTAX + XTAY + 2t YTAY
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Table 2: Trace

Veaxly =Voylz =y | Vxtr(XTY) = Vx tr(Y7TX) = Vx tr(XYT) = YV
Vy tr(YIXXTY) = 2YYTX
Vy tr(YIXTXY) = 2XYY7

Vx a’Xb = Vx b"XTa = Vx tr(b"X7a) = Vy tr(XTab”) = ab”

Ve px = pl VxtrpuX = Vxptr X = pul
Lot = —a? Vxtr X' = -X27
d%xu — /mu—l Vy tr X# = ,uX(“‘l)T

Lir(X+tY)=trY

Ltrg(X+tY)=trig(X+1Y)
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Table 3: Log determinant.
Argument of det is positive definite but not necessarily symmetric.

Llogr =z7", x>0 | Vxlogdet X = X~ 7T

Lloga™ =—a7, 2>0 | Vyxlogdet X' =—-X"T
4 1

Llogat = px~t, x>0 | Vylogdet X* = u X1

Llogdet(X+tY) =tr (X+tY)™'Y)
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Table 4: Determinant

Vx det X = det(X)X T
Vydet Xt = —det(X )X T
Vx det X# = pdet(X*) X1
Vx (det X)» OF 1/n —

Ldet(X+tY) =det(X+tY)tr ((X+¢Y)7'Y)

Table 5: Exponential

Vxtre¥® =YXy, X, Ye§P
Vx etr(YTX) _

d%etY _ etYY — YetY

%€X+tyzex+tYY:Y6X+tY, XY =YX
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I —D(X) Quasiconvexity -WRONG-

To establish quasiconvexity of —D(X) (29)%° requires convexity of its sublevel
set £, for all veR (§2.2.1);

L,={XeR"N | -D(X) < vi} (241)

L, is empty (yet convex [2, §2]) when v <0 because —D(X) is indefinite
(85.5). When v>0, £, > 0.

Definition. Subspace Sé\;. We introduce the subspace of all symmetric
matrices in RV *" having constant main diagonal: confer (9)

SV c sy 2 {AesV|§(A) =kl, keR} C SV (242)

D(X) €Sy (28) while vI +D(X)€Sp.. For SY | there exists a nontrivial

0K
intersection with the positive semidefinite cone; Sp. N SJI #0 or (.

Make an affine function f,(Y):SY—S% from the EDM definition (29);

A

fu(Y) vl +D(X)|y_xrx

(243)
= vl +6(V)1T+ 167(Y) —2Y

(Like D(D) (54), f,(Y) on SY is injective.) In terms of f,, the sublevel set
for —D(X) is

L,={XeR"N|Y=X"X, f,(Y) =0} (244)

Because XX =0 for all X € R™*" [8, §6.3], we can define a convex set closely
related to L, ;

Y, 2{vesl| ) =0} s (245)
Y, is convex because it is the intersection of the positive semidefinite cone

with the inverse image of that same cone Sf under affine f,; id est, the
intersection of two convex sets [2, §2], having properties:

50 _D(X) is continuous but not a convez function of matrix X because —VZD(X,+1tY,)

evaluated at all points on any line X,+tY, through its domain [1, §3] is indefinite, where
teR is variable, and X, and Y, e R"*¥.
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e When v>0, ),>0.

e lim), = Sﬂ\:
V—00

e ), is empty when v <0 because nonnegativity of the main diagonal
is a necessary condition for symmetric positive semidefinite matrices.

(6, §4.2.8]

The level set £, is the inverse image of ), under a matrix-valued convex
quadratic function h; confer (244),

L, =h )| MX)=XTX (246)

Because ), is a convex set, if ), x L, were a convex set then £, would
be convex by implication. [1, §2] We wonder if £, is convex because ), is
convex and contains the minimum element [1, §2] (zero) with respect to the
range Sf of quadratic function h.

Trying to show 2T Y,z x (L, N (X,+tY,)) is convex for any X,, Y,, and z.

To show that £, is convex, we simultaneously invoke the scalar-definition
of convex functions and the line theorem: (§2.2) For any X, and Y, e R™*¥,
every z€R" and variable t€R,

AhX, 4tz = ZAXIX 2+t 2N(XEY, + YV IX) 2 + 1221V Y, 2 (247)
is convex and quadratic in ¢ having minimum value h}(z);

(Z7(XTY, + Y'X,)z)’
42TYTY, 2

0 < hi(z) 2 2TXTX,z— < ZTh(X,+1Y,)z (248)

2Th(X,+tY,)z is a two-to-one map from R to R ;

A(XTY, + YIX,)z

T
h(Xo+1tY,)z : £t —
2 h(Xo+tY,)z 2 TYTY, 2

— hi(2) +t22TYY, 2 (249)

The lower bound 0 is the minimum element of 27)),z, with respect to R,
and tight; for example when X,=0, then h;(z)=0 while

dh(tY,)z £t — 22TYY, 2 (250)

achieves the lower bound at t = 0. If for every z, 2z'),z is a convex set
containing the zero element, then from (250) the intersection of its inverse
image under zThz with any line must be connected.
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