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Abstract

The severity of multivariate extreme events is driven by the dependence between the
largest marginal observations. The Hiisler—Reiss distribution is a versatile model for this
extremal dependence, and it is usually parameterized by a variogram matrix. In order
to represent conditional independence relations and obtain sparse parameterizations,
we introduce the novel Hiisler—Reiss precision matrix. Similarly to the Gaussian case,
this matrix appears naturally in density representations of the Hiisler—Reiss Pareto
distribution and encodes the extremal graphical structure through its zero pattern.
For a given, arbitrary graph we prove the existence and uniqueness of the completion
of a partially specified Hiisler—Reiss variogram matrix so that its precision matrix
has zeros on non-edges in the graph. Using suitable estimators for the parameters
on the edges, our theory provides the first consistent estimator of graph structured
Hiisler—Reiss distributions. If the graph is unknown, our method can be combined with
recent structure learning algorithms to jointly infer the graph and the corresponding
parameter matrix. Based on our methodology, we propose new tools for statistical
inference of sparse Hiisler—Reiss models and illustrate them on large flight delay data
in the U.S.

Keywords: extreme value analysis; multivariate generalized Pareto distribution; sparsity;
variogram



1 Introduction

In statistical modelling, conditional independence and graphical models are well-
established concepts for analyzing structural relationships in data (Lauritzen, 1996;
Wainwright and Jordan, 2008). Particularly important are Gaussian graphical models,
also known as Gaussian Markov random fields (Rue and Held, 2005). The graphical
structure of a multivariate normal distribution with positive definite covariance matrix
¥ can be read off from the zeros of its precision matrix X1

For risk assessment in fields such as climate science, hydrology, or finance, the
primary interest is in extreme observations, with attention to both the marginal tails
and the dependence between multiple risk factors. Multivariate extreme value theory
provides asymptotically motivated models and statistical tools for extreme events.
In view of the growing complexity and dimensionality of modern data sets, sparsity
and graphical models are becoming crucial notions for the analysis of extremes (e.g.,
Engelke and Ivanovs, 2021)).

There are two different ways of defining graphical models for extreme value
distributions. The first is based on max-linear models (Gissibl and Kliuppelberg!
2018) and the second one studies multivariate Pareto distributions (Engelke and
Hitz, 2020)). We follow the second approach since their new notions of conditional
independence and extremal graphical models link naturally to an extremal version of
the well-known Hammersley—Clifford theorem for density factorizations. Moreover, in
the case of tree graphs, Segers (2020) shows that the extremes of regularly varying
Markov trees converge to these extremal tree models. [Lee and Joe (2018) propose
parsimonious models for extreme value copulas; the link with extremal graphical
models is made in |Asenova et al. (2021)).

The class of extremal graphical models with Hiisler-Reiss Pareto distributions is
of particular interest. In d dimensions, the parameter of this family is a variogram
matrix ' € R?*?, Because of their flexibility and stochastic properties, Hiisler-Reiss
distributions can be seen as the counterpart of the Gaussian family for multivariate
extremes. In combination with extremal graphical models, the Hiisler—Reiss family
constitutes a powerful tool for sparse extreme value modelling, with many open
questions still to explore.

For a connected, undirected graph G = (V, E) with nodes V = {1,...,d} and
edges F, Engelke and Hitz (2020)) show that such a distribution’s graphical structure
can be read off from a set of precision matrices @) € R@=Dx(=1 for k€ V. The
latter are defined as the inverses of the matrices obtained by the covariance mappings



(Farris et al., 1970))

S = LT+ Ty —Ty), i #k
While zeros in ©®) correspond to extremal conditional independence of nodes i, j # k,
the information on edges involving the kth node is encoded only indirectly through
the row sums of this matrix. A natural question, appearing also in the discussion of
Engelke and Hitz (2020), is if there exists a symmetric approach involving a single
d x d precision matrix.

Statistical inference for Hiisler—Reiss graphical models is limited so far to the
simple structures of trees and block graphs (Engelke and Volgushev, 2020; |Asenova
and Segers, 2021)). The parameter matrix I' is then additive on the graph and the
maximum likelihood estimator is an explicit combination of the bivariate estimators
on the edges. Since block graphs lack flexibility for general applications, several
discussion contributions of [Engelke and Hitz (2020) have emphasized the need for
estimators suitable for more general graphs.

In this paper, we obtain new theoretical results on Hiisler—Reiss distributions that
answer the two open questions above and enable statistical inference on extremal
graphical models on decomposable and non-decomposable graphs. We first introduce
the Hiisler-Reiss precision matrix © € R4 as ©;; = @Ef for some k # i,7, a
definition which—surprisingly—is independent of the particular choice of k € V. This
positive semi-definite matrix indeed reflects the sparsity of the extremal graph by
zero off-diagonal entries. We give several characterizations of this matrix, one of them
as the Moore—Penrose inverse of a projection of the parameter matrix I'.

For a given, general graph G = (V, E), the new Hiisler—Reiss precision matrix
allows us to represent the maximum (surrogate-)likelihood estimate of I on the graph
G as the maximizer of the constrained optimization problem

log|O|, + 1tx(TO), st. ©;=0if (i,j) ¢ E,

where T is the empirical variogram (Engelke and Volgushev, 2020) and |- | . denotes
the pseudo-determinant. We prove that the solution to this optimization problem is
given by the solution of a matrix completion problem. The aim of this completion is
to find a conditionally negative definite variogram matrix I' that has specified values
in the entries corresponding to the edges E and zeros in the remaining entries of its
precision matrix, i.e., ©;; = 0 for (¢,j) ¢ E. For the case of decomposable graphs G,
our completion algorithm is exact and has finitely many steps. For non-decomposable
graphs, the solution is the limit of a converging sequence of variogram matrices. These
results can be seen as a semi-definite extension of matrix completion problems for



the covariance matrix of Gaussian distributions studied in Speed and Kiiveri (1986)
and |Bakonyi and Woerdeman (2011)).

provides some preliminaries on extremal graphical models. The Hiisler—
Reiss family is studied in [Section 3| with a focus on the precision matrix ©. Estimation
of the Hiisler—Reiss variogram matrix of an extremal graphical model leads to matrix
completion problems that are analyzed in [Section 4] Statistical inference is treated
in [Section 5| while [Section 6| reports on a case study involving data on delays in the
domestic U.S. air travel network. The supplementary material contains mathematical
details and proofs.

2 Extremal graphical models

2.1 Multivariate generalized Pareto distributions

Multivariate extreme value theory studies the tail behavior of a random vector
X = (Xy,...,Xg). A first summary of the extremal dependence structure of the

bivariate margins for 7, j € {1,...,d} is the extremal correlation y;; € [0, 1], defined
as
Xij = 1im y;;(p) == Im P(F(X;) > 1 —p | Fj(X;) > 1 —p), (2.1)
p—0 p—0

whenever the limit exists and where Fj is the distribution function of X;. When
Xij > 0 we say that X; and X, are asymptotically dependent, and when x;; = 0 we
speak of asymptotic independence. In the former case, there are two different, but
closely related approaches for modelling extremal dependence: through component-
wise maxima of independent copies of X leading to max-stable distributions (de Haan
and Resnick, 1977); and through threshold exceedances of X resulting in multivariate
generalized Pareto distributions (Rootzén and Tajvidi, 2006)). Here, we concentrate
on the threshold exceedance approach since it is well-suited for graphical modelling
(Engelke and Hitz, 2020; Segers, 2020)). For statistical models for asymptotic indepen-
dence, we refer to Heffernan and Tawn (2004)), for instance, and to Papastathopoulos
et al. (2017) in the context of extremes of Markov chains.

To make abstraction of the univariate marginal distributions and concentrate on
the extremal dependence, it is usually assumed that all variables X; follow a given
continuous distribution. Throughout, we use standard exponential margins, that is,
P(X; <z)=1—exp(—x) for x > 0 and i = 1,...,d; we discuss this choice at the
end of this section.

Let 0, 1, and oo denote the d-vectors with all elements equal to 0, 1, and oo
respectively. A random vector Y = (Y1,...,Yy) is said to follow a multivariate
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generalized Pareto distribution (Rootzén and Tajvidi, 2006) if for any z € £ =
{z e R?:z £ 0}, we have

o _ A(zAN0) = A(2)
P(YSZ)'—JI_{&P(X ul <z| X Lu)= A(0) ,
for some vector X, which is then said to be in the domain of attraction of Y. The
so-called exponent measure A is a measure on [—o0,00)?\ {—oo} that is finite on
sets bounded away from —oo, and A(z) := A([—00,00)?\ [0, 2]). Multivariate
generalized Pareto distribution are the only possible distributions that can arise as
limits of threshold exceedances as in . We assume A to be absolutely continuous
with respect to the d-dimensional Lebesgue measure and let A denote its Radon—
Nikodym derivative. The set of valid exponent measure densities A is characterized
by the following two properties:

My + t1) = exp(—t)A\(y), vt € R,y € RY
/ AMy)dy =1, Vie{l,...,d}.
y;>0

Since the distribution of Y can be seen as the restriction of A to £, its density f then
also exists and is proportional to the exponent measure density A as f(y) = A(y)/A(0)
for all y € L. For a non-empty subset I C {1,...,d}, we define, with some abuse of
terminology, the I-th marginal Y; of Y as the distributional limit that arises in
when X is replaced by the sub-vector X; = (X;);cs, also in the conditioning event.
We have f1(yr) = Ar(yr)/Ar(0) forally € £; = {z e R : 2 £ O} where the objects
fr, A1, and A are defined analogously as for I = {1,...,d}. It is important to note
that Y7 is not the actual marginal distribution of Y, Since the latter would have
support on the space [—o0, 00)/’I'\ {oo}. Instead, with the definition above, Y; is the
marginal of Y that is conditioned to lie in the space L£;. For further properties of
multivariate generalized Pareto distributions, we refer to |[Rootzén et al. (2018)) and
Kiriliouk et al. (2018).

Remark 2.1. We consider multivariate generalized Pareto distributions Y with stan-
dard exponential marginals supported on Ly = {x € R? : x £ 0} and exponent
measure Ay. Another common choice is the standard Pareto marginal distribution
(e.g., [Engelke and Hitz, 2020)), in which case the multivariate Pareto distribution
is that of Z = exp(Y), supported on Lz = {z € [0,00)? : z £ 1} with exponent
measure Ay(x) = Ay (logx) and density

(Hl‘ ))\y logz), z€Ly.

(2.2)



All results in this paper are still applicable with these (or other) marginals since they
only concern the dependence structure.

2.2 Extremal conditional independence

In classical statistics, graphical models are defined through conditional independence
relations between components of a random vector. Since the support £ of a mul-
tivariate generalized Pareto distribution is not a product space, this definition is
impractical in this case. Instead, Engelke and Hitz (2020) introduce a novel notion
of extremal conditional independence in terms of the vectors Y ¥) = (Yl(k), e ,Yd(k))
for k € V := {1,...,d}, defined as the multivariate generalized Pareto vector Y
conditioned on the event {Y} > 0}, and conveniently supported on the product spaces
L®) ={z € L: 2, >0}. The extremal version of conditional independence between
sub-vectors Y, and Yp given Y, for non-empty, disjoint sets AU BUC =V, is then
defined as

Veev: Y v vd, (2.3)
and it is denoted by Yy L. Y5 | Yo here, for I C V, we let Y, = (¥;*)),c; denote
the I-th marginal of Y*) in the usual sense.

We consider the index set V' as a set of nodes and let £ C £(V') be the set of
undirected edges of a connected graph G = (V, E'), where £(V') denotes the set of all
possible edges. [Figure 1| shows four different graph structures in increasing generality:;

see for definitions of the related terms. We say that Y follows an extremal
graphical model on G if for i, 7 € V with i # j we have

(4,j) ¢ £ = Y L. Y| Y-

Engelke and Hitz (2020]) show that the existence of a positive and continuous exponent
measure density A of Y implies the equivalence of (2.3) to the factorization

AMY)Ae(ye) = Mave(yaue) Asuc(ysue), vy € L.

Moreover, if Y is an extremal graphical model on a decomposable graph G, then the
density of Y factorizes on the graph into lower-dimensional marginal densities.

3 Husler—Reiss distributions

3.1 Definition

A popular class of multivariate generalized Pareto distributions are the Hiisler—Reiss
distributions, which are parametrized by symmetric conditionally negative definite
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Figure 1: Different undirected, connected graphs on four nodes: (a) is a tree, (b) is a
block graph, (c) is decomposable, (d) is non-decomposable.

matrices, here denoted by I' (Husler and Reiss, 1989; |Kabluchko et al., 2009)). The
set of these so-called variogram matrices is defined as

Dy={L eR™: I =T, diag(I')=0, v To<0V0#v L1} (3.1)

Variogram matrices are closely related to covariance matrices and can be constructed
from a centered random vector W with covariance matrix ¥ as

Ty =E(W, - W, =% +5;; - 2%, Vi,jeV

Notably, this so-called covariance transform (Farris et al., 1970)) is not injective and
can be written for the entire matrix as

v : Y+ I = 1diag(¥)" + diag(¥)1" - 2%; (3.2)
see [Definition S.5.9 and [Lemma S.5.10] for details.
Definition 3.1. Let I' € Dy be a variogram matriz, k € V, and

E(k) = @k(r) = %(sz + ij - Fij)i,j;ék € R(dil)x(dil)a
p®) = (_%Fik)#k €R

A multivariate generalized Pareto random vector Y = (Y1,...,Yy) is Hisler—Reiss
Pareto distributed with parameter matriz I' if its exponent measure density A satisfies

)\(y; F) _ eXP(—yk)

2
— eXP(—%HyV\{k} — 1y, — M‘“Hw), y € RY,
(2m) 20

with OF) = (E(k))_l and using the notation ||v||3, = v'Mv.

Notably, this expression does not depend on the choice of k (e.g., [Engelke et al..
2015, Theorem 3.3).



3.2 Haisler—Reiss precision matrix

An important property of Gaussian graphical models is that the conditional indepen-
dence structure of a distribution with covariance matrix > can be read off from the
zeros in the (Gaussian) precision matrix ¥ . Hisler-Reiss graphical models satisfy a
similar property. Indeed, let Y be a Hiisler—Reiss Pareto vector with parameter matrix
[' € D, that is an extremal graphical model on the undirected graph G = (V) E).
Engelke and Hitz (2020) show that the graph G is necessarily connected and that the
graphical structure can be read off from the precision matrices ©*) = (S*)~1 for
any k € V; in the following we index these (d — 1) x (d — 1) matrices by V' \ {k} for
the sake of simpler notation. Two distinct nodes i, j # k are extremal conditionally
independent in the sense that Y; L. Y| Yy ) if and only if the corresponding

entry @Ef) is zero. If one of the nodes, say j, is equal to k, extremal conditional
independence is equivalent to the row sum >, @Elk) being zero.

From this result it follows that each ©®) contains all information on conditional
independence of Y. A natural question, which was also raised in the discussion of
Engelke and Hitz (2020), is whether there is a single d x d precision matrix that

contains this information and is independent of a choice of k. In fact, such a matrix
can be defined in the following way.

Definition 3.2. Let I' € D, be a variogram matriz. For d > 3 define © € R4 by

@” — @(k) fOI' some k - V \ {Zaj}a

ij
with ©%) as above. In the case d = 2, set O3 = Oy = —O19 = —Oy; = 1/I'5.

Lemma 1 and Proposition 3 in |[Engelke and Hitz (2020) imply that the matrix ©
is well-defined and represents extremal conditional independence of nodes ¢,7 € V in
the corresponding Hiisler—Reiss model by

@ij =0 < Y, L. Y; | YV\{i,j}- (33)

While is a natural way to jointly represent the information contained
in the ©%) matrices, it remains to be shown that the matrix © allows for useful
mathematical representations. In order to give a first such representation, let ()"
denote the Moore-Penrose inverse (see for details), let I; be the d x d
identity matrix, write e; = d~'1, and let IT = I; — 1e/ be the d x d centering matrix,
i.e., the projection matrix onto the orthogonal complement of 1. Recall ~ from [(3.2)]



Proposition 3.3. Let ' € Dy and S € R¥™? satisfying v(S) =T'. Then

TLSTL = IT(—4T)1I. (3.4)

Furthermore, the matriz © from|Definition 5.2 satisfies

O = (I1SI)* (3.5)
= lim (1117 +5) . (3.6)

Since the mapping v preserves (a)symmetry and I" is symmetric, the condition
~v(S) =T requires S to be a symmetric matrix, as well. It turns out that, restricted
to symmetric matrices, is in fact equivalent to v(S) =T'; see for
details.

In practice, the matrix S is usually a (definite or semi-definite) covariance matrix,
so it is natural to only consider symmetric matrices here. For the sake of completeness
we show in the proof of |Proposition 3.3|that|(3.4)|is a sufficient and necessary condition
for [(3.5) also allowing asymmetric matrices S. shows that is
further equivalent to S being a generalized inverse of © in the sense ©50 = O.

In light of , an obvious choice of S for a given I is setting S = —%R while other
interesting choices for S are the matrices X*) constructed in [Engelke and Hitz (2020)
by adding a kth row and column containing only zeros to the matrix X*). Furthermore,
these matrices relate to IT(—4T')II by II(—iT)II = d~* ZZ:1 »#) — (I)117 where
t(I') = Ld—217T1 is the largest scalar such that d~' 3¢ 5® — 117 is positive
semi-definite.

To better understand representation , let P} C R™? denote the set of
symmetric positive semi-definite matrices with kernel equal to span({1}). Further,

let 0 and 6 be the mappings from a variogram I' to the corresponding matrices X
and ©:

o: T — X :=T1I(—31)II, -
0:T 0= 5 = o(I)" = (11(~40)10)", (37)

Proposition 3.4. The mappings o and 0 are homeomorphisms between Dy and P
with 1nverses

o (X)) =1(X),  07(©)=1(0"),

respectively, where vy denotes the covariance mapping defined in|(3.2).



From this proposition it follows that the matrix © from [Definition 3.2|is always
positive semi-definite with kernel equal to span({1}). Furthermore, the class of Hiisler—
Reiss distributions, parametrized by the collection Dy of conditionally negative definite
matrices, can just as well be parametrized by the set P}, interpreted either in the
role of © or X. As we will show in [Corollary 3.7, the matrix ¥ is the degenerate
covariance matrix of a particular transformation of the Hiisler—Reiss Pareto vector
Y. Similarly to the Gaussian case, the precision matrix © can be obtained from this
covariance matrix as © = X1, using the Moore—Penrose inverse due to its singularity.

Representation builds a bridge to the original work by |Hiisler and Reiss
(1989). They studied the asymptotic distribution of component-wise maxima of a
Gaussian triangular array where each row is an independent random sample from a
Gaussian distribution with d x d correlation matrix p® such that the limit

L := lim log(n)(117 — p") (3.8)

n—oo
exists. These component-wise maxima then converge to a max-stable Hiisler—Reiss
distributions, parametrized by the conditionally negative definite matrix I' = 4L; see

(3.1) in [Hiisler and Reiss (1989)). If S € R¥? is a matrix satisfying v(S) =T for a
given I' € Dy, and if pl"l is the correlation matrix associated to the covariance matrix

Y =q,11T+S, neN,

for a scalar sequence a, — oo, then a straightforward calculation yields a, (117 —
plM) — 4(8)/2 = T'/2 as n — oo; see for the latter identity. Hence,
choosing a, = 2log(n) yields (3.8) with L = I'/4, as required. At the same time,
IProposition 3.3/implies that the covariance matrices X" are eventually invertible and
that the corresponding Gaussian precision matrices ©"l = (X")~! converge to the
Hiisler—Reiss precision matrix © = §(I") as n — oc.

Remark 3.5. The Hiisler-Reiss precision matrix © is motivated by its connection
to extremal conditional independence in . It turns out that this matrix is also
useful to describe other stochastic properties of the Hiisler—Reiss distributions. Based
on the results of the present paper, [Rottger et al. (2021)) show that multivariate total
positivity of order two, a notion of positive dependence, can be encoded as ©;; <0
for all 7 # j, and |Engelke et al. (2022b) suggest that the precision matrix can be used
to estimate extremal graphical structures by penalizing its L' norm ||©];. Compared
to the Gaussian case, a difficulty of dealing with © in mathematical derivations and
statistical implementations is that it is positive semi-definite and not invertible.
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3.3 Hisler—Reiss exponent measure density

For a given I', the characterizations in |Proposition 3.3| give a straightforward way
to compute © in |Definition 3.2jas © = §(I") = (H(—%F)H)+ and thus retrieve the
conditional independence structure of the corresponding extremal graphical model.
In a Gaussian model, another property of the precision matrix is that it can be used
to express its probability density function in a concise way. The following result
shows that similar expressions are also possible for Hiisler—Reiss distributions. Recall
the notation e; = d~'1 and ||v||,; = Vv Muv for v € R? and positive semi-definite
M € R4,

Proposition 3.6. Let I' € D; and © = 6(I"). Then the exponent measure density
A(+;T) from |Definition 3.1) can be expressed as

AMy;©) = co -exp(—iy'Oy —y'(es —re)),  yERY (3.9)

with re = @(—%F)ed. Furthermore, let v € R? be such that v'1 = 1 and let
fty = O (re +v) =II(—1il)v. Then X can also be written as

Ay; ©) = ceo - exp(—v'y) -exp(—1|ly — uvHé). (3.10)

The constants ce and cg,, are such that fyi>0 My)dy =1 for alli € V, and are stated
explicitly in the proof.

Note that the value of the right-hand side in does not depend on v € R,
as long as v'1 = 1, which is why v is omitted on the left-hand side. In line with the
stochastic representation given in expression (28) of [Engelke and Hitz (2020), consider
the following construction. For © € P} and for 0 < v € R? satisfying v'1 = 1, let p,
be as in [Proposition 3.6 define 1T, = I; — 1v", and let W, ~ N (I, u,, IL,OTIL), be
a d-dimensional random vector with degenerate normal distribution on {v}*. For a
standard exponential random variable R ~ Exp(1) put

Y,=W,+R-1. (3.11)

illustrates this construction in R?; for a more detailed explanation see the
proof of [Corollary 3.7, Comparing the density of Y, to|(3.10)|yields the following result.

Note that the condition that v > 0 implies that {y eERY: vy > O} is contained in
{y ERY:y L 0}, the support of a multivariate generalized Pareto distribution.

Corollary 3.7. Let ©, v, and Y, be as above. LetY be a Hiisler—Reiss Pareto random
vector with variogram matriz T = 0~1(0) = 4(0%). Then'Y conditioned on the event
{’UTY > 0} 1s equal in distribution to Y.

11



Figure 2: Geometric illustration of the stochastic representation of the conditioned
Hiisler—Reiss distribution Y, in The random vector Y, is decomposed
into 1, on the hyperplane {v}" (dashed line) and radial part R-1, which is orthogonal
to the hyperplane {1}* (dotted line).

The results presented so far show that our definition of the Hiisler—Reiss precision
matrix is in fact a very natural one. Similar to the Gaussian precision matrix it
encodes the conditional independence structure of the corresponding graphical model,
and the corresponding exponent measure density can be represented using © in a
similar fashion to the Gaussian density. shows that this similarity is
due to the fact that a Hiisler—Reiss Pareto random vector can be decomposed into a
linear transformation of a degenerate normal part with covariance matrix ¥ = O+
and an exponentially distributed part which is identical for all possible Hiisler—Reiss
Pareto distributions.

Using the general representation in , we recover different forms of the Hiisler—
Reiss density from the literature. Setting v = e to the kth unit vector for some
k €V, yields the density representation in [Definition 3.1l The corresponding random
vectors Y®) =Y, play a crucial role in statistical inference (Engelke et al., 2015)
and exact simulation (Dombry et al., 2016). A careful look at other characterizations
such as in Wadsworth and Tawn (2014), or the slightly more general definitions of the
Hiisler-Reiss exponent measure density in [Ho and Dombry (2019)) and Kiriliouk et al|
(2018), shows that our precision matrix © appears naturally in these parameterizations.
makes these connections precise.
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4 Matrix completion problems

A well-studied problem related to Gaussian graphical models is the task of constructing
a model with a given graphical structure and specified marginal distributions on the
fully connected subsets of vertices, or equivalently, to complete a partially defined
covariance matrix such that its precision matrix has zeros where there are no edges
in the specified graph (see Speed and Kiiveri, 1986; Bakonyi and Woerdeman, 2011)).
For extremal Hiisler—Reiss models, the same problem can be posed, and expressed as
a matrix completion problem on the variogram and precision matrix.

To formalize the notion of a partially specified matrix, we define the set R =
RU{“?”}, consisting of the real numbers and the placeholder “?” for unspecified values
(see e.g., Bakonyi and Woerdeman, 2011}, for this use of “7?”). For an undirected graph
G = (V, E), a matrix is said to be “specified on G” if it is specified on the diagonal
and the entries corresponding to the edges of G. A matrix is said to be “partially
conditionally negative definite” if it is symmetric, its diagonal is fully specified, and
all fully specified principal submatrices are conditionally negative definite (here, a
principal submatrix is any submatrix obtained by removing the same index set from
both the columns and rows of the matrix). In computations involving partially
specified matrices, an entry in the result is “?” as soon as any of the entries used to
compute it is itself “7”.

Definition 4.1. Let G = (V,E) be an undirected graph and let I' € R4 pe q
partially conditionally negative definite matriz, specified on G. The corresponding
matrix completion problem is to find a conditionally negative definite matriz I' € Dy

and © = 0(") such that
Ly = Fzg v(i,j) € E,

L= (4.1)
©; =0 V(i,j) ¢ E,

where E denotes the edge set E augmented by the diagonal entries {(i,i) :i € V'}.

An example for such a matrix completion problem on the graph in is
given by

03 7 1 770 ?
- [3 0 10 2 ?2 7 7 7
=12 10 020 © o220 (4.2)
1 2 720 770 7

In the Gaussian case, a similar problem can be posed with the covariance matrix X
instead of I and with © = X7!. To this positive definite completion problem, an
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explicit solution for decomposable graphs and a convergent algorithm for general
graphs is given in |Speed and Kiiveri (1986). In this section we discuss semi-definite
matrix completion problems for Hiisler—Reiss models as in [Definition 4.1], starting
from simple graph structures such as trees and finishing with general graphs. We
assume throughout that the graph G is connected since only those can be associated
to non-degenerate Hiisler—Reiss models; see [Section 3.2

4.1 Trees and block graphs

Block graphs are simple graph structures where the separator sets contain only single
nodes. Trees are a special case of this class where all cliques consist of exactly
two nodes. The particular structure of block graphs makes them appealing for the
construction of parametric models and for statistical inference (Engelke and Hitz.
2020; |Asenova et al., 2021)). In fact, this structure also yields a simple explicit solution
to the matrix completion problem in Iflisa partially specified matrix
on the connected block graph G = (V| F), then a unique completion exists (Engelke
and Hitz, 2020, Prop. 4) and can be expressed as

o

Ty= Y Ty (4.3)

(s,t)Epath(i,j)

where path(i, j) is the unique shortest path between i and j in G see also Engelke
and Volgushev (2020)) and |Asenova and Segers (2021). Using this result, the missing
entries in can be computed to be I')3 = I's; = 13 and I'sy = I'y3 = 12.

4.2 Decomposable graphs

In this section, a solution to the matrix completion problem will be given for connected,
decomposable graphs. First, consider the simplest (non-trivial) example from this
class of graphs, a graph consisting of exactly two cliques. Recall the definitions of v
from and ¢ from , and observe that its inverse can be expressed
as o [(B®) = 4(2®), where ¥® is identical to £ with an additional kth row
and column of zeros.

Lemma 4.2. Let G = (V, E) be a connected decomposable graph consisting of two
cliques Cy,Cy, separated by Dy = C; N Cy # (). Let I be a partially conditionally
negative definite matriz, specified on G. For some k € Dy, let »k) = gpk(F) and let
Y®) be its unique positive definite completion with graphical structure G ‘V\ ) Then

I:= ¢, (B0) =4(EW),
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15 the unique solution of the matriz completion problemfor I and graph G.

Using this result, a completion for a general decomposable graph can be constructed
by ordering its cliques C1,...,C,, according to the running intersection property
(see and 1terat1ve1y applying [Lemma 4.2] to the graphs G; = (Vi, E;),
i=2,...,m, w1th Vi=C1U...UC;, and edge sets E; = (C; x C;)U(C" x C"), where
c’ —01 UG

Proposition 4.3. Let G = (V, E) be a connected, decomposable graph and I a
partially conditionally negative definite matriz, specified on G. Then there exists a
unique solution to the matriz completion problem with I and G. This solution
can be computed explicitly as described above.

The class of decomposable graphs is a significant extension of the class of block
graphs. For instance, most graphs can be approximated in a non-trivial fashion by
using their so-called decomposable completion. In contrast, the only block graph
completion of a biconnected graph (i.e., a graph that remains connected after removal
of any one vertex) is already the complete graph, since the only biconnected block
graph is the complete graph, and adding edges to a graph preserves connectivity.

Example 4.4. [Figure 3| shows an example of the matrix completion algorithm from
IProposition 4.3] Starting with the clique {1, 2,3}, the missing values are computed
clique by clique. Edges whose corresponding matrix entries were already computed,
are considered as part of the graph in subsequent steps, such that each computation
is a direct application of [Lemma 4.2] Thanks to the running intersection property,
the required conditional independence structure is preserved.

4.3 General graphs

The class of general connected graphs is much larger than the class of decomposable
ones; see for an example. In applications, when the graph is estimated from
data without restrictions, non-decomposable structures often arise. The following
results provide a more general but slightly weaker solution to the matrix completion

problem in [Definition 4.1, where, as before, E is equal to £ U {(i,7) : i € V'}.

Proposition 4.5. Let G = (V, E) be a connected graph and let I € R pe specified
on G, such that there exists a fully specified conditionally negative definite matriz
that agrees with I on the entries (i,7) € E. Then there exists a unique condmonally

negative definite matrixz I' that solves the matriz completion problem for I and
G.
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0 008 019 021 7 0 008 019 021 7 0 0.08 019 021 1.02

008 0 019 7 ? 008 0 019 022 7 0.08 0 0.19 0.22 1.03

0.19 019 0 0.09 7 — (019 019 0 0.09 7?7 — 1019 019 0 0.09 0.90

021 7?7 009 0 0381 0.21 0.22 0.09 0 0.81 0.21 022 009 0 0.81
? ? ? 081 0 ? ? ? 081 0 1.02 1.03 090 081 O

Figure 3: Illustration of [Example 4.4, On the left-hand side is the initial partial matrix
I and the corresponding decomposable graph. In each of the following steps, dashed
edges (top) correspond to newly computed matrix entries (underlined, bottom).

This result provides the same theoretical existence of a unique solution as
and allows the definition of the following mapping. We use the notation
r } o € R4 o denote the restriction of a fully specified matrix I' to the entries
corresponding to a graph G = (V| E), in the sense

(T]g),; = {F?] E ; ;% (4.4)

Definition 4.6. For a connected graph G = (V,E) let Dg = {(I‘"G) IV € Dy} be
the restriction of conditionally negative definite matrices to G. The function

Cq: Dg—> Dd, f — F,

maps a partial matric I e ZO?G to its unique completion T satisfying the matrix
completion problem in|Definition 4.1 with respect to G.

Notably, the existence of any conditionally negative definite completion of I is
sufficient for the existence of a graphical completion. In the decomposable case,
this can be guaranteed by verifying the definiteness of all fully specified principal
submatrices, but in the general case this criterion does not work, as the following
counter-example shows.

Example 4.7. For d > 4, let I' € R¥ he a partial matrix on the d-dimensional ring
graph with entries I';; = 1if [i — j| = 1, I'1qg = T'ys = (2d)?, zeros on the diagonal, and
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“?” elsewhere. Then all fully specified principal submatrices of this I are conditionally
negative definite, but there exists no conditionally negative definite completion of the
entire matrix (see [Section S.5.4.3| for details).

In general, computing the completion is less straightforward than in the decom-
posable case, but the following algorithm follows from the proof of |[Proposition 4.5

Corollary 4.8. Let G and T be as in |P'r0p03z'tz'0n 4.5L and let 'y € D be such that
(FO)‘G = T'. For some fited m € N, let G; = (V,E;), i = 1,...,m, be a set of
decomposable graphs, such that (), E; = E and define (I'y)n>1 recursively by

I = €6, (-1l ):

with t =t, =n mod m and where €, is computed as in|Proposition 4.5 Then I',
converges to the unique completion €g(I") as n — oo.

Remark 4.9. An easy way to construct a suitable set {G1,...,G,,}istoset {e1,...,en} =
E(V)\ E and use E; = E(V) \ {e;}, where £(V') denotes the set of all possible edges,
see [Section 5.2l However, in practice this choice leads to a very slow convergence
since each iteration only updates one entry in I' and a (d — 3) x (d — 3)-dimensional
matrix needs to be inverted to do so. Better performance can be achieved by choosing
the G; to be decomposable completions of G, with separator sets being as small as
possible; see Baz et al. (2022) for details and further optimizations.

In order to apply [Corollary 4.8| an initial (non-graphical) completion of f‘, to be

used as I'y, is required. The problem of finding such a matrix is also known as the
Euclidean distance matrix completion problem, with solution algorithms for example
in Bakonyi and Johnson (1995)) and Fang and O’Leary (2012).

Example 4.10. To illustrate the algorithm from consider the matrix
I'y below, which does not have any non-trivial graphical structure, and its “completion”
I', whose conditional independence structure is described by the graph in [Figure 4]

0 023 0.08 0.09 021 0 0.23 0.17 0.09 0.21
023 0 0.14 023 0.19 023 0 0.14 020 0.35
Io=1008 014 0 011 020 —~T=1]0.17 014 0 0.11 0.26
0.09 023 0.11 0 0.16 0.09 020 0.11 0 0.16
0.21 0.19 0.20 0.16 0 0.21 0.35 0.26 0.16 0

These two matrices differ only in the highlighted entries, corresponding to non-edges
in G. During the computation of I', the entries of I'y that correspond to edges in GG
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Figure 4: Illustration of [Proposition 4.5|in [Example 4.10l A non-decomposable graph
G = (V, E) (right), and the convergence of ©;; to zero for (i,j) ¢ E as the graphical
completion of T" is computed (left). In each iteration, the graph defined by edge set
Ey=FEU{(1,3)} or B, = EU{(2,4)} is completed using [Proposition 4.3

do not change, and the convergence of the remaining entries in © to zero is plotted in
[Figure 4l It can be seen that the entries corresponding to edges (2,5) and (3, 5) stay
at zero (up to numerical precision of magnitude 1071%) after the first few iterations,
whereas the maximum of entries (2,4) and (1,3) converges to zero at a slower rate.
This observation is in line with the fact that vertices {1,2,3,4} induce the chordless
cycle that makes the graph non-decomposable.

5 Statistical inference

Estimation of a Hiisler-Reiss parameter matrix I' that is an extremal graphical model
on a given, known graph G = (V| E) is currently restricted to the simple structures
of trees (Engelke and Volgushev, 2020; Hu et al., 2022), latent trees (Asenova et al.!
2021)) and block graphs (Engelke and Hitz, 2020; |Asenova and Segers, 2021). Since
many data sets require more general graph structures, this has been pointed out as
an important drawback for statistical modelling in the discussion of [Engelke and Hitz|
20%0).

In this section we solve this issue by applying our results on matrix completions for
variograms. In particular, we show how any consistent estimator I' can be transformed
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into a consistent estimator ['¢ with desired extremal graph structure. When the
graph is unknown, structure learning methods G exist that recover the underlying
graph consistently. Our completion then produces the first estimator I'“ that jointly
estimates the graph structure and the parameter matrix for general graphs G in a
consistent way.

5.1 Matrix completion as likelihood optimization

For a more statistical perspective on the matrix completions considered in the previous
section, we first characterize them as constrained maximum likelihood estimators; see
Uhler (2017) for the Gaussian case. For a variogram matrix I' € D, and a connected
graph G = (V, E), we will show that the maximizer of the positive semi-definite
Gaussian log-likelihood

log |0], + itr(T'O), (5.1)

under suitable graph constraints, is equal to our completion operator €g from
Definition 4.6| applied to F’ o+ The connection to likelihood estimation for Hiisler—

Reiss distributions arises by choosing for I' the empirical variogram r (Engelke
and Volgushev, 2020)). In this case, is the (surrogate) log-likelihood of the
Hiisler-Reiss model parameterized in terms of the precision matrix © (Rottger et al.|
2021}, Section 5.1). provides a simple derivation of this. Recall the
notation £ = EU {(i,4) :i € V} for E C £(V) as well as the map # and its inverse
in [Proposition 3.4!

Proposition 5.1. Let T e Dy be a variogram matriz and G = (V, E) a connected
graph. Then Qﬁg(F}G) = 071(O¢) where Og is the unique mazimizer of (5.1)) over all

Hiisler—Reiss precision matrices © € P; under the constraint
©;; =0, v(i,j) ¢ E.

We note that the result holds for any variogram matrix T, but only for the
empirical variogram I' there is an interpretation in terms of maximum (surrogate)
likelihood estimation. In practice, solving this optimization provides an alternative

to to compute the graphical completion of a matrix. We leave this

approach for future research.

5.2 Consistency

In order to show consistency results, a useful property of the completion €4 is that it
is a continuous mapping from the space D¢ of partially specified variogram matrices
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to the space of variogram matrices D.

Lemma 5.2. The mapping €¢ from |Definition 4.6 is continuous.

This continuity implies that a consistent estimator on the edges of a Hiisler—Reiss
graphical model can be extended to a consistent estimator of the whole parameter
matrix.

Theorem 5.3. Consider a Hiisler—Reiss graphical model with graphical structure

G = (V, E) and variogram matriz I'. Let ' be an estimator for I“G, which satisfies

~
[

diag(I') = 0, is symmetric, and is consistent in the sense that for all € > 0, we have

]P’( max
(i,7)EFE

Then with probability tending to one there exists a completion of f, that is, IP(F €

~
o

< 5) —1, n— oo (5.2)

Dg) — 1 asn — co. Let I¢ = ¢(D) denote this completion and O the corre-
sponding precision matriz (and set both matrices to the zero matriz if the completion
does not yet exist). Then TC is a consistent estimator for T with the correct graph
structure, that is, for all € > 0,

¢ —Ty

)

IP’( max <5)—>1, n — oo,
(4,§)EV XV

and ©C = 0 if (i,j) ¢ E.

This result provides the first consistent method to estimate the parameters of a
Hiisler—Reiss distribution on a general graph G = (V, E). Indeed, the only ingredient
that is needed is a consistent estimator of I" on the edge set . There are many different
possibilities for such estimators in the literature. A natural and computationally
efficient estimator is the empirical variogram (Engelke et al., 2015; Engelke and
Volgushev, 2020), which for the Hiisler—Reiss distributions is the empirical version of
the parameter matrix . Other proposals include M-estimators (Einmahl et al., 2012,
2016} Lalancette et al., 2021)), proper scoring rules (de Fondeville and Davison, 2018))
and likelihood methods. The latter have the advantage that they can incorporate
censoring of components of the data that are not extreme (Ledford and Tawn, 1996;
Wadsworth and Tawn, 2014). Pairwise likelihood methods (Padoan et al., 2010)
reduce the high computational cost of censoring.
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In order to guarantee that even for a fixed sample size n there exists a completion,
it can be advantageous to start with a consistent estimator I' € D of the entire
parameter matrix I'. Since F’ o € D¢ by definition, [Proposition 4.5 ensures that

fG::¢G<fh) (5.3)

exists and is a consistent estimator with graph structure GG. In larger dimensions
d = |V, estimating all entries of I" is often infeasible for any estimator that involves
costly optimization or censoring, and the only option is then the empirical variogram or
estimators based on simple summary statistics such as extremal coefficients (Einmahl
et al., 2018). If the graph G is sparse, then there is an efficient alternative to
estimating every entry of I', which requires only estimation on all cliques separately;
see

The graph G is in practice often unknown and has to be estimated from the data.
Consistent structure estimation methods for extremal graphs exist for trees (Engelke
and Volgushev, 2020; Hu et al., 2022), and for general graphs based on lasso-type L!
penalization (Engelke et al., 2022b)). The latter paper proposes the EGlearn method
and shows, under certain conditions, its sparsistency even in the high-dimensional
case where the dimension may grow with the sample size. More precisely, if G is the
graph implied by the zero entries in the true ©, and G = (V, E) is the estimated
graph from EGlearn then

P(G=G)—=1, n— oo (5.4)

While they consistently recover a general graph structure, they do not obtain an
estimate of the I' matrix on the estimated graph structure.

Our theory complements the structure estimation in Engelke et al. (2022b).
In combination, we are now able to estimate jointly any graph structure and the
corresponding Hiisler-Reiss parameter matrix consistently.

Corollary 5.4. Consider a Hisler—Reiss graphical model with graphical structure
G = (V, E) and variogram matriz I'. Let I be a consistent estimator for I' and
G = (V,E) a sparsistent estimator of G as in (5.4). If I'¢ = C@(F’é) is the
completion on G and OF its preciston matrix, then T is a consistent and sparsistent
estimator for I, that is, for all € > 0,

T¢_T,

v

P((i,jr)lgx}iv <e, @ij—OV(Z,j>¢E> -1, n-—o oo
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The first statement in the above probability expression guarantees that [Cis a
consistent estimator of I'. The second statement guarantees that, with probability
going to one, the estimator I'“ is a graphical model with respect to the true graphical
structure G.

6 Application

Extreme value analysis is often used to evaluate the risk of climate extremes such
as heatwaves (e.g., Reich et al., 2014)) or floods (e.g., Asadi et al., 2015; Cooley and
Thibaud, 2019)), and our methods are perfectly suitable for such data. In order to
extend the range of possible applications, we illustrate our methodology on a different
type of data, namely large flight delays in the U.S. flight network. Excessive delays
have a variety of negative effects, ranging from inconveniences for passengers and
congestion of critical airport infrastructure to financial losses for involved parties.

6.1 Data

The United States Bureau of Transportation Statistic{] provides records of domestic
flights in the U.S. that are operated by major carriers (at least 1% market share) at
airports accounting for at least 1% of domestic enplanements. We use this data from
2005 to 2020, and filter it by selecting only airports from the contiguous U.S. with a
minimum of 1000 flights per year. For each airport, we compute the accumulated
(positive) flight delays (in minutes) on a given day. Considering that there are a
few days for which no data are available, this results in a data set with n = 5601
observations z1,...,2, € R? of daily accumulated flight delays for the 16 years
at d = 170 airports. This pre-processed data set is available in the R-package
graphicalExtremes (Engelke et al., 2022al).

6.2 Exploratory analysis

The models studied in this paper are suitable for variables where the largest observa-
tions are asymptotically dependent. For our data set, such dependence between the
largest daily accumulated flight delays at different airports may result from several
factors. For instance, if there are large delays at a hub in the network, this may induce
delays at other airports that have frequent connections to that hub. On the other

"https://www.bts.dot.gov/browse-statistical-products-and-data/bts-publications/
airline-service-quality-performance-234-time
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hand, independently of flight connections, meteorological events such as severe storms
or heavy snowfall can cause simultaneous delays at airports in the same geographical
area.

In order to find groups of airports that have a risk of simultaneous large delays, we
first run a k-medoids clustering (Kaufman and Rousseeuw, 2009)), where similarities
are defined in terms of the strength of extremal dependence. Clustering is frequently
used in the extreme value literature to identify regions that are homogeneous in terms
of dependence properties (e.g., Bernard et al., 2013; Saunders et al., 2020; |Vignotto
et al., 2021)). We follow these approaches but use a different dissimilarity measure,
namely the empirical version x;;(p) of the extremal correlation at probability
level p = 0.85. The clusters and subsequent results are stable with respect to the exact
probability level in a range of about p € (0.8,0.95), guaranteeing both a sufficiently
high threshold and enough exceedances.

The resulting clusters are shown in [Figure 5 for an ad-hoc choice of six clusters.
Even though no information on the locations of the airports is used, the resulting
groups of airports exhibit strong geographical characteristics. This confirms our
initial intuition on the importance of flight connectivity and meteorological influences.
shows that the extremal dependence of large delays is much stronger within
the identified clusters than between different clusters. In the following we focus on the
cluster in the South around Texas; similar analyses can be conducted for the other
clusters. The existence of a (regular) flight connection between two airports defines a
natural graph, which we denote by Gpignt and show in the left panel of

6.3 Graphical modeling

The flight graph Gaigns is based on domain knowledge and is certainly a good first
candidate for statistical modeling. It is however not necessarily the best graph in
terms of conditional independence properties. We therefore also consider extremal
graph structures estimated in a data-driven way. In order to evaluate the fitted models
out-of-sample, all rows containing missing values were removed, and the data set was
split into a training set with 1974 observations (2005-01-01 to 2010-12-31) used for
estimation, and a validation set with 2508 observations (2011-01-01 to 2020-12-31)
used for selection of tuning parameters and model comparisons. As a base estimator,
we use in the following the empirical extremal variogram I' computed at probability
threshold p = 0.85 on the training data set.

The first, sparse graph is obtained as the minimum spanning tree with weight
matrix I" as proposed in [Engelke and Volgushev (2020)); this tree is denoted by 7" and
is shown in the center of [Figure 6 Alternatively, the empirical extremal correlation
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Figure 5: Clusters of airports in the contiguous U.S., using k-medoids clustering with
empirical extremal correlation as dissimilarity measure. Two airports in a cluster
are connected by edges if they are connected by (regular) flights. The smallest three
clusters are shown together in the bottom-right panel, with airports in the same
cluster represented by the same geometric shape. The size of an airport is proportional
to the average number of daily flights at the location.
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Figure 6: The flight graph Gaign (left), the estimated tree graph T (center), and the
graph estimated using EGlearn, G,, for p* = 0.1 (right).

X as weight matrix can also recover an underlying tree (Engelke and Volgushev, 2020;
Hu et al., 2022).

As a second family of estimated extremal graph structures @p we apply the
EGlearn algorithm (Engelke et al., 2022b)) to the flights data set with different
regularization parameters p > 0. The latter governs the amount of sparsity in
the estimated graph, where larger p values correspond to sparser graphs. EGlearn
produces a whole sequence of estimated graphical models, but without estimates of
the corresponding parameter matrices.

We apply our methodology to fit a multivariate generalized Pareto distribution
with Hisler-Reiss distribution and extremal graphical structure given by different
graphs G. As in the structure estimation, we focus on the empirical variogram I' as
base estimator. Applying the completion operator € to_the restriction of I' to a
graph G as in (5.3, we obtain graph structured estimators I'“fisnt, ' and I'“” for the
flight graph, the extremal tree and the p-regularized general graph, respectively. We
note that previously, only parameter estimation on the tree was possible through the
tree metric property , but not on the more general graphs. Our theory therefore
produces a full statistical model that can be used for model assessment, simulation
and interpretation.

A first benefit of our approach is that it complements structure learning approaches
such as EGlearn by allowing for a data-driven selection of the optimal amount of
sparsity. This can be done comparing the Hiisler-Reiss log-likelihood values of
the different parameter matrices I'“», for instance using AIC or BIC if applied
to the training data set. Instead, we directly compare the log-likelihood values
on the validation set and plot them against the tuning parameter p in [Figure 7]
The likelihood is computed based on the Hiisler-Reiss Pareto density and since we
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Figure 7: Left: Log-likelihood based on the validation data set for different regular-
ization parameters p. Horizontal lines indicate the log-likelihoods of the complete
graph (465 edges, dashed line) and the flight graph (151 edges, dotted line). The
log-likelihood of the tree graph (30 edges) is —48681 and not shown. Right: Evolution
of ©% entries. Only entries that vanish at p = 0.5 are shown. Both plots show the
number of edges in the corresponding graph on top.

are mainly interested in the dependencies between different airports, the univariate
marginals were normalized to the standard Pareto scale using the empirical distribution
functions; shows the univariate shape parameters before normalizing. The
best fitting model on the independent validation data set comes from EGlearn at
p* = 0.1, and the corresponding graph with 139 edges is shown on the right-hand
side of The flight graph performs significantly worse, and the tree seems
to be too sparse. The Hiisler—Reiss precision matrix defined in can be
used to track how sparsity is induced in the EGlearn algorithm. shows the
entries of the precision matrices O% as a function of the tuning parameter p. Similar
to a usual lasso, we observe that they tend to zero in a possibly non-monotone way.

In terms of model assessment we can use the completed variogram matrices to
evaluate the goodness of fit. [Figure § compares the values of the empirical extremal
variogram T to the variogram estlmates implied by the fitted graphical model T¢ for
graph G being the flight graph, the extremal minimum spanning tree and the optimal
EGlearn graph, respectively. Here we use the corresponding extremal correlations
obtained as y = 2 — 2®(+/T/2) for a Hiisler Reiss distribution with variogram matrix
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Figure 8: Extremal correlations based on the empirical and fitted extremal variogram
for the flight graph Gaign (left), the estimated tree graph T' (center), and the graph
estimated using EGlearn, GG, for p* = 0.1 (right).

I', where ® is the standard normal distribution function and all functions are applied
componentwise. The results confirm the likelihood considerations and, in particular,
a tree model is clearly not flexible enough to model all extremal dependencies in this
data set.
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SUPPLEMENTARY MATERIAL

S.1 Moore—Penrose inverse and pseudo-determinant

S.1.1 Moore—Penrose inverse

Definition S.1.1. As shown for example in |Penrose (1955, Theorem 1), for any
matriz A € R™™ there exists a unique matriz B € R™*" satisfying the equations

ABA = A, (AB)' = AB,
BAB = B, (BA)" = BA.

This solution is called the Moore—Penrose inverse or simply “pseudo-inverse” of A
and is denoted by AT := B

Remark S.1.2. The pseudo-inverse is defined in a similar way for matrices with
complex-valued entries, using the conjugate transpose in place of the transpose.

Lemma S.1.3. The pseudo-inverse has the following properties.
(1) (AT)" =4
(2) (AAT) (AH)'AT (note that in general (AB)" # Bt A™).
(3) AAT is the orthogonal projection onto the image of A.

(4) Using the singular value decomposition A = UXV T, the pseudo-inverse can be
computed as AY = VItUT, with
¥t =diag(Xy, ..., 2, 0,...0), 7 =rank(A).

T )

Proof. The first statement follows from the interchangeability of A and B in
The second statement can be proven by substituting the left- and right-hand
side in the defining equations from [Definition 5.1.1l The last two statements are from
Golub and Van Loan (1996, Section 5.5.4). O

Lemma S.1.4. Let A and B be two symmetric matrices of equal size and let Py
denote the orthogonal projection matriz onto the image of A. Then the following two
conditions are sufficient and necessary for A = BT :
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e Im B CImA (or equivalently ker A C ker B);
o AB = PA.

Proof. In the first bullet point, the equivalence of Im B C Im A and ker A C ker B
follows from the identity (ker M)+ = Im M for symmetric matrices M.
For A = B*, the two conditions follow directly from [Lemma S.1.3} note that by
the lemma and by symmetry of A and B, we have AB = (AB)"= BTAT = BA.
Conversely, using the fact that the projection matrix P, is symmetric, the defining
equations from [Definition S.1.1|follow from the two conditions as follows:

AB =Py = (Py)" = (AB),
BA=B'A"=(AB)"=AB=A"B"=(BA)",
ABA = PyA = A,
BAB = (AB)B = P,B = B,

where we used Im B C Im A in the last step. O]

S.1.2 Pseudo-determinant

IDefinition S.1.5[and [Lemma S.1.6| are from Knill (2013} Section 2) and only adapted
in scope and notation for their use here.

Definition S.1.5. Let A be a square matriz with eigenvalues {\;}. Then its pseudo-
determinant, denoted by |A|, , is defined as the product of its non-zero eigenvalues:

Al =T »

A0
If all eigenvalues are zero, |A|, = 1.
Lemma S.1.6. Let A, B € R4,
(1) If A is similar to B, then |A|, = |B|,.
(2) If A is invertible then |A| . = |A].
(3) |AT], = |41,
(4) For a normal matriz A, it holds that |A™|, =1/ |A] .
(5) |ATB|, = |ABT|, = |BAT|,.
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(6) Al #0.
(7) If A is block diagonal, i.c., if A = Diag(Ai, ..., Ax), then |A|, =[], |Ail,.
Lemma S.1.7. Let V be a linear subspace of R? and put
Qy = {A eR™ . A=A ker A= V}.
Then for any Ay, Ay € Oy,

|A1As|, = [Ad], - [Aof,

Furthermore, for a sequence A; € Qy, 1 € N, with lim; .o A; = Ag € Qv

}LIEO |AZ|+ = ‘A0|+ .

Proof. Let k = dimV, | = d — k, and let {by,...,bs} be a basis of R? with V/
span(by, ..., by). Let M denote the corresponding basis change matrix and B; =
M~1A;M for i > 0. By construction, B; is of the form

Orxr Orx
01«1 Bj
with B € R invertible and 0,., € R**® equal to zero in all entries. Using the

properties from it follows that

|Ai|+ = ’Bi’-i- = ’0k><k|+ ) |Bz/'|+ = |B;| .
Since M is chosen independently of i,
[ Al - [Ao]y = [Bi] - By
= | B1 By
= [B1Bs,
= |MB:M™"MB,M ™|,
= [A1 Ay, .

Furthermore, continuity of matrix multiplication implies that By = lim; .., B; and
hence lim;_,~, B, = B{.. Using the continuity of the regular determinant, it follows
that

lim A, = lim | B = | Bj| = A, =
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S.2 Graph theory

All graphs considered in this paper are undirected, simple graphs without loops. A
graph G = (V, E) is defined by a set of vertices V' = {1,...,d} and a set of edges
E CV x V. Since we only consider undirected graphs without loops, the set of all
possible edges is E(V) := (V. x V) \ {(¢,7) : ¢ € V}, and it must always hold that
(i,7) € E = (j,i) € E. The set of loops from each node to itself is denoted as
Dy = {(i,i) : i € V'}. These loops are no edges in the sense defined above, but can
be useful when identifying edges and subgraphs with matrix entries and submatrices,
respectively. For a set of edges E C £(V), the inclusion of the loops from each node
to itself is denoted as E = E U Dy,.

A graph is called complete if £ = E(V'). A subgraph G’ = (V', E') of G is a graph
consisting of a subset of vertices V' C V and a subset of E such that all endpoints
liein V', ie., ' C ENE(V'). If E' is maximal (i.e., the latter set inclusion is an
equality), G’ is called the subgraph induced by V’. A subset of vertices C' C V is
called complete if its induced subgraph is a complete graph. A subset of vertices is
called a clique if it is complete and not a strict subset of another complete subset.

The neighborhood of a vertex i is defined as §(i) = {j € V : (i,j) € E}. The
neighborhood of a vertex including the vertex itself is denoted as 6(i) := (i) U {i}.
A path of length m between vertices ¢ and j is a sequence of m + 1 distinct vertices
Do, P1, - - - s Pm such that pg = i, p,, = 7, and (p;_1,p;) € E for alli =1,... m. If
there exists a path between two vertices, they are said to be connected. A graph is
connected if any two of its vertices are connected. A cycle of length m is a sequence
of m distinct vertices py,...,pn, such that (p,,p1) € E and (p;_1,p;) € E for all
it =2,...,m. A chord is an edge between two vertices of a cycle that is not itself part
of the cycle.

Definition S.2.1 (Decomposable Graph). A decomposable graph is a graph in which
all cycles of four or more vertices have a chord.

A useful property of decomposable graphs is the following running intersection
property (see e.g., Lauritzen, 1996).

Lemma S.2.2 (Running intersection property). For a decomposable graph G, the
set of cliques C = {C4,...,Cn} can be ordered such that the running intersection
property is fulfilled, that is, for alli =2,..., N there exists k(i) € {1,...,i — 1} such
that

D; =C;N(C1U...UCiq) C Crpy.

The multiset D = {Ds, ..., Dy} is independent of the chosen ordering of C and its
elements are called separators. For connected graphs, all separators are non-empty.
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Definition S.2.3 (Block graph). A block graph is a decomposable graph in which all
non-empty separators consist of single vertices:

|D| € {0,1} VD e D.

Definition S.2.4 (Tree Graph). A tree graph or a tree is a connected graph that does
not contain any cycle.

Remark S.2.5. For d > 2, the set of trees is identical to the set of connected block
graphs in which all cliques consist of exactly two vertices.

Definition S.2.6 (Graph Laplacian). For an undirected graph G = (V, E) the graph
Laplacian matriz L € R¥? is defined by

deg(7) i=j,
Lij=4 —1 (4,7) € E,
0 otherwise,

where the degree deg(i) of a vertex i is defined as |(7)|.

S.3 The Hisler—Reiss exponent measure density

Using the general representation in |(3.10)} we recover different forms of the Hiisler—
Reiss density from the literature. Canonical unit vectors are a natural choice for
the vector v. Setting v = ¢, for some k € V, yields the density representation in

Definition 3.1} The corresponding stochastic representation |(3.11)| results in
YO =w® 4 Rr.1,

where Y is the random vector used in and W® = 1, is called the
kth extremal function (Dombry et al., 2013). This stochastic representation coincides
with Expression (28) of [Engelke and Hitz (2020). The random vector W®*) is used for
various purposes including statistical inference (Engelke et al., 2015)), exact simulation
(Dombry et al., 2016), and the definition of extremal positive dependence (Rottger
et al., 2021)).

Another characterization of the Hiisler—Reiss density is given in [Wadsworth and
Tawn (2014), parametrized by a positive definite matrix ¥ with a constant diagonal,
as

-1
ANy;2) = ex - exp(—%yTAy —y'q(17q) ) y € RY,
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withg=Y"11and A =271 - qu(qu)_l. Notably, it can be verified (e.g., using
Lemma S.1.4) that A = (IIXI)" = 0 o y(X), i.e., A is equal to our precision matrix
© for the positive semi-definite covariance matrix IIXIT € P},

Likewise, a slightly more general definition of the Hiisler-Reiss exponent measure
density is given by Ho and Dombry (2019| Definition 3.1) as

/\(yé a, @, l) = Cq,Q,l ° eXp(—%yTQy + lTy),

with some a € (0, oo)d, Q € P}, and ["1 < 0, defined for y € R?, and the correspond-
ing multivariate generalized Pareto distribution supported on {y € RY: exp(y) £ a}.
Using this definition, the authors show an exponential family property of the Hiisler—
Reiss Pareto model. Restricting the parameters to a =1 and [ = —(rg + €4) yields
an equivalent parameter space to the one spanned by the set of conditionally negative
definite matrices in [Definition 3.1 The matrix @ is identical to the precision matrix
O, possibly allowing for an easier interpretation of the exponential family results in
the framework of extremal graphical models. Kiriliouk et al. (2018| Section 7.2) give
a definition that is equivalent to the one above, restricted to a = 1 and ['1 = —1.

To allow for a comparison of the parametrizations in |(3.9)| and |(3.10)| with the
general definition in [Ho and Dombry (2019), we suggest the following parametrization
of their (general) Hiisler—Reiss exponent measure density.

Definition S.3.1. Let © € P}, a >0, and r € {1}l. For y € R? define the general
Hiisler—Reiss exponent measure density as

Ay; ©,,7) o exp(—1y 'Oy — ay'es +y'r),
or equivalently
My; 0, a,1) exp(—ayTv) . exp(—%”y — uv||29),

with v € RY, satisfying v'1 = 1, and p, = OF(r + av).

S.4 Details on matrix completion

S.4.1 Matrix completion as likelihood optimization

For a Hiisler Reiss distribution Y with parameter matrix I', the random vectors Y *),

k € V, defined in satisfy
(VP = Vi) ~ N (=1 diag(S®), £®); (8.4.1)
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this follows from representation (3.11)) and |Corollary 3.7 with v = ey, (see also Engelke
et al., 2015)). For an independent sample of size n from Y, one can obtain samples
from this (d — 1)-dimensional normal distribution by selecting only data with Y, > 1
and following . We denote the corresponding empirical covariance matrix by
i(k), augmented by a kth row and column of zeros to make a d x d matrix. Ignoring
the information on the parameter matrix I' in the mean vector, the (surrogate)
log-likelihood of this model can be written in terms of our Hiisler—Reiss precision
matrix © as

L(©:;5M) x log O], — tr (i<k>@), (S.4.2)

where |- |, is the pseudo-determinant. Setting [ = v(i(k)) gives a nonparametric

estimator of I'. By |Proposition 3.3 it holds that S*) = H(—%f(k))l_[ and therefore
the cyclic permutation property of the trace operator together with the fact that
OIl =116 = O for any © € P; shows that the right-hand side of (S.4.2)) is equal to

log |0], + 3tr(I'O),

with T = T®_ In order to use all data in the sample, we can consider this likelihood
with T equal to a combined version of the variogram estimators over all k, defined
as I :==d ! ZZ:1 I'® and called the empirical variogram (Engelke and Volgushev.
2020).

A natural way to obtain a graphical model is therefore to maximize this surrogate
Hiisler—Reiss likelihood over © € PJ under the constraint of a graph-structured
precision matrix. As shown in [Proposition 5.1], solving this optimization problem

corresponds to our completion operator € from |Definition 4.6|

S.4.2 Estimation strategy for sparse graphs

Let C be the collection of all cliques C' C V of the graph G = (V, E') and suppose
that for every C € C, fo is a consistent estimator of the entries I';; for 4,7 € C.
Note that fc can be computed using information only from the components in C,
which reduces the computational cost drastically if the cliques are small, especially if
censoring is used. Since the cliques are overlapping on the separator sets, we need

to combine different estimators to obtain a partial variogram matrix I' € R4 on
the whole graph. We do this by averaging the estimators on the intersections. Let
Cuj) = {C € C 4,5 € C} denote the set of all cliques containing the edge (4,j) € E
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and put

- ac?nl (Z,j) ¢ E’
Liyj=q ——— Z (fc> (i,7) € E.

This partial variogram estimator is clearly consistent for I‘{ o asin (5.2), since it is

an average of consistent estimators. The completion T'¢ = €G(f) from [Corollary 5.4
is then a consistent estimator of I' with correct graph structure G. For fixed sample

size n, the estimator I is not guaranteed to be a valid (partial) variogram matrix;
this is the price to pay for the more efficient estimation using only information within

each clique, and by |Theorem 5.3| the probability of r being invalid converges to zero
for n — oo.

A natural question is whether it is possible to replace the arithmetic mean by
another function that guarantees a valid partial variogram. The following example
shows that this is not possible, as long as entries that belong to only a single clique
are not altered, as well.

Example S.4.1. Let

0 1 16 7

o 1 0 = 1

= 16 =z 0 1

71 1 0
Then there are x1, x5 € R such that with = x; the principal submatrix F‘ 123} is
conditionally negative definite, and with x = x5 the principal submatrix r (2.3.4) is

conditionally negative definite, but there exists no x such that both submatrices are
conditionally negative definite at the same time.

Proof. |Gower (1982) shows that I' can be interpreted as a Euclidean distance matrix
with I';; = d?j, where d;;, for 7,7 € {1,...,d}, is the pairwise distance between the
points generating I" (see also [Section S.5.4.3]). The triangle inequality then requires
9 <x; <25 and 0 < x9 < 4, which can be satisfied for each submatrix but not

simultaneously for a single value of z. O

39



S.5 Proofs

S.5.1 Proof of |[Proposition 3.3

Before proving the Proposition we establish some auxiliary results. In the following,
for a given I' € Dy we write X = II(—4I')II. We assume that the matrix S € R**?
satisfies IISTI = 3, the matrix S not necessarily being symmetric. [Lemma S.5.8
shows that this is in fact a slightly weaker assumption than v(S) = I', which is used
in the Proposition. Furthermore, for any ¢ € R we introduce the abbreviation

=117+ S
Lemma S.5.1. The matriz ¥ is symmetric and positive semi-definite, and its kernel
is span({1}).

Proof. Since Il = I; — d~'11" is the projection matrix onto the subspace orthogonal
to 1, it follows that ¥1 = II(—iT')(II1) = 0. Hence, span({1}) C kerX. Next,
consider any v ¢ span({1}), and let w := ITv. This w satisfies w # 0 and w L 1,
hence

V'S = UT(H(—lI’)H)v

2

because of the conditional negative definiteness in the definition of a variogram matrix
in (3.1). Symmetry follows from the symmetry of I" and II. ]

Lemma S.5.2. There exists ty € R such that X is invertible for all t # to. Specifi-
cally, to = —(1TS711)~1 if S is invertible and ty = 0 otherwise.

Proof. To prove the invertibility of X[ for t # t, consider the following two cases.

Case 1: S is invertible. Let vy = S™'1. Then 1'wy # 0, because otherwise, if
1Tyy = 0, then vy would be orthogonal to the kernel of 3, and we would have vy = vy,
and therefore

0 7é EUO = HSHUO = HS’UO =111 = 0,

a contradiction. Next, let ¢y = —(1Tvg)~!. Consider ¢ # t, and suppose that X is
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singular, i.e., there exists v € R?\ {0} such that 0" = v'(¢117+ S). Then

0=0v'(t117+ S)vy
= tv'11 v + v 'S
= t(le) (1Tv0) + (le)
= (v'1)(=t-t;" +1).

For t # ty, the second factor cannot be zero, so it must hold that 1Tv = 0. However,
this leads to the contradiction

0= (t11T+ S)v = Sv #0.
Furthermore, it holds that

117

t _
Doy = (S—m——u

>S11:1—1:0.

Case 2: S'is singular. Then S must be of rank d — 1, since the rank of ¥ = IIS1I is

d—1 by [Lemma S.5.1] Let vy # 0 be such that ker S = span({v}). Then, vy ¢ {1},
because otherwise

0 7é EUO = HSHUO = HS’UO = 0.

Furthermore, 1 ¢ Im S, because otherwise there must be a vector u ¢ span({vg}),
such that Su = 1. Then, (I1S)vy = (ILS)u = 0, implying that the rank of IISTI is at
most d — 2, which is a contradiction.

Setting to := 0, and using Im § = SR? = S({1}" @ voR) = S{1}", the image of
Y1 for t # ¢, can then be checked to be

Im 2 = pIRY
— xl ({1}l ® U0R>
_ <2[t1{1}i> & (DWyR)
— (S{1}") @ (1117R)
=ImS & 1R
=R%,

implying that Y is invertible. Again, it holds that X[y, = Sy, = 0. [
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Lemma S.5.3. X is positive definite (not necessarily symmetric) for all t > t,.

Proof. A matrix A € R%* is positive (semi-)definite if and only if its symmetric part
A=1(A+A")is so; indeed, x"Azx = 2"A'z = z Az for any z € R%. The symmetric
part of £ is Xl = L(2l 4 (ZM)T) = 1117+ S where S = (5 +S7) is the symmetric
part of S. Further, since ¥ = II(—3T")II is symmetric, the matrix S € R satisfies
IIST = ¥ if and only if ILS'II = ¥ and thus if and only if IISTI = ¥. Hence, to show
that XU is positive definite for ¢ > t,, we can without loss of generality assume S is
symmetric (or more precisely, replace S by its symmetric part).

So assume S is symmetric and let vy be the vector from the proof of [Lemma S.5.2]
First, we show that X! is positive semi-definite; to do so, it is sufficient to show that
its non-zero eigenvalues are positive. To this end, recall that Xlyy = 0 and consider
an eigenvector v, ¢ span({vg}) of X! with eigenvalue a; # 0. The vector

u = (lTvo)vl — (1TU1)U0

satisfies u L 1 and thus ITu = u. Moreover, since 1Ty, # 0, it follows that u # 0.
Hence, since I' is conditionally negative definite and since vy and v, are orthogonal
(as eigenvectors of the symmetric matrix X! associated to distinct eigenvalues), we
have

0< uT(—%F)u = u'll (—%F)Hu =o' Su = u'nlly

— (1Tup)[Jvs [

implying a; > 0, as required. A similar argument shows that Yl*! has rank d — 1:
otherwise, we could find an eigenvector v; ¢ span({vy}) of LIl orthogonal to vy with
eigenvalue 0 as well, and this would lead to a contradiction by the same calculation
as above. For t > to, the matrix X is invertible by , and since it is the
sum of the two positive semi-definite matrices Xl and (¢ — ,)117, it is also positive
semi-definite and hence positive definite. ]

Lemma S.5.4. The limit limHoo(Z[t])_l exists, is symmetric, and its kernel contains
1.

Proof. To prove the existence and claimed properties of lim,_, (X))~ let {vy, ..., v4_1}
be a basis of {1} in R%. Recall from the proof of that Ll has rank
d — 1, and let ¥ be its left null vector, i.e., 7. Yol = 07, Repeating the arguments
in the proof of for S = ST shows that 7j1 # 0. Define the matrices
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W, W € R™d and V e R¥x(-1) 1y

V= (?}17. .. ,Ud_l)
W= (U()’Ula ce 7'Ud71)

W = (?707’01, RN ,Ud_l)

Note that IIV = V. Then

0 007

= 0 0
1177— [t0]117 _
> <0 C ) ’

for some constant ¢ # 0 and C' € R(=D*(4=1) gatisfying

W = (5 )

C = vighly
=V TIxblny
=Vv,

which is symmetric positive definite, since X is symmetric positive semi-definite with
kernel span({1}). Hence, using %l = (¢ — #,)117 + St} we have

- (450 D)
N (E[t])_lzw( (Yfato)1 C—1> ’

—  lim(Z0) 7 =W O OT w.
t—o00 C

The latter matrix is symmetric since W and W differ only in the first column, and
since v; L 1 forall j =1,...,d — 1, its kernel contains 1. O]

Lemma S.5.5. Fort > tg, let O := (X)~1. Then

»t = lim O,

t—o00

Proof. We will check the two criteria in [Lemma S.1.4] Since IT = I; — d~'11" and
since the vector 1 belongs to the kernel of the symmetric matrix lim;_, Ol we have
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II lim; o O = lim;_,o. O and thus

Y lim O = I1STI lim e

t—o00 t—o00

—II lim Se

t—00
— 1 Jim (S + 117 — 117) (S + 117¢)
t—o0
=10 — lim 1174 (S + 117)
t—00
—1I.

Since ¥ = I1STI, it follows that Im IT = Im X and thus that II is the projection matrix
onto the image of . Further, the results from [Lemma S.5.1| and [Lemma S.5.4{ yield

ker ¥ = span({1}) C ker tlim e,
—00

Hence, the claimed equality follows from with A = ¥ and B =
limy ., O, O

Lemma S.5.6. For © from|Definition 3.2 it holds that

lim (¢117 —

t—o00

r~" =e.

1
2

Proof. For d = 2, all valid variogram matrices are of the form I';; = 'y = 0 and

' =T9 =:n > 0, and the expressions can directly be checked to be equal: we have
2(1) — 2(2) = and

1 —1
GERRSES R L L
2 t

— 37 t

_ 1 { t —t+ %n}
22— (t—1in)? [-t+am t

B 1 { t —t+ %77]

e Lt

N~ N
N DN

1 _

— :{ 1/77 1/77]:@, t — oo.

5N |— —1/n 1/n

For d > 3, write V = {1,...,d}, consider X!l = 117 — %F (which is positive

definite for large enough ¢), let Y ~ A(0, ), and let Y*#I be the random vector Y1
conditioned on the event {Y}ﬂ[t] = yi } for some y;, € R. Then the (d — 1)-dimensional
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random vector Y‘E\?}k} = (Y;[t’k])iev\{k} is multivariate normal with covariance matrix

L given by
-1
i =5l - 2 () =
1
T T
1
=117t — 40\, — 117t + 21Ty + 40,17+ TR

— %(1Fk7 —|— F.Vkl—r— F\k) —|— 0(1)
= n® 4 o(1), t — 00,

with £ as in [Definition 3.1l Since X(¥) is positive definite, so is S for sufficiently
large t, and the respective precision matrices satisfy

O+ = (xtFY-1 _ (x0)1 = W ¢ 0,

Recall Ol = (2l1)~1, Classical properties of the Schur complement of a block matrix
(see, e.g. Rue and Held, 2005, Theorem 2.5) imply

O = (O1) 1\ (k) x (v (1)

and hence
@Z] —>6§§“), ij#k, t— o0,

Since © is defined by ©;; = O+, this implies

lim (#1117 — 1) = ©. O

1
t—o0 2

Proof of |Proposition 3.5 Combining the results above yields

O = lim (tllT— %F)_l (Lemma S.5.6|)
t—o0
= (m(-i0)m)* emma S.5.

= [E
X =

= (TLST)* emma S.5.
— lim (11174 5) . (Cemma S5.5.5)
t—o00
Using the invertibility of the map that sends a matrix to its Moore-Penrose inverse,

the equality © = (H(—%F)H)+ immediately implies that IISTI = H(—%F)H is a
necessary condition for (IISTI)" = ©. O
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Lemma S.5.7. Let ' € Dy, ¥ = H(—%F)H, and © = XF. For S € R™?, we have
I[ISTI = X if and only if

056 = ©. (S.5.1)

Proof. First, suppose IISTI = ¥ = ©". Since II is the projection matrix onto the
image of ¥ and thus also onto the image of © = Xt (see proof of [Lemma S.5.5|),

056 = OIISTIO = 0616 = 6.

Second, let be satisfied. Since ©TO = OO is the projection matrix onto
the image of © and thus equal to II, we find

[ISTI = 070566 =0Tee" =0t =% O

Lemma S.5.8. Let I' € Dy and ¥ = II(—1D)II and recall the map ~ in|(3.2) For
symmetric S € R™? the identity I1STI = X is equivalent to

v(S) =T.

Since all I' € D, are symmetric and () preserves (a)symmetry, this Lemma also
shows the following implication:

Y(S)=T = S§=8"AISH=I(-iD)IL
Proof. Recall that
7(S) = 1diag(S) " + diag(S)1" — 25.
On the one hand, if v(S) =T, then, since I11 = 0, we get
Y= H(—%F)H = H(—%V(S))H = IISTI.
On the other hand, for symmetric S and writing v := Sey with e; = d~'1, we have,
by I = I; —es1" = I; — 1e] and the linearity of ,
Y(IIST) = y(I1(S — v1'))
=7(S—1"—vl"+ 1eyvl’)
=7(S) — ’7(1UT+ vlT) + 7(19}1}17)
=7(5),
as diag(1v') = a = diag(v1") and thus y(1v"+ v1") = 00" € R™?. It follows that
I[1STI =X = H(—%F)H implies
v(S) = y(IISI) = (I (—iT)IT) = v(—40) =T,
since diag(I") = 0. O
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S.5.2 Proof of |Proposition 3.4

Definition S.5.9. The covariance transform ~y is defined for arbitrary square matrices
as

v Rdxd N Rdxd
S+ 1diag(S)" + diag(S)1" — 28S.

This definition does not require S to have any special properties but also does not
guarantee many useful properties of 7(.S). A more useful mapping can be obtained
by restricting the domain as follows.

Lemma S.5.10. Recall Dy from|(3.1). Then v(R) C Dy for any R satisfying
R C {2 eR™ .2 =¥T ¥ psd, kerSN{1}" = {0}}.

Proof. Let T' = 4(X) for some ¥ € R. Then clearly I' = I'" and diag(I") = 0.
Moreover, for 0 # v € {1}, we have

v To =0y (Z)w = v (1diag(2) " + diag(X)1" — 28)v = —20'%v < 0,

implying that I' € D;. ]

Proof of [Proposition 3.7 [Lemmas S.5.1] and [S.5.10] show that o and v do indeed map
between D, and P3. Since both maps consist only of elementary matrix operations
and the continuous map diag(-), they are also continuous. Using the intermediate

results from the proof of [Lemma S.5.8] it can be seen that
Y(o(T)) =y(II(-i0)I) =T, VI € Dy,
o(v(D) =I(-(@)I =%, VIeP,

implying that o is bijective between Dy and P, with continuous inverse o= = ~.

By [Lemma S.1.3| [Item (4)], the Moore—Penrose inverse of a symmetric positive
semi-definite matrix is again symmetric positive semi-definite. Hence, 6 also maps
D, into P; and can be written as the composition ¢ o o, with

0:P; — Py

Y o — Xt
As shown in Rakocevi¢ (1997), the map ¢ is continuous, and hence is a continuous,
idempotent bijection; note that it is surjective since every 3 € P can be written as

¥ = p(p(X)). Therefore, 6 is also continuous with continuous inverse 0~! = v o .
UJ
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S.5.3 Proofs of density expressions

Proof of[Proposition 3.6, For k € {1,...,d}, let A*) denote the density expression
from [Definition 3.1 with that specific choice of k. Extending the notation used there,
let

(k)

Il
|
[N}
—
o
&
SN—"
-~
|
—
a
M
=
=Y

i

Ly

Note that

(y — Ly — pM)e =0,
and hence A*) can be rewritten as
exp(—y)
2m)" 50

AP (1) = exp(—3lly — Ly — AM3).

From Rottger et al. (2021, Lemma 4.4) it follows that the value of the normalizing
constant is independent of the choice of k. Using ©1 = 0 and applying logarithms,
the above equation becomes

log AP (y: 1) = e1 =y — 3lly — ™[, where
= —glog((zw)d*wz(ln).

Next, let v € R? be such that 1Tv = 1. Then, since the value of A*®) is the same for
all k € {1,...,d}, we find

M=

log \(y;T) =) vy log AW (y;T)
k=1
d
= u(er —ye — 3y — aM)3)
k=1
d
=a—vly—3> uly— i (8.5.2)
k=1
The last sum can be rewritten as
d d d
~ 2 2
ZWH?J — AWNE = llylle + Z%(?J, Lo + kaH%PkH@
k=1 k=1 k=1

= |lylls + (. Tw)g + |[2T0||2 + e,
= ||y + i00||% + <, (S.5.3)
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with
d 2 2
o (zvku%mue) ol
k=1

Moreover, H(—%F)H =Y =0%. AsI;=1l4+e;1 " and 17v = 1, we have v = [Tv + ¢4
and thus

II(—30)v =TI(—30) (v + ey)
= I (—30)v + I1(—3T ) eq
=0Tv+ 070 (—1il)ey
=07 (v+0(—3D)eq)
= 0% (v+re)

yielding
fy = I (—3T)v. (S.5.4)

Since I1© = OI1 = OOTO = O, it follows from that
ly = palle = ly = T(=3T) o]l
= ||y + 3mrolfy
= ||y + Lro][3,. (S.5.5)

Plugging the identities ([S.5.3) and (S.5.5) back into the expression for log A(y;I') in
(S5.2) vields [(3.10)}

My ©) = co - exp(—y ) - exp(—1ly — pollp)

with
Con = exp(cl - %cv).

To prove let v = e; and rearrange as follows:
A(y; 6) = Coeq exp(—yTed) ) exp(—%”y - UedHé)
= coe, exp(—yTea— 3y + 3Ted]3)
= coe, - exp(~ 350y — 3" (ea + §0Te,) — 4T3

= co - exp(—3y'Oy —y'(es — 1o)),

49



with
co = exp(q - %ced — %||Fed||é).

The expressions for co and cg, can be simplified further. First, since @) =
(£M)
eXp(Cl> _ (27_‘_)—(d—1)/2’2(1)|—1/2 _ (27T)_(d_1)/2|@(1)|1/2.

By [Lemma S.5.11} the diagonal element || FkH@ = (( ir )@(—%F))kk does not

2
depend on k € V' and is equal to ¢(I") = || FedHe ej(—30)eq. It follows that

Coy = —edT( il)eq.

But then
Co = (QW)*(d—l)/Z‘@(l)‘l/Z exp<%e;(—%r)e - %H_%Fed”é>
_ (27T>—(d—1)/2‘@(1)‘1/2 eXp(—% (F))

Second, for cg ,, note that, again by [Lemma 5.5.11]

e = e(T) = || =4[5
and thus, since OI1 =116 = O,
o = (2m) “IROW2 exp(~Le(T) + 3]|-1T0[2)
= co - exp(3]|-3T]3)
= co - exp (Ll 13)-

The latter identity can also be found by comparing |(3.9)| with |(3.10); the terms not
depending on y must be equal. ]

Lemma S.5.11. Let I’ € Dy and let © = (TI(—1T))". Then
(=30)O(=iT) = —iT +¢(T)11"  where
o) =ey(—i0)O(—1iIes — ey (—3iD)eq

Since I' has a zero diagonal, this implies that I'OI" has a constant diagonal.
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Proof. Obviously, it is sufficient to show that the matrix (—%F)@(—%F) has constant
diagonal. Recall the definitions ¥ = H(—%I‘)H, eg=d 'l and Il = [; — le] =
I; —ey17. Since I1IO = OII = O, we have

(-10)6(~11) = (11 + 1e]) (- 4r)m6(~4r)
— 1(~40)16(—4) + 1ej(~4r)16(~31)

=II(—3T) + 1eg(—3T)O(—3T)

ley(=31)O(=3T) = Leg(—3T) O (=3T) (I + eql )
le,(—i0)OI(—i0)I + 1ej(—i0)O(—il)e d’
= Tej(—3T)I + (es(—30)O(—3T)eq) 117
. —~— ’
with
1ej(~ 311 = 1ef(~ 1T) — Le](~3r)e,”
= 1edT(—%F) — edT(—%F)ed) 11"
scalar
Adding up, we get the stated identity. ]

Proof of [Corollary 3.7 A direct computation shows that II, is the inverse of IT when
the latter is seen as a linear map from {v}" to {1}*; specifically, I(IT,z) = z for
z e {1}" and II,(ITy) = y for y € {v}*. We have W, = II, X, where the random
vector X, ~ N (s, ©1) is concentrated on {1}". The distribution of W, can thus be
interpreted as the one resulting from the invertible linear transformation II, from
{1}" onto {v}" applied to a normal random vector X, on {1} with mean p, and
covariance matrix ©1. The matrix II, is a kind of oblique projection onto {U}L,
since the image of II, is {v}" and since I,y = y for y € {v}". In the special case
v =eq=d'1, we have {v}" = {1} and II, = II, so that W, = X,

The density of X, ~ N (u,, ©") with respect to the (d — 1)-dimensional Lebesgue
measure on {1} can be expressed as (e.g., Rao, 2002)

Fx,(w) ocexp(—llw — wlle),  we {1}
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We have W, = II, X, where II, is a linear bijection from {1} onto {v}" with inverse
IT. As a consequence, the density of W, with respect to the (d — 1)-dimensional
Lebesgue measure on {v}" satisfies, for w € {v}™,

Jw, (w) o< fx, (ITw)

oc exp (—§[[Tw — 1 8)

= exp(—3llw — ll)
as I1© = OII = O. Furthermore, the density of R ~ Exp(1) is fr(r) = exp(—r),
r > 0. Observe that the mapping (w,r) — y = w + rl is a linear bijection from
{v}" x R to R? with inverse y — (IL,y,v"y) from R? to {v}" x R: indeed, we have
(w,r) = (Iy(w + 1), (w + r1) ) for (w,r) € {v}* xR and y = Iy + 1vTy for
y € R?. Hence, the probability density function of Y, = W, + R1 is proportional to
the product of the densities of W, and R: For y € R?, we have

fro (W) o< fr(vy) - fw,(y)
o exp(—v'y) - exp(—3|Ty — 1]5)
X exp(—va) : eXp(—%Hy - Mv”é)’

the last step following from OII, = © — ©1v" = © and similarly II© = ©, since
©1 = 0 by assumption. The density of Y, is proportional to the one in |(3.10),

and, since v > 0, the support of Y, is the same as the one of Y from [Corollary 3.7]

conditioned on the event {v'Y > 0}. Hence, the two random vectors are equal in
distribution. 0
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S.5.4 Proofs of matrix completion results

S.5.4.1 Decomposable graphs

Lemma S.5.12 (Bakonyi and Woerdeman (2011), Theorem 2.2.3). The positive
definite block matrix completion problem

S=(Spa Sop Spe |, (57, =0 (S.5.6)
7?7 Yep Yec

has the unique solution ¥ oo = EABZE;}BEBC, and Y0 = 0 in the case of an empty
separator B = (). Here, “?7” denotes a matriz of adequate size with all entries “77.

Lemma S.5.13. Let G = (V, E), for V. =A{1,...,d}, be an undirected graph, with
some node k € V' being connected to all other nodes. Let ' be a matriz specified on G
that is conditionally negative definite on all fully specified principal submatrices. Let
k) = gok(F) for @y, in|Definition 3.1, for ease of notation indexed by V' \ {k}.

Then S®) s positive definite on all fully specified principal submatrices and
preserves specified entries in the sense that

- (159 2)] N k; (159 2)] N N
Dy # 7 = SW e v ik
Proof. To show that specified entries are preserved, recall that

n® — %(sz + T — fij); i,j # k.

ij

Since k is connected to all other nodes in G, I'y, is specified for all i € V '\ {k},
yielding the claimed equivalence.

To show positive definiteness of fully specified submatrices, let M be the index
set of such a submatrix and observe

= (), ~olFar)
M, M or(l) MM Cre\ L mufk}, MUk} |,
which is positive definite. ]
Proof of[Lemma .3 First, note that ¢y is in fact bijective with inverse

ot 0 o (S 42 —28)
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where ¥ € R4 is defined as £ with a zero-valued kth row and column added.
Upon a permutation of the indices, the (d — 1) x (d — 1) matrix X® takes the
form (S.5.6) with blocks of indices A = Cy \ {k}, B = D5 \ {k} (possibly empty),
and C' = Cy \ {;k} |Lemma S.5.12| permits to find the umque positive semi-definite
completion of % , 52y 2", The matrix I' := ¢, ' (S®) is thus well-defined.

Since ¢y and ¢, ' preserve specified entries, the condition

L'y :fija v (i,7) €E,

is satisfied by construction. Furthermore, from [Definition 3.2| and [Lemma 5.5.12]it
follows that

0,=0" =0, V(j)¢E.

The uniqueness of this completion follows from |[Corollary 5.5.20| below. H

Lemma S.5.14. Let Y be a random wvariable following a multivariate generalized
Pareto distribution with positive, continuous exponent measure density A. Let G =
(V, E) be a connected, decomposable graph G = (V, E), consisting of two cliques C1,
Cy separated by Dy = Cy N Cy. Let G' = (V' E') be a connected, decomposable graph
with V! = Cy and E' D E{DQ. Suppose Y satisfies the (extremal) pairwise Markov
property relative to G, and the marginal Yo, conditionally on max;cc, Y; > 0 satisfies
the (extremal) pairwise Markov property relative to G'.

Then'Y satisfies the (extremal) pairwise Markov property relative to the graph
G" = (V,E") with " = E|, UE'",

Remark S.5.15. Since the pairwise Markov property only requires
(1,j) ¢ E = Y; L Y | gy,

but not vice versa, a distribution can satisfy this for a number of distinct graphs. In
particular, adding edges to a graph strictly weakens the condition above.

Proof. Since all graphs involved in the lemma are connected and decomposable,
Theorem 1 from Engelke and Hitz (2020) can be used to show

)\Cl<?JCl)>\ . (Yo, )
Ap, (Yps)
>\C2(y02) [oee Aclyo)
) I1per An(yp)
' Mecer deluo)
HDGD” Ap(yp)’

My) =

o4



with C”, D" being the cliques and separators of G”, and C’, D’ those of G'. Here, the
function A7, for non-empty I C V, is the exponent measure density corresponding
to the I-th marginal Y; conditionally on max;c;Y; > 0. By the same theorem, the
above decomposition of A(y) implies that Y satisfies the pairwise Markov property
relative to G”. O

Proof of |Proposition 4.5 In order to formalize the procedure described in the Proposi-
tion, let G = (V, E) be a connected decomposable graph and Ia partially conditionally
negative definite matrix specified on G. Let C = {C,...,Cn} be the cliques of G,
ordered according to the running intersection property , and w.l.o.g.
assume that the vertices in V' are ordered accordingly, in the sense ¢ < j for all i € Cj,
and j € () with k < .

Let I'y :f“cl, J,=CiU...uUC,, and K, = J, x J,. Further, forn=2,..., N,
iteratively define

I, € RIexInl, with entries
. (()anl)ij (Za]) S [__(nfll
(Fn)m = Fij (Zy.]) € En\anla
“rr otherwise,

I, =¢(,) € R

where € denotes the completion from Lemma 4.2] Setting I' = I'y, the condition
I'ij = F” for all (7,j) € E is satisfied by construction. The condition ©;; = 0 for
all (i,7) ¢ E is satisfied too, since [Lemma S.5.14| can be applied in each step. The
uniqueness of this completion follows from |Corollary S.5.20] ]

S.5.4.2 General graphs

The proofs shown here closely follow the proofs in Speed and Kiiveri (1986) and
are adjusted where necessary to hold for conditionally negative definite variogram
matrices instead of positive definite covariance matrices. Recall the map o(-) in

(3.7)

Definition S.5.16. Let I'1,['y € Dy and ¥y = o(I'y), ¥y = o(I's). Let Py, Py denote
the probability measures of two degenerate normally distributed random vectors with
mean 0 and covariance matrices 31,3, € P3, and let py,ps be the corresponding
densities on {1} with respect to the (d — 1)-dimensional Lebesque measure. The
Kullback—Leibler divergence L of these matrices is defined as

I(I'|Ty) == I(%41|%2) := Z(P1|P,) = Ep, (log p1(x) — log pa()).
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Lemma S.5.17. With I';, ¥;, i« = 1,2 as above, and ||Jr denoting the pseudo-

determinant (see , we have
I(I|0y) = —1 <log SIS, +d—1- tr(zgzl)).

1

Proof. Since Ep, (zx") = ¥; and since p;(z) o \Eiulﬂ exp(—32 'S ) with propor-

tionality constant not depending on i € {1,2}, we have

I(P1|Py) = Ep (logpi(z) — log pa(x))

=1Ep (—log %], — 257z + log [Ss], + 255 2)
by

= llog Zal, +1Ep (—2'Sf2 + 255 2)
’Zl‘Jr

g[S, + R ((Staa) + (e
= —% log ‘E;Zl‘Jr — %tr(zle) + %tr(Eijl)-

The statement then follows since £7 3y is equal to the projection matrix IT onto {1}*
and the trace of a projection matrix is equal to its rank. ]

Lemma S.5.18. Consider a fized I'y € Dy. Then the function Z(-|I's) is convex on
Dy.

Proof. Since tr(-) and o(-) are linear maps, it remains to be shown that, for a fixed
3, € P}, the map A+ log|S] A|, is concave on PjJ. Since £ and A are symmetric
with the same kernel, shows that

log ‘Z;AL = log ‘Z;L +log |A|, ,

which is a concave function in A if and only if A +— log|A|, is concave.
To show this, recall the notation from [Lemma S.1.7| with V' = span({1}), and let
s € [0,1], and Ay, Ay € Qy positive semi-definite. Then indeed

log|sA; + (1 —s)As| . =log|sB; + (1 — s) By
> slog |Bj| + (1 — s)log | B
= slog |A1|+ + (1 - 8) log |A2|+ )

where the inequality follows from the log-concavity of the determinant for positive
definite matrices (see e.g. Boyd and Vandenberghe, 2004} p. 73f). O
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In the following results, let S CV x V be such that (i,j) € S implies (j,7) € 5,
i.e., S corresponds to the edges of an undirected graph on V', optionally extended by
some pairs (i,1), for i € V.

Lemma S.5.19. For I';,T", € Dy, ¥; = o(I;), ©; = 0(1';), with i € N, the divergence
Z(-|+) has the following properties.

(1) Z(T'1|T's) > 0, with equality if and only if I'y = I's.
(2) Given I'1,T's € Dy, if there exists a I's € Dy such that

(a) (F2)ij = (F1>ij7 for (i,j) € S, and
(b) (@2)1']' = <@3>ij7 f07” (Z?j) ¢ S,
then
If such a Uy exists, it is unique.
(3) If {T',} and {I",} are sequences contained in compact subsets of Dy, then
Z(I',|I") — 0 implies ', = I, — 0 as n — oc.
Proof. Statement is a well-known property of the Kullback—Leibler divergence,
which can be applied since o is injective (see [Proposition 3.4)), and each X € P}
characterizes a different distribution.
To show statement , use the multiplicative property of the pseudo-determinant
on P} to compute
— 2(Z(I'1|T2) + Z(T2|T'5))
=log [Z3 %) |, + tr(37%)) — tr(23%0) + log |25 S|, + tr(X53) — tr(25 %)
= log |[Z§ BN |, + tr(B ) — B5% + X5 8, — %)
=log |24 %[, +tr((Z5 — 5) (B2 — %1) — BF % + 57%)
Since ¥; = H(—%Fi)H and since [16; = 6,11 = ©,, the invariance of the trace operator
under cyclic permutations permits writing
= —%tr((@g — @3)(F2 — F1)>
% Z (@2 - @3)ij(r2 - Fl)ij‘

(i) EV XV
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Each term in the sum is zero by |(2)al and |(2)b|

Uniqueness can be shown as in the positive definite case by considering I's, I', that
satisfy |(2)aland |(2)bl If I'y, I, both satisfy the said properties with respect to I'; and
'3, then they obviously also satisfy those properties with respect to I'} = I'; = I's.

But then, property and the first part of property yield
0 =Z(I2[l2) = Z(I'2[1) + Z(I5[1)
= I(Io|ly) = Z(I%|I'2) = 0

Lastly, suppose {I',,} and {I'},} are as in statement but I';, = I'l, 4 0. Then
there are convergent subsequences I',, — I'* and I', — ' with I'* # I'¥'. By

continuity of Z, Z(T',, [ I',.) — Z(I™ | I'*') # 0, which is a contradiction. O

Corollary S.5.20. Let G = (V, E) be a connected graph, I a partially conditionally
negative definite matriz on G, and I' a graphical completion of f, in the sense of
\Definition 4.1, Then|Lemma S.5.19, [Item (2), with Ty =Ts =T and S = E shows
the uniqueness of the completion from[Lemma 4.2 and[Propositions 4.3 and[{.5

Recall S CV x V as introduced prior to [Lemma 5.5.19|

Lemma S.5.21. Let Si,...,S,, € S be such that their union is S. Let I' € Dy,
© € P} (not necessarily © = (")), and T, € Dy, ©, = 0(T,,), for n € Ny, with
I'py=T.
If each T',,, n > 1, satisfies
(@n)w - ®ij if ('La]) € St;
(Tone1)ig = ()i £ (5,5) & St
with t =n mod m, then the sequence (I',,), converges to the unique I'S € Dy that,
writing ©% = 0(T'Y), satisfies
0y =0y  if(i,j) €S, (S.5.7)
Iy =Ty  if(i,j) ¢S (S.5.8)

Proof. Using [Lemma S.5.19| [Item (2), decompose the Kullback—Leibler divergence
Z(To|y(OT)) as follows:

I(T0aly(07)) = Z(Tua ) + Z(Taly(07))

=  ZI(Toly(0%)) =Z(I,yv(01)) + iz(r“ym.

k=1
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From here it follows that >~ ; Z(I'y—1|T'x) is a convergent series so that Z(T'y_1|T'x) —
0 for k — oo, and also that

{Tihe AT € Da: Z("H(07)) < Z(Toly(07)) ) = 4,

which is a compact set due to the convexity of Z(T'|y(©1)) as a function of T' (see
ILemma S.5.18)) and the facts that D, is a convex cone and ' — Z(T'|y(O™)) attains
its minimum uniquely at I' = v(0©%).

Hence, the sequence v := (I'gi1, -5 Dsmam), § € N, has a convergent subse-
quence indexed by s € N* C N with limit (I'j,...,I'%). For any 2 < ¢t < m, the
entries of this limit satisfy

(F: - F:—l) = (F: - Fsm—i—t) + (Fsm+t - Fsm—l—t—l) + (Fsm-i-t—l - F:—l)'

For s € N* — oo, the first and last term in this sum converge to zero by the definition
of I';, and the second term converges to zero by [Lemma S.5.19, [[tem (3). Hence,
Iy =15, =:T" for all 2 <t < m. Since the elements of the sequence I, 1+, s € N*,
t=1,...,m, satisfy (always), and infinitely often, the limit I'* satisfies
both conditions, as well.

The above argument can be repeated for all other convergent subsequences of
(vs)semn= and [Lemma S.5.19] |{Item (2)| then shows that the limits of all these
subsequences must be identical, hence (T'y)zen converges to the unique I'® satisfying
IEgs. (S.5.7)[and |(S.5.8)} O

Proof of |Proposition 4.5 The result follows from [Lemma 5.5.21f with S; = Ef and ©
being the Laplacian matrix of the graph G (see [Definition S.2.6)). Uniqueness follows
from |Corollary S.5.20] ]

S.5.4.3 Example of non-completable graph
Proof of [Example 4.7 A useful property of variogram matrices is the fact that they

can equivalently be interpreted as Euclidean distance matrices. For instance, Gower
(1982) shows that a matrix is (strictly) conditionally negative definite if and only if it
is the d x d matrix consisting of the squared distances |p; — p;||” of a set of points
Pis- .., pa € R4 that do not lie in a lower dimensional affine hyper-plane.

If there was a completion of the matrix ' from the Example, then the above
interpretation as a (partial) Euclidean distance matrix would imply the existence
of a set of points py, ..., pg, with distances ||p; — p;u1|| =1fori=1,...,d—1, and
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|lp1 — pall = 2d. However, by the triangle inequality this leads to the contradiction

d—1
2d = |lp1 — pall < ZHPz —pinl| = d.

=1

Bakonyi and Johnson (1995) show that such a counter-example can be constructed
for any non-decomposable graph. ]

S.5.4.4 Matrix completion as likelihood optimization

Proof of[Proposition 5.1 Let U : R%4 — R 4-1)/2 denote the mapping that maps a
matrix to the vector containing the entries in its upper triangular part (excluding the
diagonal). Note that the restriction U ! is invertible, since the lower triangular part
of ©® € P, is defined by symmetry and “the diagonal is such that the row sums are
zero. In the computations below, we consider P € U(P,) and write © := O(P) for
notational convenience.

Consider the function f(P) = log|©], + %tr(f@). Rottger et al. (2021}, Proposi-
tion A.5) show that

Vplog|O], = U(—(6")).
Furthermore, by symmetry of the matrices © and T,

thr(@F) VP Z @Z]FU = VP Z QGUFU = U(ZF),

and hence

Ve f(0) = U(T - 1(8)).

The map © — tr(T'©) is linear and the proof of [Lemma S.5.18| shows that the map
© + log |©], is concave. Hence, the maximizer of f under the constraint ©;; = 0 for

(i,7) ¢ E satisfies

7(6)@']' - riju V(i,j) € E.

IProposition 4.5 shows that the unique solution satisfying this condition and the
constraint is (€q(T)).

]

60



S.5.4.5 Matrix completion is continuous

Proof of[Lemma 5.9, Enumerate the edges as E = {e1,...,e,} with m = |E| the

cardinality of E. Let # denote the mapping sending a variogram matrix [' to its
precision matrix © = §(I") as constructed in [Proposition 3.3| Let 7 be the restriction
map

g R 5 R™

M —
where v has entries vy for k =1,...,m, with
Vg = Mij for e, = (Z,j),l < 7.

In words, 7 extracts from a matrix M the m elements M;; corresponding to the
edges (7,7) € E and stacks them in a vector.

Let Q¢ be the set of symmetric d X d matrices with zero row sums and with zeros
in off-diagonal positions corresponding to non-edges of G:

Qu = {MeR™ : M =M, M1 =0, M; =0Y(,j) ¢ E}.

Clearly, M € Qg is determined by its elements M;; for (i,j) € E such that ¢ < j,
i.e., by mg(M). Indeed, the elements of M below the diagonal are determined by the
symmetry constraint M = M and its diagonal elements are determined by the zero
row-sum constraint M1 = 0. Since all restrictions imposed on M are linear, Qg is a
linear subspace of R%*? of dimension m. The space Q is thus isomorphic with R™:
identify M € Q¢ with the elements M;; for index pairs (4, j) € E such that i < j.
Furthermore, the map 7 above, when restricted to Qg, is a linear isomorphism
between Qs and R™; in particular, it is continuous.

The set of precision matrices © € P} with ©;; = 0 for (4,5) € E, i.e., those that
figure in the matrix completion problem in [Definition 4.1] is equal to

Pe :={M € Q¢ : ker M = span({1}), M positive semi-definite}.

Let A1(S) > ... > \y(9) be the d real eigenvalues of a symmetric matrix S € R%*¢,
counted with multiplicities and ordered decreasingly. We have

Pa = {M S QG : )\d_1<M) > O}

The functions \; are well-known to be Lipschitz on {S e R . § = ST}. It follows
that Pg is open in Q. Upon the above identification of Qg with R™ via 7¢g, we can
thus view Pg as an open subset of R™. Formally, this subset is denoted as

o

Pa = Wg(PG) Cc R™.
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Let f; denote the inverse of the restriction of 74 to Pg, that is,

fllﬁG—>IPG
v — M =n;'(v)

Since g was continuously invertible on the set Qg that contains Pg, the function f;
is a continuous bijection too.
The set of variogram matrices I' corresponding to precision matrices M in Pg is

D=0 (Pg)={T € Dy:0(') € Pe} = {07 (M): M € Ps}.

By definition, these are exactly the variogram matrices I' € D, of which the associated
precision matrices M = (') have zero elements M;; = 0 for (i,7) ¢ E. In other
words, D¢ corresponds to all possible solutions of the matrix completion problem in
Definition 4.1 with respect to G.

By [Proposition 4.5} a variogram matrix I' in D¢ is uniquely determined by the
values of T';; for (i,7) € E. Since T has zero diagonal, this means that ' € Dg is
uniquely determined by 7(I") = (I';; : (i,7) € E, i < j). Another way to say the
same thing is that the map 7 restricted to Dg is injective. For clarity, let

o

Da = ﬂg(Dg) C R™
denote the image of D¢ under 7 and let fy denote the restriction of mg to Dy:

fg : DG — 25(;
' — mg(D).

The inverse mapping of f, is the completion map €¢ in [Definition 4.6|E| Knowing
that f; is continuous (since 7g is continuous), we need to show that €4 is continuous
as well.

To do this, consider the mapping

fllﬁg —>20)G
v > (faob o f1)(v).

The map f is represented schematically in It sends the restriction v =
mo(M) € Pg C R™ of a precision matrix M € Pg to the restriction 7o (') € Dg C R™

2Actually, this comes with some abuse of notation: in [Definition 4.6, the set lD)G and the
completion map €g are defined with the placeholder “?” for pairs (i,j) ¢ F, whereas in this proof,

these unknown elements are omitted altogether.
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Figure S.1: Illustration of the definition of f

of the associated variogram matrix I' = §~1(M); indeed, we have M = fi(v) and
thus f(v) = (01 (M)). The map f is a composition of three continuous bijections
and thus a continuous bijection as well. The domain of f is ﬁg, which was shown
to be an open subset of R™. The image of f is ﬁg, a subset of R™ as well. By the
Brouwer Invariance of Domain Theorem (see e.g. Kulpa, 1998), ZODd is open and f is a
homeomorphism. But since

Co=fy'=0"ofiof™
it follows that €4 is continuous too, as required. ]

Proof of [Theorem 5.3 First, we show that with probability tending to one I' allows

a completion. To this end, recall the definition of the set of conditionally negative

definite matrices from |(3.1)}
Dy={MeR™:M=M"Adag(M)=0AvMv<0V0#vL1}, (S.5.9)

andlet K = {v € R":v L 1,|v||, =1}. The set K is compact and, hence, the value
Ay = max,ex v Mv exists. Since for v # 0 we have

—1\ T —
viMu =l - (vllvll) M(wllvlL),

with (UHUH;I) € K, the inequality condition in |(S.5.9)is equivalent to Ay, < 0.

Next, let G, T', and I" be as in the Theorem. Let £ = —Ar/(2d?) > 0, and consider
the ball B. = {M € R*>?: |M —T||_ <e}, where [[M]|_, denotes the infinity norm
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applied to M interpreted as a d?-dimensional vector. Then any M € B. satisfies
max v Mv = max Z Z M;;viv;
(N

veK veEK

< max Z Z Lviv; + € [vv4]
(2]
< maxv ' Tw — Ap/2
veEK
= Ar/2
< 0.

Let Rg = {M e R™¥: M = MT" A diag(M) = 0} and observe that Ry N B: C Dg.
For a set of matrices S C R¥? denote S|G = {M|G : M € S}, with ~|G as in |(4.4)|
and observe that

Rd|G n BE|G < Dd|a = Da.

By assumption, any realization of I is always in Rd} o and hence

P(PeDs) =P(TeB.,) = IP’(maX Iy — Tyl < e) 1
(i,J)eE
Together with the continuity from this completes the proof. O

S.6 Additional figures
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Figure S.2: Histogram of empirical Y (p) for p = 0.85. Based on all pairs of airports.
Values corresponding to two airports within the same cluster are shown in white, and
values corresponding to two airports in two distinct clusters in gray.
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Figure S.3: Airports in the dataset. Color indicates the shape parameter of univariate
generalized Pareto distributions, fitted for each airport using maximum likelihood
estimation to the observations above the p = 0.85 quantile (black at zero, shade
of cyan for negative, and orange for positive values). The size of each circle is
proportional to the average number of daily flights at that airport.
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