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Abstract. We propose to compute a sparse approximate inverse Cholesky factor L of a dense
covariance matrix © by minimizing the Kullback-Leibler divergence between the Gaussian distribu-
tions N(0,0) and N (0, L~ T L~1'), subject to a sparsity constraint. Surprisingly, this problem has
a closed-form solution that can be computed efficiently, recovering the popular Vecchia approxima-
tion in spatial statistics. Based on recent results on the approximate sparsity of inverse Cholesky
factors of © obtained from pairwise evaluation of Green’s functions of elliptic boundary-value prob-
lems at points {z;}1<i<ny C RY, we propose an elimination ordering and sparsity pattern that
allows us to compute e-approximate inverse Cholesky factors of such © in computational complexity
O(Nlog(N/e)?) in space and O(N log(N/¢)??) in time. To the best of our knowledge, this is the best
asymptotic complexity for this class of problems. Furthermore, our method is embarrassingly paral-
lel, automatically exploits low-dimensional structure in the data, and can perform Gaussian-process
regression in linear (in N) space complexity. Motivated by its optimality properties, we propose
applying our method to the joint covariance of training and prediction points in Gaussian-process
regression, greatly improving stability and computational cost. Finally, we show how to apply our
method to the important setting of Gaussian processes with additive noise, compromising neither
accuracy nor computational complexity.

Key words. Cholesky factorization, screening effect, Vecchia approximation, factorized approx-
imate inverse, Gaussian process regression, integral equation

AMS subject classifications. 5F30, 42C40, 65F50, 66N55, 65N75, 60G42, 68W40

DOI. 10.1137/20M1336254

1. Introduction.

The problem. This work is concerned with the sparse inverse Cholesky factoriza-
tion of large dense positive-definite matrices © € RV*¥ | frequently arising as kernel
matrices in machine-learning methods using the “kernel trick” [28], as covariance
matrices in Gaussian-process (GP) statistics [47], and as Green’s matrices in the nu-
merical analysis of elliptic partial differential equations (PDEs). Naive computations
of quantities such as Ov, ©~'v, logdet ©, which are required by the applications
mentioned above, scale as O(N?) or O(N?3) and become prohibitively expensive for
N > 10° on present-day hardware.

Exzisting work. Numerous approaches have been proposed in the literature to
improve this computational complexity by taking advantage of the structure of ©.
Many rely on sparse approximations to the kernel matrix (e.g., [19, 36]), its inverse
(e.g., [40, 49, 50, 48]), or the Cholesky factor of its inverse (e.g., [63]); also popular
are low-rank approximations (e.g., [64, 55, 17, 3, 18, 4]) and combinations of low-
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rank and sparse approximations (e.g., [54, 56, 46, 51]). Near-linear computational
complexity can be achieved by applying these mechanisms hierarchically on multi-
ple scales. Examples of hierarchical sparse approximations include wavelet methods
(e.g., [8]), the multiresolution approximation [32, 33], and (implicitly) some versions
of the Vecchia approximation [34]. Hierarchical application of low-rank approxima-
tions leads to hierarchical matrices [24, 26, 25, 9, 1, 27, 11, 12, 62], which are an
algebraic abstraction of the fast multipole method [22]. The authors of [53] proposed
an approximation based on incomplete Cholesky factorization that can be interpreted
as both hierarchical sparse and hierarchical low-rank.

The best asymptotic (in N and €) memory complexity for the e-accurate com-
pression of an N X N kernel matrix with finitely smooth covariance function and
d-dimensional feature space is O(N log?(N/€)), which is achieved by wavelets in non-
standard form (see [8], for asymptotically smooth kernels), or sparse inverse Cholesky
factors of © (see [53], based on results in [44, 45]). However, we are not aware of
practical algorithms that provably compute such approximations in near-linear time
from' O(N log?(N/€)) entries of © chosen a priori.

Our method. We propose computing a sparse approximate inverse Cholesky fac-
tor L of ©, by minimizing with respect to L and subject to a sparsity constraint,
the Kullback—Leibler (KL) divergence between two centered multivariate normal dis-
tributions with covariance matrices © and (LLT)~!. Surprisingly, this minimization
problem has a closed-form solution, enabling the efficient computation of optimally
accurate Cholesky factors for any specified sparsity pattern.

The resulting approximation can be shown to be equivalent to the Vecchia ap-
proximation of GPs [63], which has become very popular for the analysis of geospatial
data (e.g., [60, 13, 61, 23, 34, 35]); to the best of our knowledge, rigorous convergence
rates and error bounds were previously unavailable for Vecchia approximations, and
this work is the first one presenting such results. An equivalent approximation has
also been proposed by [31] and [37] in the literature on factorized sparse approximate
inverse (FSAI) preconditioners of (typically) sparse matrices (see, e.g., [7] for a review
and comparison and [10] for an application to dense kernel matrices); however, its KL
divergence optimality has not been observed before. KL minimization has also been
used to obtain sparse lower-triangular transport maps by [42]; while this literature is
mostly concerned with the efficient sampling of non-Gaussian probability measures,
the present work shows that an analogous approach can be used to obtain fast algo-
rithms for numerical linear algebra if the sparsity pattern is chosen appropriately.

State-of-the-art computational complexity. The computational complexity and
approximation accuracy of our approach depend on the choice of elimination ordering
and sparsity pattern. We propose a particular choice, similar to [23] and [53], that
is motivated by the screening effect (e.g., [58, 59, 5]), which implies (approximate)
conditional independence for many kernels of common interest. By using a grouping
algorithm similar to the heuristics proposed by [16] and [23], we can show that the
approximate inverse Cholesky factor can be computed in computational complexity
O(Np?*?) in time and O(Np?) in space, using only O(Np?) entries of the original
kernel matrix O, where p is a tuning parameter trading accuracy for computational
efficiency.

The authors of [53] observe that recent results on numerical homogenization and
operator-adapted wavelets [41, 38, 44] imply the exponential decay of the inverse
Cholesky factors of © if the kernel function is the Green’s function of an elliptic

IHidden constants in all asymptotic complexities may depend on the dimension d of the dataset.
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boundary-value problem. Using these results, we prove that in this setting, an e-
approximation of © can be obtained by choosing p = log(N/e). This leads to the
best-known trade-off between computational complexity and accuracy for this class
of kernel matrices.

Practical advantages. Our method has important practical advantages comple-
menting its theoretical and asymptotic properties. In many GP regression applica-
tions, large values of p are computationally intractable with present-day resources. By
incorporating prediction points in the computation of KL-optimal inverse Cholesky
factors, we obtain a GP regression algorithm that is accurate even for small (=~ 3)
values of p, including in settings where truncation of the true Cholesky factor of ©~!
to the same sparsity pattern fails completely.

For other hierarchy-based methods, the computational complexity depends expo-
nentially on the dimension d of the dataset. In contrast, because the construction
of the ordering and sparsity pattern only uses pairwise distances between points, our
algorithms automatically adapt to low-dimensional structure in the data and operate
in complexities identified by replacing d with the intrinsic dimension d < d of the
dataset.

An important limitation of existing methods based on the screening effect [23, 53,
35] is that they deteriorate when applied to independent sums of two GPs, such as
when combining a GP with additive Gaussian white noise. Extending ideas proposed
in [53], we are able to fully preserve both the accuracy and asymptotic complexity of
our method over a wide range of noise levels. To the best of our knowledge, this is
the first time this has been achieved by a method based on the screening effect.

Finally, our algorithm is intrinsically parallel because it allows each column of
the sparse factor to be computed independently (as in the setting of the Vecchia ap-
proximation, factorized sparse approximate inverses, and lower-triangular transport
maps). Furthermore, we show that in the context of GP regression, the loglikeli-
hood, the posterior mean, and the posterior variance can be computed in O(N + p%)
space complexity. In a parallel setting, we require O(p?) communication between
the different workers for every O(p3?) floating-point operations, resulting in a total
communication complexity of O(N). Here, most of the floating-point operations arise
from calls to highly optimized BLAS and LAPACK routines.

QOutline. The remainder of this article is organized as follows. In section 2, we
show how sparsity-constrained KL minimization yields a simple formula for approx-
imating the inverse Cholesky factor of a positive-definite matrix. In section 3, we
present elimination orderings and sparsity patterns that provably lead to state-of-
the-art trade-off between computational complexity and accuracy when applied to
Green’s functions of elliptic PDEs, and that we recommend more generally for co-
variance matrices of GPs that are subject to a screening effect. In subsection 3.3,
we bound the computational complexity of our algorithm and rigorously quantify
its complexity /accuracy trade-off. In section 4, we showcase three extensions of our
method, allowing the treatment of additive noise due to measurement errors, im-
proving the speed and accuracy of prediction, and enabling GP regression at linear
complexity in space and communication (between workers) in a distributed setting.
In section 5, we present numerical experiments applying our method to GP regression
and to boundary-element methods for the solution of elliptic PDEs. We summarize
our findings in section 6. The proofs of the main results are deferred to an appendix.
Further details on the construction of the ordering and sparsity pattern, as well as on
the implementation of some variants of our method, are provided in the supplementary
material (supplement.pdf [local/web 9.01MB]).

© 2021 Florian Schafer
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2. Cholesky factorization by KL minimization. The KL divergence be-
tween two probability measures P and @ is defined as Dk, (P || Q) = [log(dP/dQ)dP.
If Q is an approximation of P, then the KL divergence is the expected difference be-
tween the associated true and approximate log-densities, and so its minimization is
directly relevant for accurate approximations of GP inference, including GP prediction
and likelihood-based inference on hyperparameters. By virtue of its connection to the
likelihood ratio test [14], the KL divergence can also be interpreted as the strength
of the evidence that samples from P were not instead obtained from Q. If P and @
are both N-variate centered normal distributions, the KL divergence is equivalent to
a popular loss function for covariance-matrix estimation [30], and it can be written as

(2.1) 2DgL(N(0,01) || N(0,04)) = trace(©5 *O1) + logdet(03) — logdet(©;) — N.

Let © be a positive-definite matrix of size NV x N. Given a lower-triangular
sparsity set S C I x I, where I = {1,..., N}, we want to use

(2.2) L := argmin; _ ¢ Dkr, (/\/(07 @) H N(O, (ﬁﬁT)_l))

as an approximate Cholesky factor for @71, for § .= {A € RNV : A;; £ 0= (i,j) € S}.
While solving the nonquadratic program (2.2) might seem challenging, it turns out
that it has a closed-form solution that can be computed efficiently.

THEOREM 2.1. The nonzero entries of the ith column of L as defined in (2.2) are
given by

0; L e
(2.3) Ls,-,i — #’

elTegi}Siel
where s; = {j : (i,7) € S}, 7, 1= (O4,.5,)7", Oy, is the restriction of © to the
set of indices s;, and e; € R#**1 is the vector with the first entry equal to one and all
other entries equal to zero. Using this formula, L can be computed in computational

complexity (’)(#S + (maxi<i<n #si)Q) i space and (’)( Eivzl (#si)?’) mn time.
Proof. See Appendix A.1. ]

Compared to ordinary sparse Cholesky factorization (see Algorithm 4.2), the algo-
rithm implied by Theorem 2.1 has the advantage of giving the best possible Cholesky
factor (as measured by KL) for a given sparsity pattern. Furthermore, it is embarrass-
ingly parallel—all evaluations of (2.3) can be performed independently for different
1. While the computational complexity is slightly worse than the one of in-place
incomplete Cholesky factorization, we will show in Theorem 3.2 that for important
choices of S, the time complexity can be reduced to (9( Z,ivzl (#sk)2 ), matching the
computational complexity of incomplete Cholesky factorization.

The formula in (2.3) can be shown to be equivalent to the formula that has
been used to compute the Vecchia approximation [63] in spatial statistics, without
explicit awareness of the KL-optimality of the resulting L. In the literature on fac-
torized sparse approximate inverses, the above formula was derived for minimizers of
|1d — L chol(®)||rro subject to the constraints L € S and diag(LOLT) = 1 [37], and
for minimizers of the Kaporin condition number (trace(@LL")/N)Y/det(©(LLT))
subject to the constraint L € S [31]. The KL divergence, as opposed to |[Id —
L chol(©)|rro, strongly penalizes zero eigenvalues of © LL ", which explains the ob-
servation of [15] that adding the constraint diag(LOLT) = 1 tends to improve the

© 2021 Florian Schafer
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)

F1a. 1. To obtain the reverse-mazimin ordering, for k = N — 1, N — 2,...,1, we successively
select the point x;, (red) that has the largest distance £;, (red) to those points Tipyr- - Tiy (blue)
selected previously (shown as enlarged). All previously selected points within distance pl; (orange)
of x;, (red) (here, p=2) form the kth column of the sparsity pattern (orange).

spectral condition number of the resulting preconditioner, despite increasing the size
of the fidelity term ||Id — L chol(©)|lrro. The authors of [42] showed that the em-
barrassingly parallel nature of KL minimization is even preserved when replacing the
Cholesky factors with nonlinear transport maps with Knothe-Rosenblatt structure.
As part of ongoing work on the sample complexity of the estimation of transport maps,
the authors of [6] discovered representations very similar to (2.3), independently of
the present work.
Based on the results above, we propose the following procedure to approximate
a large positive-definite matrix O:
1. Order the degrees of freedom (i.e., rows and columns of ©) according to some
ordering <.
2. Pick a sparsity set S C I x I.
3. Use formula (2.3) to compute the lower-triangular matrix L with nonzero
entries contained in S that minimizes Dky, (N (0,©) || V(0, (LLT)7Y)).
In the next section, we will describe how to implement all three steps of this procedure
in the more concrete setting of positive-definite matrices obtained from the evaluation
of a finitely smooth covariance function at pairs of points in R

3. Ordering and sparsity pattern motivated by the screening effect.
The quality of the approximation given by (2.2) depends on the ordering of the vari-
ables and the sparsity pattern S. For kernel matrices arising from finitely smooth
GPs, we propose specific orderings and sparsity patterns, which can be constructed
in near-linear computational complexity and which lead to good approximations for
many O of practical interest.

3.1. The reverse-maximin ordering and sparsity pattern. Assume that
G is the covariance function of a GP that is conditioned to be zero on (the possibly
empty set) 99, and the kernel matrix © € R!*! is obtained as ©;; = G(z;,z;) for a
set of locations {x;},., C Q.

The reverse mazimum-minimum distance (reverse-mazimin) ordering [23, 53] of

© 2021 Florian Schafer
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Algorithm 3.1 Without aggregation. Algorithm 3.2 With aggregation.

Input: G, {z;},.;, <, S<,i, Input: G, {z;},.;, <, S<,ip
Output: L € RV*N 1. triang. in < output: L € RV*Y 1. triang. in <

1: for k€ I do 1: for k€ I do
2:  for 1,5 € s do 2: for i,j € s; do
3: (@Shsk)ij — G(.’E“ (Ej) 3: ((93%’515)1']' — G(xi,xj)
4:  end for 4: end for
5. Lak ¢ O3 ek 5: U« Plchol(P'O,, , PY)P?
6:  Lak < Lspr/v/Li 6. for k~ k do
7: end for 7. Lo i < U ey
8 return L 8. end for
9: end for

10: return L

Fic. 2. KL minimization with and without using aggregation. For notational convenience,
all matrices are assumed to have row and column ordering according to <. PV denotes the order-
reversing permutation matriz, and ey is the vector with 1 in the kth component and zero elsewhere.

{xi},c; 1s achieved by selecting the last index as
(3.1) iy = argmax;¢; dist (x;, 0Q)

(or arbitrarily for 9Q = @) and then choosing sequentially for k=N —1,N —2,...,1
the index that is furthest away from 92 and those indices that were already picked:

(3.2) ik = ArgmMaX; e\ g5, ,..in} diSt (i {@ipas s @iy f UOQ) .

Write £;, = dist (2, {Zipyrs-- > @iy } UOQ), and write i < j if i precedes j in the
reverse-maximin ordering. We collect the {/;},_; into a vector denoted by .
For a tuning parameter p € R*, we select the sparsity set S< ¢, C I x I as

(3.3) Seep =A(i,4) : i = j,dist(x;, z;) < pl;}.

The reverse-maximin ordering and sparsity pattern is illustrated in Figure 1.

By a minor adaptation of [53, Alg. 3], the reverse-maximin ordering and sparsity
pattern can be constructed using Algorithm SM1.1 (see section SM1) in computational
complexity O(N log?(N)p?) in time and O(Np?) in space, where d < d is the intrinsic
dimension of the dataset, as will be defined in Condition B.2. The inverse Cholesky
factors L can then be computed using (2.3), as in Algorithm 3.1 (see Figure 2).

3.2. Aggregated sparsity pattern. It was already observed by [16] in the
context of sparse approximate inverses, and by [60, 23] in the context of the Vecchia
approximation, that a suitable grouping of the degrees of freedom makes it possible
to reuse Cholesky factorizations of the matrices Oy, 5, in (2.3) to update multiple
columns at once. The authors of [23, 16] propose grouping heuristics based on the
sparsity graph of L and show empirically that they lead to improved performance. In
contrast, we propose a grouping procedure based on geometric information and prove
rigorously that it allows us to reach the best asymptotic complexity in the literature,
in a more concrete setting.

© 2021 Florian Schafer
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iwtehag Kanprsde duretRsce theyinditesits hienhgdregdted info & sMpérfgdsomvewritk
(P for kReisdypicallysapeppddeloiks) tlaty iaxe mokdoantageregitied yetshWVeuprosertb
vt hlin piesedies wdheysrvanone s theemsggieamiedsinto § suppraogle; Ve, Writel
Enfo dhecsehcof all cumerrgslisifP Atfedn S £, werite 1 jif # jis thesypernprg,
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ERABIGH pRAhSAB, ik largar theam dividnalcant BesTeRkesenterk Gircentlyilhistraering
markyelltberinteal grenhedibio 8 8\ sevslot hfirk s wir bbbt ldines - theupertip e,
eaeh SHRRrEN(e) sadhartshan halindividual mnpievitea fdgere of iorm dlnetrptienly
FortwiallbehavodNpt) Thaoyew 3.2) sets of points, we obtain O(N p~%) supernodes,
cach witheQfye" ysventsornshehildppncthus dmprasingerhe: fost efmériing thecsparsit
@&tﬁr%féoé@rﬁ?fﬂéﬁ) i‘é%(%@gslble to directly compute < and an outer approximation
&2&&115 thie pbove agsafsAtioT AP Csiptesaty o ey orrugd efliciandy omss (v prsh
Pinnter TS COMRUEdyiield BOSHRLP A QIERF Y FORUICS BTt BT, ABPEXBPAHOM
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oncdFAMHEOR IR A THS R PRPROTR RSt Unaresrbed ordgping prd s
neffstalion's s de rompate the.Ghotgsianfagtors (in reverse ordéring) O, o, = UU
once AgraraghowipertiRds ese dddiean ushiit atfowerp e rbleich silie Eypthtationhl aoi
%18%&%&1%@%@4%%83@(@%3@) ifbstraignitly well-behaved sets of points.

As we show in the next section, this allows us to reduce the computational com-
plexidy3frolhegresidak g urrapteefor Wiffiegonmyesailt-beliarigodreus dligssitical result
bounding _the computational complexity and approximation error of our method.

Pro§f§an'§lé‘a‘a’fﬁ%’1%i’11c%‘c':ﬁ@%g‘a%lfewgd%wﬁﬁﬁé?ﬂ%?‘ﬁ rigorous theoretical result

bounding the computational complexity and approximation error of our method.

Proofteandadidltiohardtaiing incdupendix B, Appansiktsbelow apply to more general
revepse romapimip opderings, which can he Gomputed jn complexity) OV IoR R
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improving over reverse-maximin orderings by a factor of log(NV
3.3.1. Computational complexity. We can derive the following bounds on

the ?!o‘?nfmt&%ﬁﬁ“&&ﬁﬁﬁ%’tﬂ?é’f&?ﬁﬁﬁlﬁ%n‘% ﬁan]]\\[ﬁerlve the following bounds on

the computational com lexit en ing on p and
THEOREM 3. 2 nformal). der mzld assumptwns on {x;}ie 1 the KL min-

imiZe P EOREY i &if%% ple zﬁﬂ@“ dfsspRRRtigng ¢ b iﬁftz%B%/hyﬁeué’z%g
m%%%% 1 fgppyted in %%%l%l;yp zfy @”]\fﬁacfna%iag A I Mﬁ}ﬁ%@%ﬂﬁ%
1’210%87’,{“5 s%gzlllgomt}igﬂ ‘3”2 am% @comp exﬁgm ]¥hoe i Wgepé‘nﬁg oﬁly on 32”5?
%%(Em%%g%f‘l O&Wl%t;}n% @Wi]’?‘u’gﬁ jf@ Here, the constant C depends only on d, \,

and the cost of evaluating entries o
A more formal statement and a proof Of Theorem 3.2 can be found in Appendix B.
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{zi}ier:

ming, . es dist(z;, {z;} U 0Q)

. = .
(3.6) maxzeq dist(z, {x; }ier UIN)

Using the above definitions, we can rigorously quantify the increase in approximation
accuracy as p increases.

THEOREM 3.4. There exists a constant C depending only on d, Q, X, s, ||£],
|I£71|, and & such that for p > Clog(N/e), we have

(3.7) Dk (N (0,0) || N(0, (LPL/T)7Y)) + ||© — (LPLPT €.

) Hlero <
Thus, Algorithm 3.1 computes an e-accurate approzimation of © in computational
complexity CNlog?(N/e) in space and CNlog**(N/e) in time, from CN log®(N/e)
entries of ©. Similarly, Algorithm 3.2 computes an e-accurate approzimation of © in
computational complexity CN log?(N/e) in space and CNlog**(N/e) in time, from
CN log?(N/e) entries of ©.

To the best of our knowledge, the above result is the best known complex-
ity /accuracy trade-off for kernel matrices based on Green’s functions of elliptic bound-
ary value problems. Some related but slower or less practically useful approaches were
presented in [53], which showed that the Cholesky factors of © (as opposed to those
of ©~1) can be approximated in computational complexity O(N log?(N)log*¥(N/e))
in time and O(N log(N)log?(N/e)) in space using zero-fill-in incomplete Cholesky
factorization (Algorithm 4.2) applied to ©. Similarly, they showed that the Cholesky
factors of ©~1 can be approximated in computational complexity O(N logZd(N /€))
in time and O(N log?(N/e)) in space using zero-fill-in incomplete Cholesky factoriza-
tion applied to ©~!. While they also observed that the near-sparsity of the Cholesky
factors of @' implies that they can in principle be computed in computational com-
plexity O(N lode(N /€)) from entries of © by a recursive algorithm (thus improving
the complexity of inverting ©), they did not provide an explicit algorithm for this
purpose. Indeed, we have found that recursive algorithms based on truncation are
unstable to the point of being useless in practice when used to compute the Cholesky
factors of ©~! from entries of ©.

3.3.3. Screening in theory and practice. The theory described in the last
section covers any self-adjoined operator £ with an associated quadratic form

ul = 'U,’U,Z:S O'(k)l' (k)ux2$
Clu] /Q/:d Z/ (@) DPu(z)|? d

and o(®) € L?(Q) positive almost everywhere. That is, L[u] is a weighted average
of the squared norms of derivatives of u and thus measures the roughness of u. A
GP with covariance function given by G has density ~ exp(—L[u]/2) and therefore
assigns exponentially low probability to “rough” functions, making it a prototypical
smoothness prior. The authors of [53] prove that these GPs are subject to an expo-
nentially strong screening effect in the sense that, after conditioning a set of ¢-dense
points, the conditional covariance of a given point decays exponentially with rate
~ ¢~! as shown in the first panel of Figure 5. The most closely related model in
common use is the Matérn covariance function [43] that is the Green’s function of an
elliptic PDE of order s, when choosing the “smoothness parameter” v as v = s —d/2.
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Fia. 5. To illustrate the screening effect exploited by our methods, we plot the conditional
corelation (orange) with the point in red conditional on the blue points. In the first panel, the points
are evenly distributed, leading to a rapidly decreasing conditional correlation. In the second panel,
the same number of points is irreqularly distributed, slowing the decay. In the last panel, we are at
the fringe of the set of observations, weakening the screening effect.

While our theory only covers s € N, the authors of [53] observe that Matérn kernels
with noninteger values of s and even the “Cauchy class” [20] seem to be subject to
similar behavior. In the second panel of Figure 5, we show that as the distribution
of conditioning points becomes more irregular, the screening effect weakens. In our
theoretical results, this is controlled by the upper bound on ¢ in (3.6). The screening
effect is significantly weakened close to the boundary of the domain, as illustrated
in the third panel of Figure 5 (see also [53, section 4.2]). This is the reason that
our theoretical results, different from the Matérn covariance, are restricted to Green’s
functions with zero Dirichlet boundary condition, which corresponds to conditioning
the process to be zero on Jf2. A final limitation is that the screening effect weakens
as we take the order of smoothness to infinity, obtaining, for instance, the Gaussian
kernel. However, as described in [53, section 2.4], this results in matrices that have
efficient low-rank approximations instead.

4. Extensions. We now present extensions of our method that improve its per-
formance in practice. In subsection 4.1, we show how to improve the approximation
when O is replaced by © + R, for R diagonal, as is frequently the case in statistical
inference where R is the covariance matrix of additive, independent noise. In subsec-
tion 4.2, we show how including the prediction points can improve the computational
complexity (subsection 4.2.1) or accuracy (subsection 4.2.2) of the posterior mean and
covariance. In subsection 4.3, we discuss memory savings and parallel computation
for GP inference when we are only interested in computing the likelihood and the
posterior mean and covariance (as opposed to, for example, sampling from N (0, ©)
or computing products v — Ov).

We note that it is not possible to combine the variant in subsection 4.1 with that
in subsection 4.3, and that the combination of the variants in subsections 4.1 and 4.2.2
might diminish accuracy gains from the latter. Furthermore, while subsection 4.3 can
be combined with subsection 4.2.1 to compute the posterior mean, this combination
cannot be used to compute the full posterior covariance matrix.

4.1. Additive noise. Assume that a diagonal noise term is added to ©, so
that ¥ = © + R, where R is diagonal. Extending the Vecchia approximation to this
setting has been a major open problem in spatial statistics [13, 34, 35]. Applying our
approximation directly to > would not work well because the noise term attenuates
the exponential decay. Instead, given the approximation ©~1 = LLT obtained using
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Algorithm 4.1 Including independent Algorithm 4.2 Zero fill-in incomplete
noise with covariance matrix R. Cholesky factorization (ichol(4,8)).

Input: G, {xj}iel, p, (A), and R Input: A e RV*N g
Output: L,L € RN*N 1. triang. in < Qutput: L € RV*N 1. triang. in <

1: Comp. < and S « S_<,g7p(5_<7g7p7>\) 1: L+ (0,...,0)(0,..., O)T

2: Comp. L using Alg. 3.1(3.2) 2: for j€{1,...,N} do

3: for (4,j) € S do 32 forie{j,...,N}: (4,j) € S do
4@ Ay (Li., L) 4 Lij < Aij — (Lijnj—1)s Lj1:-1))
5: end for 5: end for

6: {1<—A—|—R 6 L, <+ A;/VAy

7: L < ichol(4,S) 7: end for

& return L, L 8: return L

F1a. 6. Algorithms for approzimating covariance matrices with added independent noise © + R
(left), using the zero fill-in incomplete Cholesky factorization (right). See subsection 4.1.

our method, we can write, following [53],
Y~O0+R=60(R'+O6 HR.

Applying an incomplete Cholesky factorization with zero fill-in (Algorithm 4.2) to
R '+O0© '~ LLT, we have

Y~ (LLT)'LLTR.

The resulting procedure, given in Algorithm 4.1 (see Figure 6), has asymptotic com-
plexity O(Np??), because every column of the triangular factors has at most O(p?)
entries.

Following the intuition that ©~! is essentially an elliptic partial differential oper-
ator, @' 4+ R~ is essentially a partial differential operator with an added zero-order
term, and its Cholesky factors can thus be expected to satisfy an exponential decay
property just as those of © 1. Indeed, as observed by [53, Fig. 2.3], the exponential
decay of the Cholesky factors of R™' + ©~! is as strong as that for ©~!, even for
large R. We suspect that this could be proved rigorously by adapting the proof of
exponential decay in [45] to the discrete setting. We note that while independent noise
is most commonly used, the above argument leads to an efficient algorithm whenever
R~ is approximately given by an elliptic PDE (possibly of order zero).

For small p, the additional error introduced by the incomplete Cholesky factor-
ization can harm accuracy, which is why we recommend using the conjugate gradient
algorithm (CG) to invert (R~! +é)_1) using Lasa preconditioner. In our experience,
CG converges to single precision in a small number of iterations (~ 10).

Alternatively, higher accuracy can be achieved by using the sparsity pattern of
LL" (as opposed to that of L) to compute the incomplete Cholesky factorization
of A in Algorithm 4.1; in fact, in our numerical experiments in subsection 5.2, this
approach was as accurate as using the exact Cholesky factorization of A over a wide
range of p values and noise levels. The resulting algorithm still requires O(N p??)
time, albeit with a larger constant. This is because for an entry (i, j) to be part of the
sparsity pattern of LLT, there needs to exist a k such that both (i,k) and (j, k) are
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part of the sparsity pattern of L. By the triangle inequality, this implies that (¢, )
is contained in the sparsity pattern of L obtained by doubling p. In conclusion, we
believe that the above modifications allow us to compute an e-accurate factorization
in O(N log?*(N/e)) time and O(N log®(N/€)) space, just as in the noiseless case.

4.2. Including the prediction points. In GP regression, we are given N
points of training data and want to compute predictions at Np, points of test data.
We denote as Oy, 1, Opr.pr, O1r,Pr, Opr, v the covariance matrix of the training data,

the covariance matrix of the test data, and the covariance matrices of training and
O1r, v OTr,Pr

test data. Together, they form the joint covariance matrix (Op,» o Oy o

) of training

and test data. In GP regression with training data y € RV™ we are interested in the
following:
e Computation of the log-likelihood ~ yT@}rl)Try + logdet Oy v + N log(27).
e Computation of the posterior mean yT@%r{TrGTr)Pr.

e Computation of the posterior covariance ©p; py — @prﬂﬁ@i{“@ﬁ,pr.
In the setting of Theorem 3.4, our method can be applied to accurately approximating
the matrix O 1 in near-linear cost. The training covariance matrix can then be
replaced by the resulting approximation for all downstream applications.

However, approximating instead the joint covariance matrix of training and pre-
diction variables improves (1) stability and accuracy compared to computing the
KL-optimal approximation of the training covariance alone, and (2) computational
complexity by circumventing the computation of most of the Np.Np, entries of the
off-diagonal part Oy p, of the covariance matrix.

We can add the prediction points before or after the training points in the elimi-
nation ordering.

4.2.1. Ordering the prediction points first, for rapid interpolation. The
computation of the mixed covariance matrix Op, 1, can be prohibitively expensive
when interpolating with a large number of prediction points. This situation is common
in spatial statistics when estimating a stochastic field throughout a large domain. In
this regime, we propose to order the {z;},.; by first computing the reverse-maximin
ordering <7y of only the training points as described in subsection 3.1 using the
original 2, writing ¢1, for the corresponding length scales. We then compute the
reverse-maximin ordering <p, of the prediction points using the modified Q = Q U
{%i};cy,, > obtaining the length scales £p,. Since Q contains {#i};cr,, » when computing
the ordering of the prediction points, prediction points close to the training set will
tend to have a smaller length-scale than in the naive application of the algorithm,
and thus, the resulting sparsity pattern will have fewer nonzero entries. We then
order the prediction points before the training points and compute S(<p,, <5),(pr,0m).p
OF S(Zpy, <), (bpr tre),p, 2 fOllowing the same procedure as in subsections 3.1 and 3.2,
respectively. The distance of each point in the prediction set to the training set
can be computed in near-linear complexity using, for example, a minor variation
of [53, Alg. 3]. Writing L for the resulting Cholesky factor of the joint precision
matrix, we can approximate Op; py ~ Lgr—rPrL;rlpr and Op, 1r ~ ler-l.—PrL'—I‘rr,Pr based on
submatrices of L. See subsection SM2.1 and Aigorithm SM2.1 for additional details.
We note that the idea of ordering the prediction points first (last, in their notation) has
already been proposed by [35] in the context of the Vecchia approximation, although
without providing an explicit algorithm.

If one does not use the method in subsection 4.1 to treat additive noise, then
the method described in this section amounts to making each prediction using only
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O(p?) nearby datapoints. In the extreme case where we only have a single prediction
point, this means that we are only using O(p?) training values for prediction. On the
one hand, this can lead to improved robustness of the resulting estimator, but on the
other hand, it can lead to some training data being missed entirely.

4.2.2. Ordering the prediction points last, for improved robustness. If
we want to use the improved stability of including the prediction points, maintain
near-linear complexity, and use all Nt training values for the prediction of even a
single point, we have to include the prediction points after the training points in
the elimination ordering. Naively, this would lead to a computational complexity
of O(Nr:(p? + Np,)?), which might be prohibitive for large values of Np,. If it is
enough to compute the posterior covariance only among mp, small batches of up
to mp, predictions each (often, it makes sense to choose np, = 1), we can avoid this
increase of complexity by performing prediction on groups of only np, at once, with the
computation for each batch only having computational complexity O( Ny (p? +np;)?).
A naive implementation would still require us to perform this procedure mp, times,
eliminating any gains due to the batched procedure. However, careful use of the
Sherman—Morrison—Woodbury matrix identity allows us to reuse the biggest part of
the computation for each of the batches, thus reducing the computational cost for
prediction and computation of the covariance matrix to only O(Nr.((p? + np;)? +
(p? + np)mp;)). This procedure is detailed in subsection SM2.2 and summarized in
Algorithm SM2.3.

4.3. GP regression in O(N + p??) space complexity. When deploying
direct methods for approximate inversion of kernel matrices, a major difficulty is
the superlinear memory cost that they incur. This, in particular, poses difficulties
in a distributed setting or on graphics processing units. In the following, I = Ity
denotes the indices of the training data, and we write © := O, 1, while Ip, denotes
those of the test data. In order to compute the log-likelihood, we need to compute
the matrix-vector product L” Ty as well as the diagonal entries of L”. This can
be done by computing the columns Lﬁ x of L” individually using (2.3) and setting
(LPTy)e = (L2 Ty, Ly, = (LY 1)k, without ever forming the matrix L°. Similarly,
in order to compute the posterior mean, we only need to compute @1y = L* T LPy,
which only requires us to compute each column of L? twice, without ever forming
the entire matrix. In order to compute the posterior covariance, we need to compute
the matrix-matrix product LP’TGTr,pr, which again can be performed by computing
each column of L” once without ever forming the entire matrix L?. However, it does
require us to know beforehand at which points we want to make predictions. The
submatrices Oy, 5, for all ¢ belonging to the supernode k (i.e., i ~> k) can be formed
from a list of the elements of 5. Thus, the overall memory complexity of the resulting
algorithm is O(Y, .7 #8k) = O(Nt: + Np: + p*?). The above-described procedure is
implemented in Algorithms A.1 and A.2 in Appendix A.3. In a distributed setting
with workers Wy, Ws, ..., this requires communicating only O(#3) floating-point
numbers to worker Wy, which then performs O((#35})?) floating-point operations; a
naive implementation would require the communication of O((#3)?) floating-point
numbers to perform the same number of floating-point operations.

5. Applications and numerical results. We conclude with numerical exper-
iments studying the practical performance of our method. The Julia code can be
found under https://github.com/f-t-s/cholesky by _KL_minimization.
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Fia. 7. Accuracy of our approximation with and without aggregation for a Gaussian process
with Matérn covariance (v = 3/2) on a grid of size 10 on the unit square. Left: Randomly sampled
2 percent of the training and prediction points. Middle: RMSE, averaged over prediction points
and 1,000 realizations. Right: Empirical coverage of 90% prediction intervals computed from the
posterior covariance.
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Fic. 8. Time for computing the factor LP with or without aggregation (N = 109), as a function
of p and of the number of nonzero entries. For the first two panels, the Matérn covariance function
was computed using a representation in terms of exponentials, while for the second two panels they
were computed using (slower) Bessel function evaluations. Computations performed on an Intel
Core i7-6400 CPU with 4.00GHz and 64 GB of RAM. The second and fourth panels show that
aggregation leads to faster computation despite producing much denser Cholesky factors (and hence
higher accuracy).

5.1. Gaussian-process regression and aggregation. We begin our numeri-
cal experiments with two-dimensional (d = 2) synthetic data. We use circulant em-
beddings [57, 21][https://github.com/PieterjanRobbe/GaussianRandomFields.jl] for
the creation of 10% samples of a GP with exponential covariance function at 106 lo-
cations on a regular grid in Q = [0, 1]?. From these 10° locations, we select 2 x 10%
prediction points and use the remaining points as training data. As illustrated in
Figure 7 (left panel), half of the prediction points form two elliptic regions devoid of
any training points (called “region”), while the remaining prediction points are inter-
spersed among the training points (called “scattered”). We then use the “prediction
points first” approach of subsection 4.2.1 and the aggregated sparsity pattern S.<7g7 P
of subsection 3.2 with A € {1.0,1.3} to compute the posterior distributions at the pre-
diction points from the values at the training points. In Figure 7, we report the root
mean square error (RMSE) of the posterior means, as well as the empirical coverage of
the 90% posterior intervals, averaged over all 10? realizations, for a range of different
p. Note that while the RMSE between the aggregated (A = 1.3) and nonaggregated
(A = 1.0) is almost the same, the coverage converges significantly faster to the correct
value with A = 1.3.

We further provide timing results for 10 training points uniformly distributed
in [0, 1]2 comparing the aggregated and nonaggregated versions of the algorithm in
Figure 8. As predicted by the theory, the aggregated variant scales better as we are
increasing p. This holds true both when using Intel oneMKL Vector Mathematics
functions library to evaluate the exponential function and when using amos to in-
stead evaluate the modified Bessel function of the second kind. While the former is
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F1a. 9. Comparison of the methods proposed in subsection 4.1 for approximating ¥ = © + R,
where © is based on a Matérn covariance with range parameter 0.5 and smoothness v = 3/2 at
N = 10* uniformly sampled locations on the unit square, and R = 021 is additive noise. For each
approzimation, we compute the symmetrized KL divergence (the sum of the KL divergences with
either ordering of the two measures) to the true covariance. Naive: Directly apply Algorithm 3.2
to . Ezact: Apply Algorithm 3.2 to ©; then compute L as the ezact Cholesky factorization of
A= R14+6"1l IC: Apply Algorithm 3.2 to ©; then compute L using incomplete Cholesky
factorization of A on the sparsity pattern of either L or LLT . Left: Varying o, fized p = 3.0. Middle:
Varying p, fized o = 1.0. Right: Mazimal relative error (over the above o, p, v € {1/2,3/2,5/2},
and 10 random draws) of inverting A using up to 10 conjugate-gradient iterations (x-axis), with IC,
nonzeros (L) as preconditioner.

faster and emphasizes the improvement from O(Np??) to O(Np??) for the complex-
ity of computing the factorization, the latter can be used to evaluate Matérn kernels
with arbitrary smoothness. Due to being slower, using Bessel functions highlights the
improvement from needing O(Np??) matrix evaluations without the aggregation to
just O(Np?). By plotting the number of nonzeros used for the two approaches, we see
that the aggregated version is faster to compute despite using many more entries of ©
than the nonaggregated version. Thus, aggregation is both faster and more accurate
for the same value of p, which is why we recommend using it over the nonaggregated
variant.

5.2. Adding noise. We now experimentally verify the claim that the methods
described in subsection 4.1 enable accurate approximation in the presence of indepen-
dent noise, while preserving the sparsity, and thus computational complexity, of our
method. To this end, pick a set of N = 10* points uniformly at random in Q = [0, 1}2,
use a Matérn kernel with smoothness v = 3/2, and add independent and identically
distributed (i.i.d.) noise with variance o2. We use an aggregation parameter A\ = 1.5.
As shown in Figure 9, our approximation stays accurate over a wide range of values
of both p and o, even for the most frugal version of our method. The asymptotic
complexity for both incomplete Cholesky variants is O(Np??), with the variant using
the sparsity pattern of LLT being roughly equivalent to doubling p. Hence, to avoid
additional memory overhead, we recommend using the sparsity pattern of L as a de-
fault choice; the accuracy of the resulting log-determinant of ¥ should be sufficient
for most settings, and the accuracy for solving systems of equations in 3 can easily
be increased by adding a few iterations of CG.

5.3. Including prediction points. We continue by studying the effects of in-
cluding the prediction points in the approximation, as described in subsections 4.2.1
and 4.2.2. We compare not including the prediction points in the approximation with
including them either before or after training points in the approximation. We com-
pare the accuracy of the approximation of the posterior mean and standard deviation
over three different geometries and a range of different values for p. The results,
displayed in Figure 10, show that including the prediction points can increase the
accuracy by multiple orders of magnitude. The performance difference between the
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Fia. 11. We compare the accuracy and computational time of our method described in subsec-
tion 4.2.2 with the HSS implementation of H2Pack [29]. Each point corresponds to a different run
with different parameters (p, tolerance, and diagonal shift). Throughout this experiment, we use
the aggregation scheme described in subsection 3.2 with A\ = 1.25. The left plot shows the RMSE
of the posterior mean and the right plot that of the posterior standard deviation. Our method is
significantly faster for a wide range of target accuracies.

matrices. Hierarchically semiseparable (HSS) matrices [9, 65] are a natural candidate
for comparison with our method, because they are amenable to a Cholesky factoriza-
tion [39], implementations of which are available in existing software packages. They
are also closely related to hierarchically off-diagonal low-rank (HODLR) matrices,
which have been promoted as tools for GP regression [2]. We consider a regression
problem with 503 training points on a randomly perturbed regular grid and 50 test
points distributed uniformly at random in the unit cube. Using the Matérn covari-
ance with ¥ = 3/2 and length scale I = 0.2, we compute the posterior mean and
standard deviation for 50 samples using the method described in subsection 4.2.2 and
the HSS implementation of H2Pack [29], both using eight threads on an Intel Skylake
CPU with 2.10GHz and 192 GB of RAM. In Figure 11, we report the computational
time and accuracy for a wide range of tuning parameters (p for our method; error
tolerance and diagonal shift for HSS). We ignore the setup cost for both methods,
which includes the selection of the numerical proxzy points for the HSS approach. Our
experiments show that for a given target accuracy, our method is an order of mag-
nitude faster than HSS, despite the highly optimized implementation of the latter.
For very high accuracies, the gap between the methods closes, but the memory cost
of HSS approaches that of the dense problem, preventing us from further increasing
the target accuracy. We note that for three-dimensional problems, H2-matrices have
better asymptotic complexity than HSS matrices, making them a possibly stronger
competitor; however, the Cholesky factorization of H2-matrices is considerably more
complicated and not implemented in H2Pack. Another possible approach is the inver-
sion of an H? approximation using conjugate gradient methods, using our method, or
HSS matrices [66] as a preconditioner. We defer a more comprehensive comparison
to the various kinds of hierarchical matrices to future work.

5.5. Single-layer boundary element methods. We now provide an applica-

tion to boundary element methods. For a domain Q € R? with boundary 9, let us
assume that we want to solve the Dirichlet boundary-value problem

—Au(zx) =0 Vo € Q,
g(x) Va € 00.
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For d = 3, the Green’s function of the Laplace operator is given by the gravita-
tional/electrostatic potential

1

Grs(z,y) = prp—,

Under mild regularity assumptions one can verify that

u = / Ggs(z,-)h(x)dx  for h the solution of ¢ = / Ggs(z, - )h(z) dz.
€02 €O

Let us choose finite dimensional basis functions {¢;},c;. in the interior of  and
{¢i};c1,, on the boundary of Q. We form the matrix © € RUTr)x(InUle:) 5

(5.1)

o) forpe€ Iy,
O, ::/ / ¢i(2)Grs (z,y) ¢;(y)dydz, where D, = { pP&rm
z€D; Jy€eD;

Q for p € Ip,

and denote as Oty v, O1 Pr, Oy, Tr, OPr,pr its restrictions to the rows and columns
indexed by Ity or Ip,. Defining

gi = / di(x)g(x)de Vie I, and ;= / oi(x)u(x)dx Vi€ Ip,,
z€dn €00
we approximate o as

(5.2) T~ Orp, 1, Oy 1, §

This is a classical technique for the solution of PDEs, known as single-layer boundary
element methods [52]. However, it can also be seen as GP regression with u being the
conditional mean of a GP with covariance function G, conditional on the values of
the process on 9f). Similarly, it can be shown that the zero boundary-value Green’s
function is given by the posterior covariance of the same process.

The Laplace operator in three dimensions does not satisfy s > d/2 (cf. subsec-
tion 3.3.2). Therefore, the variance of pointwise evaluations at z € R? given by
Grs(x,x) is infinite, and we cannot let {¢;} be Dirac functions as in other parts
of this work.

Instead, we recursively subdivide the boundary 02 and use Haar-type wavelets
as in [53, Ex. 3.2] for {¢};c;, - For our numerical experiments, we will consider
Q == [0,1]3 to be the three-dimensional unit cube. On each face of 92, we then
obtain a multiresolution basis by hierarchical subdivision, as shown in Figure 12. In
this case, the equivalent of a maximin ordering is an ordering from coarser to finer
levels, with an arbitrary ordering within each level. We construct our sparsity pattern
as

i€lp;y

(5.3) S<iyp =1 (0,7) 1 = g, dist(as, ;) < ply +V2(4 + ;) },

where for i € Iy, x; is defined as the center of the support of ¢; and ¢; as half of
the side-length of the (quadratic) support of ¢;. The addition of v/2(¢; + £;) to the
right-hand side ensures that the entries corresponding to neighboring basis functions
are always added to the sparsity pattern.

We construct a solution u of the Laplace equation in 2 as the sum over N, = 2000
charges with random signs {s;}, .,y located at points {c;}, ;. We then pick a
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F1G. 13. Accuracy and computational complexity in boundary value problem. We compare the
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There exists a rich literature on the numerical solution of boundary element equa-
tions [52], and we are not yet claiming improvement over the state of the art. Pres-
ently, the majority of the computational time is spent computing the matrix entries of
Oty 1r. In order to compete with the state of the art in terms of wall-clock times, we
would need to implement more efficient quadrature rules, which is beyond the scope
of this paper. Due to the embarrassing parallelism of our method, together with the
high accuracy obtained even for small values of p, we hope that it will become a useful
tool for solving boundary integral equations, but we defer a detailed study to future
work.

6. Conclusions. In this work, we have shown that, surprisingly, the optimal
(in KL divergence) inverse Cholesky factor of a positive definite matrix, subject to
a sparsity pattern, can be computed in closed form. In the special case of Green’s
matrices of elliptic boundary-value problems in d dimensions, we show that by apply-
ing this method to the elimination orderings and sparsity patterns proposed by [53],
one can compute the sparse inverse Cholesky factor with accuracy € in computational
complexity O(N log?*(N/e)) using only O(N log?(N/e)) entries of the dense Green’s
matrix. This improves upon the state of the art in this classical problem. We also
propose a variety of improvements, capitalizing on the improved stability, parallelism,
and memory footprint of our method. Finally, we show how to extend our approxi-
mation to the setting with additive noise, resolving a major open problem in spatial
statistics.

Appendix A. Computation of the KL minimizer.

A.1. Computation without aggregation. Recall that we write I for the set
indexing the degrees of freedom, < for a reverse r-maximin ordering, and S = S. ¢,
for the associated sparsity pattern (which we assume to be fixed). Unless explicitly
mentioned, we assume all matrices have rows and columns ordered according to <.
For k € I, we then write si == {(i,k) : k <4, (i, k) € S} for the sparsity set of the kth
column L. j, of L. As before, ey, is the vector that is 1 on the kth coordinate and zero
everywhere else.

Proof of Theorem 2.1. By using the formula for the KL divergence of two Gauss-
ian random variables in (2.1), we obtain

(A.1) L = argmin; g (trace(ﬁﬁT@) —logdet(LLT) — logdet(©) — N)
(A.2) = argmin; _ ¢ (trace(I:T@lA/) - logdet(ﬁﬁT)>

N
(A.3) — argmin; g > (L;,k@smskLsm - 21og(Lk,k)) .

k=1

The kth summand depends only on the kth column of L. Thus, taking the derivative
with respect to the kth column of L and setting it to zero, we obtain ©
-1

N o7l e R
2 & Ly, ) = —&t— Therefore, L
L.k L,k

skosk Ls b =

& can be written as A !, e; fora A € R. By

Sk Sk,Sk

plugging this ansatz into the equation, we obtain A = \/(@;k{skel)l = \/eIGS_kl,Skel
and hence (2.3). By using dense Cholesky factorization to invert the O, s, , the right-
hand side of (2.3) can be computed in computational complexity O(# (sk)2) in space
and O(# (sx)”) in time, from which follows the result. 0

Algorithm 3.1 is a direct implementation of the above formula.
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A.2. Computation for the aggregated sparsity pattern. We first intro-
duce some additional notation, defined in terms of an r-maximin ordering < (see
Appendix B) and aggregated sparsity set S = S<,z’p’ A, which we assume to be fixed.
As before, I is the index set keeping track of the degrees of freedom, and I is the index
set indexing the supernodes. For a matrix A and sets of indices 2 and 5, we denote
as A; - the submatrix obtained by restricting the indices of A to 7 and j, and as A;
(A ) the matrix obtained by only restricting the row (column) indices. We adopt

the conventlon of indexing having precedence over inversion, i.e., A” = (4; 3)_1.
; .

For a supernode k € I and a degree of freedom j € I, we write j € k if there
exists a k ~» k such that k& < j and (k,j) € S, and we accordingly form submatri-
ces A; 5 = (Aw)zez jej- Note that by definition of the supernodes, we have s, C k
for all k ~~ k. Since we assume the sparsity pattern S to contain the diagonal, we
furthermore have k ~ k = k € k.

We first show how to efficiently compute the inverse Cholesky factor for the
aggregated sparsity pattern (as has been observed before in [16] and [23]). For k € I,
we define U as the unique upper triangular matrix such that © k= URURT. U can
be computed in complexity O((#k)?) in time and O((#k)?) in space by computing
the Cholesky factorization of ©j, ; after reverting the ordering of its rows and columns,
and then reverting the order of the rows and columns of the resulting Cholesky factor.
The upper triangular structure of U k implies the following properties:

z 1
E ET k-
(A4) 681@,81@ Usk,skUsk,sk’ Usk,si A —e€,
kk
kE,—T kE,—T k71 k,—1
(A.5) vhi1= (UM Te) Uktvy, = (U8 71)
kSk Sk

where v € R¥ is chosen arbitrarily. For any k ~ k, the first three properties above
imply

O le z
(A.6) L, sl Uk Te, = URTey.

kT T Sk,Sk
elTQZklel
Thus, computing the columns L.j for all k ~» k has computational complexity

O((#k)?) in time and O((#k)?) in space. Algorithm 3.2 implements the formulae
derived above.

A.3. GP regression in O(N + p??) space complexity. As mentioned in
subsection 4.3, for many important operations arising in GP regression, the inverse-
Cholesky factors L of the training covariance matrix need never be formed in full.
Instead, matrix-vector multiplies with L or L', as well as the computation of the log-
determinant of L, can be performed by computing the columns of L in an arbitrary
order, using them to update the result, and deleting them again. For the example
of computing the posterior mean p and covariance C, this is done in Algorithm A.1
(without aggregation) and A.2 (with aggregation). In section SM1, we show how
to compute the reverse-maximin ordering and aggregated sparsity pattern in space
complexity O(N +p?), thus allowing the entire algorithm to be run in space complexity
O(N + p?) when using the aggregated sparsity pattern.

Appendix B. Postponed proofs. Our theoretical results apply to more
general orderings, called reverse r-maximin orderings, which for r» € (0, 1] have the
following property.
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Algorithm A.1 Without aggregation. Algorithm A.2 With aggregation.

Input: G, {z:};c;, <, S<.0p Input:G, {x;},c;, <, S<.ep
Output: Cond. mean p and cov. ¢ Output: Cond. mean p and cov. C

1: for k € Ip, do 1: for k € Ip, do

2: ME < 0 2: ME < 0

3: end for 3: end for

4: for i € I, j € Ipy do 4: for i € I, j € Ip; do

5: (®Tr,Pr)ij — G(Z‘i, JJ]’) 5: (@Tr,Pr)ij — G(.’L‘i,.’L‘j)

6: end for 6: end for

7. for i € Ip,,j € Ip, do 7. for i € Ip,,j € Ip, do

8: (®Pr7Pr)ij < G(l’i,l'j) 8: (Gpr,pr)ij — G(xi,xj)

9: end for 9: end~for~

10: for k € I, do 10: for k € I do

11:  for 4,j € s, do 11:  for 4,5 € s; do

12: (@gkvgk)” — G(xi,xj) 12: (GSI}’SIZ)ij — G(Ii,l‘j)
13:  end for 13:  end for

14: v+ 0. e 14: U « Ptchol(PYK,, , PY)P?
15 v vfug 15.  for k ~» k do

16: :uk,: — /-“% + ’Uk@k,Pr 16: U — U*Tek

17 B v Ompr 17: [k,: 4= fk,: + VO pr
18: end for 18: Bi. v Onp;

19: €' = Opr pr — B'B 19:  end fbr 7
20: return p,C 20: end forC <+ Op, p, — B'B

21: return pu,C

F1G. 14. Prediction and uncertainty quantification using KL minimization with and without
aggregation in O(N + p?%) memory complexity.

DEFINITION B.1. An elimination ordering < is called reverse r-mazximin with
length scales {€;}icr if for every j € I we have

(B.1) ¢; == mindist(z;, {z;} U0Q) > r max min dist(z, {x;} U 0Q).
=] gk i>j

We note that the reverse-maximin ordering from subsection 3.1 is a reverse 1-
maximin ordering; reverse r-maximin orderings with » < 1 can be computed in
computational complexity O(N log(N)) (see section SM1). We define the sparsity
patterns S< , , and §_<,g7p, A analogously to the case of the reverse-maximin ordering,
and we will write L for the incomplete Cholesky factors of © ! computed using (2.3)
based on the sparsity pattern S~ ¢, or S< s,

B.1. Computational complexity. Our estimates only depend on the intrinsic
dimension of the dataset, which is defined by counting the number of balls of radius
r that can be fit into balls of radius R, for different r, R > 0.

CONDITION B.2 (intrinsic dimension). We say that {z;},.; C R? has intrinsic
dimension d if there exists a constant Cj, independent of N, such that for allr, R > 0,
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z € R?, we have
(B.2)

max {|A| : 4,5 € A = dist(z;, x), dist(z;, ) < R, dist(z,2;) >} < C; (R/r)‘i.

Remark B.3. Note that we always have d <d.

We also make a mild technical assumption requiring that most of the points belong
to the finer scales of the ordering:

CONDITION B.4 (regular refinement).  We say that {x;},c; C R? fulfills the
reqular refinement condition for A and £ with constant C ¢ if

o0

> #{i: \¥ < 4;} < O yN.

k=|log(£1)/log())]

This condition excludes pathological cases like z; = 2% for which each scale
contains the same number of points.

Analogously to the results of [53], we obtain the following computational com-
plexity.

THEOREM B.5. Under Condition B.2 with C; and d, USINg a reverse r-marimin
ordering < and Sy ,, Algorithm 3.1 computes LP in complezity C’N,od~ in space and
C’Npg(i in time. If we assume in addition that {x;},.; fulfills Condition B.4 for A
and | with constant C ¢, then, using S< 4,5 or S<.ep 2, Algorithm 3.2 computes L?
in complezity C’Np‘72 in space and C)\’[CN[JQJ in time. Here, the constant C depends

only on Cy, d, v, A\, and the mazimal cost of evaluating a single entry of ©, but not
on N ord.

Proof. We begin by showing that the number of nonzero entries of an arbitrary
column of S, 4 , is bounded above as Cp?. Considering the ith column, the reverse
r-maximin ordering ensures that for all j, k > ¢, we have dist(x;,x;) > r¢;. Since
for all (4,5) € S<4, we have i < j and dist(x;,z;) < pf;, Condition B.2 implies
that #{j: (i,5) € S<p} < Cg(%i)d. Computing the ith column of L requires
the inversion of the matrix Oy, o,, which can be done in computational complexity

Cp3?, leaving us with a total time complexity of CNp?. We now want to bound
the computational complexity when using the aggregated sparsity pattern 5&7& p,\ OF
§<7g7p7>\. As before, we write j € s if j is a child of the supernode s, that is, if there
exists an i ~ s such that (i,5) is contained in S, or S< s, 5. We write #s to
denote the number of children of s. By the same argument as above, the number
of children in each supernode s is bounded by Cp?. We now want to show that the
sum of the numbers of children of all supernodes is bounded as CN. For a supernode
s we write /s € I to denote the index that was first added to the supernode (see
the construction described in subsection 3.2). We now observe that for two distinct
supernodes s and t with ¢ < 6\/5,6\/5 < ¢\, we have dist(x\/g,x\/;) > c¢p, since
otherwise we would have either /s ~ t orv/t ~ s. Thus, for every index i € I and
k € Z, there exist at most C supernodes s with i € s, \F < b < A1 By using
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Condition B.4, we thus obtain

Z#S:Z#{SEj:iES}:ZZ#{SegtiES,Ak§€ﬁ<)\k+l}

sel i€l keZ icl

<Y > c=<nNcC

kEZicl:4;>\k

We now know that there are at most C'N child-parent relationships between indices
and supernodes and that each supernode can have at most Cpfl children. The worst
case is thus that we have C'N/p? supernodes, each having Cp? children. This leads
to the bounds on time complexity and space complexity of the algorithm. a0

B.2. Approximation accuracy. Our goal is to prove the following theorem.

THEOREM B.6. Using an r-mazimin ordering < and sparsity pattern S, or
S< 0o\, there exists a constant C depending only on d, Q, r, A, s, | L], |7, and

d such that for p > C'log(N/e), we have
(B.3) Dk (N (0,0) || N(0, (LPLP 7)) + ||© — (LPL~T

)71||FRO < €

Thus, Algorithm 3.1 computes an e-accurate approximation of © in computational
complezity CNlog?(N/e) in space and CNlog®(N/e) in time, from CNlog®(N/e)
entries of ©. Similarly, Algorithm 3.2 computes an e-accurate approzimation of © in
computational complexity CN logd(N/e) in space and CN lode(N/e) in time, from
CNlog(N/e) entries of ©.

The authors of [53] prove that under the conditions of Theorem 3.4 the Cholesky
factor of A = ©~! decays exponentially away from the diagonal.

THEOREM B.7 ([53, Thm. 4.1]). In the setting of Theorem 3.4, there exists a con-
stant C depending only on &,7,d, ), s, ||L]|, and ||[L71|| such that for p > C'log(N/e),
(B.4) SO {(i,7) € I xI:dist(z;,z;) < pmin(¢;,£;)},

and

(B 5) IS — (ChOl(A))”, (17]) €5,
. i 0

otherwise,

we have HA - LSLS’THFRO <e.

In order to prove the approximation accuracy of the KL, minimizer, we have to

compare the approximation accuracy in Frobenius norm and in KL divergence. For
brevity, we write Dk, (A || B) := Dk (N (0, 4) || N (0, B)).

LEMMA B.8. Let Amin, Amax be the minimal and maximal eigenvalues of ©, re-
spectively. Then there exists a universal constant C' such that for any matric M €
R we have

Amax HA - MMTHFRO <C= DKL<@ H (MMT)il) < Amax HA - MMTHFRO’

Die (€ | (MaT) ) 0= A= MMT o < AnhPre (O || (MM 7)),

min
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Proof. Writing L := chol(A) and ¢rro () == 22 and ¢k (7) == (z—log(1+x))/2,

we have

Amin HA - MMTHFRO = Amin HLL_l (A - MMT) L_TLTHFRO
N

< 1d = 27 ML g = 3 drmo (e (LML) 1)
k=1

=127 (A= MMT) L7 g < Amax [|4 = MM g

and
Bo  male] () ) = Y e O (ML),
k=1

where (Ag(-));<p<n returns the eigenvalues ordered from largest to smallest, while
Amin(*) (Amax(*)) returns the smallest (largest) eigenvalue. The leading-order Tay-
lor expansion of ¢ky, around 0 is given by = ~ z2/4. Thus, there exists a con-
stant C such that for min(|z|, ¢rro(z), dxL(z)) < C we have ¢x1(z) < ¢rro(x)
8¢kr (). Therefore, for Apax||A — MM T|pro < C we have Dkr, (@ H (MMT)_l)
Amax[|A— MM T||pro. For Dkr,(© || (MM T)~!) < C this implies |A—MM ||pro
AminDxL (O || (MMT)7).

min

o INIAIA

Using Lemma B.8, we can now use the results of [53] to conclude Theorem 3.4.

Proof of Theorem B.6. [53, Thm. 3.16] implies that there exists a polynomial p
depending only on (d, s, d, £) such that Amax, Ami: < p(N). Thus, by choosing p >

min —

Clog(N) we can deduce by Theorem B.7 that Amax |4 — LSL%T|| < C for C the con-
stant in Lemma B.8. Thus, We have Dk, (@ H (LSLS’T)_I) < Amax HA — LSLS’TH.

The KL-optimality of L* implies Dkr, (@ H (LPLf’vT)_l) < Amax ||[A = LSL5T|| < C.

Using Lemma B.8 one more time, we also obtain

®1) (A= 20T| <aghBia (O || (2207) ) < e/ [ 4 = PL5T 0

min
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