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Chapter 1

Introduction

This document describes an implementation of Genz (1992) and, partially, of Genz and Bretz
(2002), for the evaluation of N multivariate J-dimensional normal probabilities

J [P 1
PG| aisbi) = Play < Yo b, | €) = (2n) Fdet(C) [ exp (—2yTCJTC;1y> dy (1.1)

where a; = (agi),...,asi))T € R’ and b; = (bgi),...,bf]i))T € R’ are integration limits, C; =
(cg.?) € R7*/ is a lower triangular matrix with c%) =0for1 <j<y<J,and thus Y; ~
NJ(0J7CZ‘CZT) for i = 1,...7N.

One application of these integrals is the estimation of the Cholesky factor C of a J-dimensional
normal distribution based on N interval-censored observations Yi,...,Y; (encoded by a and b)

via maximum-likelihood

N
C = argmax log(p;(C | a;, b;)).
en > log(pi(C | ai, by))

i=1

In other applications, the Cholesky factor might also depend on ¢ in some structured way.

Function pmvnorm in package mvtnorm computes p; based on the covariance matrix CZ-C;-'—.
However, the Cholesky factor C; is computed in FORTRAN. Function pmvnorm is not vectorised
over i = 1,..., N and thus separate calls to this function are necessary in order to compute
likelihood contributions.

The implementation described here is a re-implementation (in R and C) of Alan Genz’ origi-
nal FORTRAN code, focusing on efficient computation of the log-likelihood Zf\il log(p;) and the
corresponding score function.

The document first describes a class and some useful methods for dealing with multiple lower
triangular matrices C;,7 = 1,..., N in Chapter 2. The multivariate normal log-likelihood, and
the corresponding score function, is implemented as outlined in Chapter 3. An example demon-
strating maximum-likelihood estimation of Cholesky factors in the presence of interval-censored
observations is discussed in Chapter 4. We use the technology developed here to implement the log-
likelihood and score function for situations where some variables have been observed exactly and
others only in form of interval-censoring in Chapter 5 and for nonparametric maximum-likelihood
estimation in unstructured Gaussian copulae in Chapter 6.



Chapter 2

Lower Triangular Matrices

"ltMatrices.R" 2=

(R Header 104)
(ltMatrices 6a )

( syMatrices 6b )

( dim ltMatrices 6c)

( dimnames ltMatrices Ta)
(names ltMatrices Tb )

( print ltMatrices 10)
(reorder ltMatrices 11)

( subset ltMatrices 13 )
(lower triangular elements 15)
( diagonals ltMatrices 17)
( diagonal matriz 20)
(mult ltMatrices 21a)
(mult syMatrices 25)

( solve ltMatrices 29 )
(logdet ltMatrices 31b)
(tcrossprod ltMatrices 35 )
( crossprod ltMatrices 36 )
( chol syMatrices 37)
(add diagonal elements 18)
(assign diagonal elements 19)
(kronecker vec trick 42)

( convenience functions 45)
(‘aperm 47)

( marginal 48b)

( conditional 50b)

( check obs 52b)

(ldmvnorm 52a)

( colSumsdnorm ltMatrices 53b )
( sldmvnorm 56 )

(ldpmuvnorm 94)

( sldpmunorm 96)

( standardize 98 )

( destandardize 100 )

o



"ltMatrices.c" 3=

( C Header 105)

#ifndef USE_FC_LEN_T

# define USE_FC_LEN_T

#endif

#include <Rconfig.h>

#include <R_ext/Lapack.h> /* for dtptri */
#ifndef FCONE

# define FCONE

#endif

#include <R.h>

#include <Rmath.h>

#include <Rinternals.h>

#include <Rdefines.h>

( colSumsdnorm 53a )

( solve 27)

( solve C 28)
(logdet 31a)
(tcrossprod 34)
(mult 22b)

('mult transpose 24 )
(chol 38)

(wvec trick 40a)

o

We first define and implement infrastructure for dealing with multiple lower triangular matrices
C; e R7*/ fori=1,...,N. We note that each such matrix C can be stored in a vector of length
J(J 4+ 1)/2. If all diagonal elements are one (that is, c%-) =1,57=1,...,J), the length of this
vector is J(J —1)/2.

2.1 Multiple Lower Triangular Matrices

We can store N such matrices in an J(J+1)/2 x N matrix (diag = TRUE) or, for diag = FALSE,
the J(J —1)/2 x N matrix.

Each vector might define the corresponding lower triangular matrix either in row or column-
major order:



C11 0

C21  C22
CcC = €31 C32 Cs3 matrix indexing
CJj1 Cj2 e CjyJg
C1 0
C2  Cj+1
= €3 CJj42  CaJg column-major, byrow = FALSE
cj C2j-1 - CJ(J+1)/2
C1 0
C2 C3
— Cq Cs Ce row-major, byrow = TRUE
CIJ((J+1)/2-)+1  CJ((J+1)/2—1)+2 - - Cr(J+1)/2

Based on some matrix object, the dimension J is computed and checked as

(ltMatrices dim 4) =

J <- floor((1 + sqrt(l + 4 * 2 * nrow(object))) / 2 - diag)
if (nrow(object) !'=J * (J - 1) / 2 + diag * J)
stop("Dimension of object does not correspond to lower
triangular part of a square matrix")
o

Fragment referenced in 6a.

Typically the J dimensions are associated with names, and we therefore compute identifiers for
the vector elements in either column- or row-major order on request (for later printing)



(ltMatrices names 5a) =

nonames <- FALSE
if (!'isTRUE(names)) {
if (is.character(names))
stopifnot(is.character(names) &&
length(unique(names)) == J)
else
nonames <- TRUE
} else {
names <- as.character(1:J)

if (!'nonames) {
L1 <- matrix(names, nrow = J, ncol = J)
L2 <- matrix(names, nrow = J, ncol = J, byrow = TRUE)

L <- matrix(paste(Ll, L2, sep = "."), nrow = J, ncol = J)
if (byrow)
rownames (object) <- t(L) [upper.tri(L, diag = diag)]
else
rownames (object) <- L[lower.tri(L, diag = diag)]
}
o

Fragment referenced in 6a.

If object is already a classed object representing lower triangular matrices (we will use the class
name ltMatrices), we might want to change the storage form from row- to column-major or the
other way round.

(ltMatrices input 5b) =

if (inherits(object, "ltMatrices")) {
ret <- .reorder(object, byrow = byrow)
return(ret)

}
©

Fragment referenced in 6a.

The constructor essentially attaches attributes to a matrix object, possibly after some reordering
/ transposing



(ltMatrices 6a) =
ltMatrices <- function(object, diag = FALSE, byrow = FALSE, names = TRUE) {

if (!is.matrix(object))
object <- matrix(object, ncol = 1L)

(ltMatrices input 5b )
(ltMatrices dim 4)
(ltMatrices names 5a )

attr(object, "J") <-7J

attr(object, "diag") <- diag
attr(object, "byrow") <- byrow
attr(object, "rcnames") <- names

class(object) <- c("ltMatrices", class(object))
object
}

<

Fragment referenced in 2.

For the sake of completeness, we also add a constructor for symmetric multiple symmetric matrices
( syMatrices 6b) =

as.syMatrices <- function(object) {
stopifnot(inherits(object, "ltMatrices"))
class(object) [1L] <- "syMatrices"
return(object)
}
syMatrices <- function(object, diag = FALSE, byrow = FALSE, names = TRUE)
as.syMatrices(ltMatrices(object = object, diag = diag, byrow = byrow, names = names))

<

Fragment referenced in 2.

The dimensions of such an object are always N x J x J and are given by

( dim ltMatrices 6¢c) =

dim.1ltMatrices <- function(x) {
J <- attr(x, "J")
return(c(attr(x, "dim")[2L], J, J)) ### ncol(unclass(x)) may trigger gc
}
dim.syMatrices <- dim.ltMatrices
o

Fragment referenced in 2.

The corresponding dimnames can be extracted as



( dimnames ltMatrices Ta) =

dimnames.ltMatrices <- function(x)

return(list(attr(x, "dimnames")[[2L]], attr(x, "rcnames"), attr(x, "rcnames")))
dimnames.syMatrices <- dimnames.ltMatrices
<o

Fragment referenced in 2.

The names identifying rows and columns in each C; are

(names ltMatrices Tb) =

names.ltMatrices <- function(x) {
return(attr(x, "dimnames") [[1L]])

}

names.syMatrices <- names.ltMatrices

o

Fragment referenced in 2.

Let’s set-up an example for illustration. Throughout this document, we will compare numerical
results using

> chk <- function(...) stopifnot(isTRUE(all.equal(...)))

We start with a a simple example demonstrating how to set-up 1tMatrices objects

library("mvtnorm")

set.seed (290875)

N <- 4L

J <- 5L

rn <- pasteO("C_", 1:N)

nm <- LETTERS[1:J]

Jn <-J *x (J-1) /2

## data

xn <- matrix(runif(N * Jn), ncol = N)
colnames (xn) <- rn

xd <- matrix(runif(N * (Jn + J)), ncol = N)
colnames (xd) <- rn

(1xn <- 1tMatrices(xn, byrow = TRUE, names = nm))

VVVVVVVVVVYVVYV

, » C_1

A B C D
.00000000 0.0000000 0.00000000 0.0000000
.51236601 1.0000000 0.00000000 0.0000000
.06847253 0.9095137 1.00000000 0.0000000
.39448719 0.6612143 0.23352591 1.0000000
.51647518 0.2979867 0.07517749 0.8182123

Mmoawr=
O O O O -
=~ O oOoOoom

, » C_2

A B C D E
A 1.0000000 0.0000000 0.0000000 0.000000 O



B 0.8590665 1.0000000 0.0000000 0.000000 O
C 0.3744315 0.1022684 1.0000000 0.000000 O
D 0.1165248 0.7956529 0.8930589 1.000000 O
E 0.1948049 0.4730419 0.2377852 0.214606 1
, , C_3

A B C DE
A 1.0000000 0.0000000 0.0000000 0.0000000 O
B 0.4530153 1.0000000 0.0000000 0.0000000 O
C 0.9045608 0.9269936 1.0000000 0.0000000 0
D 0.4490011 0.1326375 0.4153967 1.0000000 O
E 0.9574833 0.4917481 0.7160702 0.2938002 1
, , C_4

A B C D E

A 1.0000000000 0.0000000 0.000000000 0.0000000 O
B 0.4877241328 1.0000000 0.000000000 0.0000000 O
C 0.0593045885 0.7625270 1.000000000 0.0000000 O
D 0.0005227393 0.1995700 0.470508903 1.0000000 0
E 0.4913541358 0.2849431 0.005961103 0.8901458 1
> dim(1xn)
[1]1 455

> dimnames (1xn)

[r111
[1] "C_1" IIC_2|I IIC_3II HC_4"

[[2]1]
[1] IIAII IIBII IICII IIDII IIEII

([31]
[1] IIAII IlBlI IICII llDIl IIEII

> 1xd <- ltMatrices(xd, byrow = TRUE, diag = TRUE, names = nm)
> dim(1xd)

[1] 4 5 5
> dimnames (1xd)

[[111
[1] IlC_lIl |IC_2|I I|C_3ll IIC_4I|

(211
[1] wAn ngn ncu npn wgn

[r311
[1] IIAII IlBlI IICII llDIl IIEII

> 1xn <- as.syMatrices(lxn)
> 1xn



A B C D E
.00000000 0.5123660 0.05847253 0.3944872 0.51647518
.51236601 1.0000000 0.90951367 0.6612143 0.29798667
.05847253 0.9095137 1.00000000 0.2335259 0.07517749
.39448719 0.6612143 0.23352591 1.0000000 0.81821229
.51647518 0.2979867 0.07517749 0.8182123 1.00000000

moaQw=
O O O O -

, » C_2

A B C D E
A 1.0000000 0.8590665 0.3744315 0.1165248 0.1948049
B 0.8590665 1.0000000 0.1022684 0.7956529 0.4730419
C 0.3744315 0.1022684 1.0000000 0.8930589 0.2377852
D 0.1165248 0.7956529 0.8930589 1.0000000 0.2146060
E 0.1948049 0.4730419 0.2377852 0.2146060 1.0000000
, » C_3

A B C D E
A 1.0000000 0.4530153 0.9045608 0.4490011 0.9574833
B 0.4530153 1.0000000 0.9269936 0.1326375 0.4917481
C 0.9045608 0.9269936 1.0000000 0.4153967 0.7160702
D 0.4490011 0.1326375 0.4153967 1.0000000 0.2938002
E 0.9574833 0.4917481 0.7160702 0.2938002 1.0000000
, » C_4

A B C D E

.0000000000 0.4877241 0.059304588 0.0005227393 0.491354136
.4877241328 1.0000000 0.762527028 0.1995699527 0.284943077
.05693045885 0.7625270 1.000000000 0.4705089033 0.005961103
.00056227393 0.1995700 0.470508903 1.0000000000 0.890145786
.4913541358 0.2849431 0.005961103 0.8901457863 1.000000000

moaQw=
O O O O -

2.2 Printing

For pretty printing, we coerse objects of class 1tMatrices to array. The method has a logical
argument called symmetric, forcing the lower triangular matrix to by interpreted as a symmetric
matrix.

(extract slots 9) =

diag <- attr(x, "diag")
byrow <- attr(x, "byrow")
d <- dim(x)

J <- d[2L]

dn <- dimnames(x)

o

Fragment referenced in 10, 11, 12, 15, 17, 19, 21a, 25.



( print ltMatrices 10) =
as.array.ltMatrices <- function(x, symmetric = FALSE, ...) {
(extract slots 9)
x <- unclass(x)

L <- matrix(1L, nrow = J, ncol = J)

diag(L) <- 2L

if (byrow) {
L[upper.tri(L, diag = diag)] <- floor(2L + 1:(J * (J - 1) / 2L + diag * J))
L <- t(L)

} else {
L[lower.tri(L, diag = diag)] <- floor(2L + 1:(J * (J - 1) / 2L + diag * J))

}

if (symmetric) {
L[upper.tri(L)] <- OL
dg <- diag(L)
L <-L + t(L)
diag(L) <- dg

}

ret <- rbind(0, 1, x)[c(L), , drop = FALSE]

class(ret) <- "array"

dim(ret) <- d[3:1]

dimnames(ret) <- dn[3:1]

return(ret)

}

as.array.syMatrices <- function(x, ...)
return(as.array.ltMatrices(x, symmetric = TRUE))

print.ltMatrices <- function(x, ...)
print(as.array(x))

print.syMatrices <- function(x, ...)
print(as.array(x))

o

Fragment referenced in 2.

Symmetric matrices are represented by lower triangular matrix objects, but we change the class
from 1tMatrices to syMatrices (which disables all functionality except printing and coersion to
arrays).

2.3 Reordering

It is sometimes convenient to have access to lower triangular matrices in either column- or row-
major order and this little helper function switches between the two forms

10



(reorder ltMatrices 11) =

.reorder <- function(x, byrow = FALSE) {

stopifnot(inherits(x, "ltMatrices"))
if (attr(x, "byrow") == byrow) return(x)

(extract slots 9)

x <- unclass(x)

rL <- cL <- diag(0, nrow = J)

rL[lower.tri(rL, diag = diag)] <- cL[upper.tri(cL, diag

cL <- t(cL)
if (byrow) ### row -> col order

1]

return(ltMatrices(x[cL[lower.tri(cL, diag = diag)], , drop = FALSE],

diag = diag, byrow = FALSE, names = dn[[2L]]))
### col -> row order
return(ltMatrices(x[t(rL) [upper.tri(rL, diag = diag)], , drop = FALSE],
diag = diag, byrow = TRUE, names = dn[[2L]1))
}

<

Fragment referenced in 2.

diag)] <- 1l:nrow(x)

We can check if this works by switching back and forth between column-major and row-major

order

> ## constructor + .reorder + as.array

> a <- as.array(ltMatrices(xn, byrow = TRUE))

> b <- as.array(ltMatrices(1tMatrices(xn, byrow = TRUE),

+ byrow = FALSE))

> chk(a, b)

> a <- as.array(ltMatrices(xn, byrow = FALSE))

> b <- as.array(ltMatrices(1tMatrices(xn, byrow = FALSE),

+ byrow = TRUE))

> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = TRUE, diag = TRUE))

> b <- as.array(ltMatrices(ltMatrices(xd, byrow = TRUE, diag = TRUE),
+ byrow = FALSE))

> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = FALSE, diag = TRUE))

> b <- as.array(ltMatrices(ltMatrices(xd, byrow = FALSE, diag = TRUE),
+ byrow = TRUE))

> chk(a, b)

2.4 Subsetting

We might want to select subsets of observations ¢ € {1,..., N} or rows/columns j € {1,
the corresponding matrices C;.

11

..., J}of



(.subset ltMatrices 12) =
.subset_ltMatrices <- function(x, i, j, ..., drop = FALSE) {

if (drop) warning("argument drop is ignored")
if (missing(i) && missing(j)) return(x)

(extract slots 9)
x <- unclass(x)
if ('missing(j)) {
j <= (1:J3)[j] ### get rid of negative indices

if (length(j) == 1L && !diag) {
return(ltMatrices(matrix(1, ncol = ncol(x), nrow = 1), diag = TRUE,
byrow = byrow, names = dn[[2L]1]1[j1))
}
L <- diag(OL, nrow = J)
Jp <- sum(upper.tri(L, diag = diag))
if (byrow) {
L[upper.tri(L, diag = diag)] <- 1:Jp
L <- L + t(L)
diag(L) <- diag(L) / 2
L <- L[j, j, drop = FALSE]
L <- L[upper.tri(L, diag = diag)]
} else {
L[lower.tri(L, diag = diag)] <- 1:Jp
L <- L + t(L)
diag(L) <- diag(L) / 2
L <- L[j, j, drop = FALSE]
L <- L[lower.tri(L, diag = diag)]
}
if (missing(i)) {
return(ltMatrices(x[c(L), , drop = FALSE], diag = diag,
byrow = byrow, names = dn[[2L]1]1[j1))
}
return(ltMatrices(x[c(L), i, drop = FALSE], diag = diag,
byrow = byrow, names = dn[[2L]][j]))
}
return(ltMatrices(x[, i, drop = FALSE], diag = diag,
byrow = byrow, names = dn[[2L]]))
}

<

Fragment referenced in 13.

12



( subset ltMatrices 13) =

(.subset ltMatrices 12)
### if j is not ordered, result is not a lower triangular matrix
"[.1ltMatrices" <- function(x, i, j, ..., drop = FALSE) {
if (!'missing(j)) {
if (all(j > 0)) {
if (any(diff(j) < 0)) stop("invalid subset argument j")
}
}

return(.subset_ltMatrices(x = x, i = i, j = j, ..., drop = drop))

}

"[.syMatrices" <- function(x, i, j, ..., drop = FALSE) {

class(x) [1L] <- "ltMatrices"

ret <- .subset_ltMatrices(x =x, i =1i, j=3j, ..., drop = drop)
class(ret) [1L] <- "syMatrices"

ret

}

<

Fragment referenced in 2.

We check if this works by first subsetting the 1tMatrices object. Second, we coerse the object to
an array and do the subset for the latter object. Both results must agree.

> ## subset

> a <- as.array(ltMatrices(xn, byrow = FALSE)[1:2, 2:4])

> b <- as.array(ltMatrices(xn, byrow = FALSE))[2:4, 2:4, 1:2]

> chk(a, b)

> a <- as.array(ltMatrices(xn, byrow = TRUE)[1:2, 2:4])

> b <- as.array(ltMatrices(xn, byrow = TRUE))[2:4, 2:4, 1:2]

> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = FALSE, diag = TRUE)[1:2, 2:4])

> b <- as.array(ltMatrices(xd, byrow = FALSE, diag = TRUE))[2:4, 2:4, 1:2]
> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = TRUE, diag = TRUE)[1:2, 2:4])

> b <- as.array(ltMatrices(xd, byrow = TRUE, diag = TRUE))[2:4, 2:4, 1:2]
> chk(a, b)

With a different subset

> ## subset

>3 <-c(1, 3, 5)

> a <- as.array(ltMatrices(xn, byrow = FALSE)[1:2, j])

> b <- as.array(ltMatrices(xn, byrow = FALSE))[j, j, 1:2]

> chk(a, b)

> a <- as.array(ltMatrices(xn, byrow = TRUE)[1:2, j])

> b <- as.array(ltMatrices(xn, byrow = TRUE))[j, j, 1:2]

> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = FALSE, diag = TRUE)[1:2, j])

> b <- as.array(ltMatrices(xd, byrow = FALSE, diag = TRUE))[j, j, 1:2]
> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = TRUE, diag = TRUE)[1:2, jI)

> b <- as.array(ltMatrices(xd, byrow = TRUE, diag = TRUE))[j, j, 1:2]
> chk(a, b)

13



with negative subsets

> ## subset

> j <- -c(1, 3, 5)

> a <- as.array(ltMatrices(xn, byrow = FALSE)[1:2, j])

> b <- as.array(ltMatrices(xn, byrow = FALSE))[j, j, 1:2]

> chk(a, b)

> a <- as.array(ltMatrices(xn, byrow = TRUE)[1:2, jl)

> b <- as.array(ltMatrices(xn, byrow = TRUE))[j, j, 1:2]

> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = FALSE, diag = TRUE)[1:2, j])

> b <- as.array(ltMatrices(xd, byrow = FALSE, diag = TRUE))[j, j, 1:2]
> chk(a, b)

> a <- as.array(ltMatrices(xd, byrow = TRUE, diag = TRUE)[1:2, j])

> b <- as.array(ltMatrices(xd, byrow = TRUE, diag = TRUE))[j, j, 1:2]
> chk(a, b)

and with non-increasing argument j (this won’t work for lower triangular matrices, only for
symmetric matrices)

## subset

j <- sample(1:J)

1tM <- ltMatrices(xn, byrow = FALSE)
try (1tM[1:2, jI)

1tM <- as.syMatrices(1tM)

a <- as.array(1tM[1:2, j])

b <- as.array(1tM)[j, j, 1:2]

chk(a, b)

V VVVVVVYV

Extracting the lower triangular elements from an 1tMatrices object (or from an object of
class syMatrices) returns a matrix with N columns, undoing the effect of 1tMatrices

14



(lower triangular elements 15) =
Lower_tri <- function(x, diag = FALSE, byrow = attr(x, "byrow")) {

if (inherits(x, "syMatrices"))
class(x) [1L] <- "ltMatrices"

stopifnot(inherits(x, "ltMatrices"))

adiag <- diag

x <- ltMatrices(x, byrow = byrow)

(extract slots 9)

if (diag == adiag)
return(unclass(x))

if (!diag && adiag) {
diagonals(x) <- 1
return(unclass(x))

}

x <- unclass(x)
if (J==1) {

idx <- 1L
} else {
if (byrow)
idx <- cumsum(c(1, 2:J))
else
idx <- cumsum(c(1l, J:2))
}
return(x[-idx, ,drop = FALSE])
}
S

Fragment referenced in 2.

> ## J <- 4
> M <- 1tMatrices(matrix(1:10, nrow = 10, ncol = 2), diag = TRUE)
> Lower_tri(M, diag = FALSE)
[,1]1 [,2]
2.1 2 2
3.1 3 3
4.1 4 4
3.2 6 6
4.2 7 7
4.3 9 9

> Lower_tri(M, diag = TRUE)

(.11 [,2]
1

DWW NP NN -
NN R PR
~NOo O WwN
~NOo o WwN e
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3.3 8 8
4.3 9 9
4.4 10 10
attr(,"J")

[1] 4
attr(,"diag")
[1] TRUE

attr(, "byrow")
[1] FALSE
attr(,"rcnames")
[1] 111" I12ll ll3|l ll4ll

> M <- 1tMatrices(matrix(1:6, nrow = 6, ncol = 2), diag = FALSE)
> Lower_tri(M, diag = FALSE)

(.11 [,2]
1

AW d W N
NN -
oD WN e

.3
attr(,"
[1] 4
attr(,"diag")

[1] FALSE

attr(, "byrow")

[1] FALSE
attr(,"rcnames")
[1] "1n "2m n3n vgr

2
3
4
5
6
Jll

)

> Lower_tri(M, diag = TRUE)

(.11 [,2]
1

B WN PR WN
W WNNNEFP - -
R O O PR WP

.4
attr(,"
[1] 4
attr(,"diag")

[1] TRUE

attr(, "byrow")

[1] FALSE
attr(,"rcnames")
[1] "1n m2m n3n vg

1
2
3
1
4
5
1
6
1
Jll

)

> ## multiple symmetric matrices
> Lower_tri(invchol2cor(M))
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[,1] [,2]

2.1 -0.7071068 -0.7071068
3.1 0.4364358 0.4364358
4.1 -0.4481107 -0.4481107
3.2 -0.9258201 -0.9258201
4.2 0.9189002 0.9189002
4.3 -0.9974149 -0.9974149
attr(,"J")

[1] 4

attr(,"diag")

[1] FALSE

attr(, "byrow")

[1] FALSE

attr(,"rcnames")
[1] |l1|| |l2|| I|3|| l|4|l

2.5 Diagonal Elements

The diagonal elements of each matrix C; can be extracted and are always returned as an J x N
matrix.

( diagonals ltMatrices 17) =

diagonals <- function(x, ...)
UseMethod ("diagonals")

diagonals.ltMatrices <- function(x, ...) {
( extract slots 9)
x <- unclass(x)

if ('diag) {
ret <- matrix(1, nrow = J, ncol = ncol(x))
colnames(ret) <- dn[[1L]]
rownames (ret) <- dn[[2L]]
return(ret)
} else {
if (J == 1L) return(x)
if (byrow)
idx <- cumsum(c(1l, 2:J))
else
idx <- cumsum(c(1l, J:2))
ret <- x[idx, , drop = FALSE]
rownames (ret) <- dn[[2L]]
return(ret)

}
diagonals.syMatrices <- diagonals.ltMatrices
diagonals.matrix <- function(x, ...) diag(x)

<

Fragment referenced in 2.
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> all(diagonals(ltMatrices(xn, byrow = TRUE)) == 1L)
[1] TRUE

Sometimes we need to add diagonal elements to an 1tMatrices object defined without diagonal
elements.

(add diagonal elements 18 ) =
.adddiag <- function(x) {
stopifnot (inherits(x, "ltMatrices"))
if (attr(x, "diag")) return(x)
byrow_orig <- attr(x, "byrow")
x <- 1ltMatrices(x, byrow = FALSE)
N <- dim(x) [1L]
J <- dim(x) [2L]

nm <- dimnames(x) [[2L]]

L <- diag(J)
L[lower.tri(L, diag = TRUE)] <- 1:(J * (J + 1) / 2)

D <- diag(J)
ret <- matrix(D[lower.tri(D, diag = TRUE)],

nrow = J * (J +1) / 2, ncol = N)
colnames(ret) <- dimnames(x) [[1L]]
ret[L[lower.tri(L, diag = FALSE)],] <- unclass(x)

ret <- ltMatrices(ret, diag = TRUE, byrow = FALSE, names = nm)
ret <- ltMatrices(ret, byrow = byrow_orig)

ret

}

<

Fragment referenced in 2.

18



(assign diagonal elements 19) =

"diagonals<-" <- function(x, value)
UseMethod ("diagonals<-")

"diagonals<-.ltMatrices" <- function(x, value) {
(extract slots 9)

if (byrow)

idx <- cumsum(c(1, 2:J))
else

idx <- cumsum(c(1l, J:2))

### diagonals(x) <- NULL returns ltMatrices(..., diag = FALSE)
if (is.null(value)) {
if (lattr(x, "diag")) return(x)
if (J ==1L) {
x[] <-1
return(x)

}
return(ltMatrices(unclass(x) [-idx, ,drop = FALSE], diag = FALSE,
byrow = byrow, names = dn[[2L]]))
}

x <- .adddiag(x)

if ('is.matrix(value))
value <- matrix(value, nrow = J, ncol = d[1L])

stopifnot(is.matrix(value) && nrow(value) ==
&& ncol(value) == d[1L])

if (J == 1L) {
x[] <- value
return(x)

}
x[idx, ] <- value

return(x)

"diagonals<-.syMatrices" <- function(x, value) {

class(x) [1L] <- "ltMatrices"
diagonals(x) <- value
class(x) [1L] <- "syMatrices"

return(x)

}
©

Fragment referenced in 2.

> 1xd2 <- 1xn
> diagonals(1xd2) <- 1
> chk(as.array(1xd2), as.array(lxn))

19



A unit diagonal matrix is not treated as a special case but as an 1tMatrices object with all
lower triangular elements being zero

( diagonal matriz 20) =

diagonals.integer <- function(x, ...)
ltMatrices(rep(0, x * (x - 1) / 2), diag = FALSE, ...)
<

Fragment referenced in 2.

> (I5 <- diagonals(5L))

, 5 1

12345
110000
201000
300100
400010
500001

> diagonals(I5) <- 1:5
> I5

”1

12345
110000
202000
300300
400040
500005

2.6 Multiplication

Products C;y; or Cy; with y; € R/ for i = 1,..., N can be computed with y being an J x N
matrix of columns-wise stacked vectors (y1 | y2 | -+ | yn). If v is a single vector, it is recycled N
times.

If the number of columns of a matrix y is neither one nor N, we compute C;y; for all i =
1,...,N and j. This is dangerous but needed in cond_mvnorm later on.

For C;y;, we call C code computing the product efficiently without copying data by leveraging
the lower triangular structure of x

20



( mult ltMatrices 21a) =

##H# C Il y

Mult <- function(x, y, ...)
UseMethod ("Mult")
Mult.default <- function(x, y, transpose = FALSE, ...) {

if (!transpose) return(x %*% y)
return(crossprod(x, y))

}
Mult.ltMatrices <- function(x, y, transpose = FALSE, ...) {
(extract slots 9)
stopifnot(is.numeric(y))
if (!is.matrix(y)) y <- matrix(y, nrow = d[2L], ncol = d[1L])
N <- ifelse(d[1L] == 1, ncol(y), d[1L])
stopifnot(nrow(y) == d[2L])
if (ncol(y) !'= N)
return(sapply(1:ncol(y), function(i) Mult(x, y[,i], transpose = transpose)))
( mult ltMatrices transpose 23 )
x <- 1ltMatrices(x, byrow = TRUE)
if (!is.double(x)) storage.mode(x) <- "double"
if (!is.double(y)) storage.mode(y) <- "double"
ret <- .Call(mvtnorm_R_ltMatrices_Mult, x, y, as.integer(N),
as.integer(d[2L]), as.logical(diag))
rownames (ret) <- dn[[2L]]
if (length(dn[[1L]1]) == N)
colnames(ret) <- dn[[1L]]
return(ret)
}
o

Fragment referenced in 2.

The underlying C code assumes C; (here called C) to be in row-major order.

(RC input 21b) =

/* pointer to C matrices */
double *dC = REAL(C);
/* number of matrices */
int iN = INTEGER(N) [0];
/* dimension of matrices */
int iJ = INTEGER(J) [0];
/* C contains diagonal elements */
Rboolean Rdiag = asLogical(diag) ;
/*p=JFx* (J-1)/ 2+ diag * J */
int len = iJ * (iJ - 1) / 2 + Rdiag * iJ;
o

Fragment referenced in 22b, 24, 27, 28, 31a, 34, 40a.

We also allow C; to be constant (N is then determined from ncol(y)). The following fragment
ensures that we only loop over C; if dim(x) [1L] > 1

21



( C length 22a) =

int p;
if (LENGTH(C) == len)
/* C is constant for i =1, ..., N *x/
p=0;
else
/* C contains C_1, ...., C_N */
p = len;
o

Fragment referenced in 22b, 24, 27, 28, 31a, 40a.

The C workhorse is now

(mult 22b) =
SEXP R_ltMatrices_Mult (SEXP C, SEXP y, SEXP N, SEXP J, SEXP diag) {

SEXP ans;
double *dans, *dy = REAL(y);
int i, j, k, start;

(RC input 21b)
( C length 22a)

PROTECT (ans = allocMatrix(REALSXP, iJ, iN));
dans = REAL(ans);

for (i = 0; i < iN; i++) {
start = 0;
for (j = 0; j < iJ; j++) {
dans[j] = 0.0;
for (k = 0; k < j; k++)
dans[j] += dC[start + k] * dy[k];
if (Rdiag) {
dans[j] += dC[start + jl * dy[jl;
start += j + 1;
} else {
dans[j] += ayl[jl;
start += j;

}
}
dC += p;
dy += iJ;
dans += iJ;
}
UNPROTECT (1) ;
return(ans) ;
}
o

Fragment referenced in 3.

Some checks for C;y;

TRUE)
TRUE, diag = TRUE)

> lxn <- ltMatrices(xn, byrow
> 1xd <- 1ltMatrices(xd, byrow

22



<- matrix(runif(N * J), nrow = J)

<- Mult(lxn, y)

<- as.array(lxn)

<- do.call("rbind", lapply(1:ncol(y),
function(i) t(Al[,,i] /=% yl[,i,drop = FALSE])))

chk(a, t(b), check.attributes = FALSE)

a <- Mult(lxd, y)

A <- as.array(1lxd)

b <- do.call("rbind", lapply(1:ncol(y),

function(i) t(A[,,i] 7%*J% yl[,i,drop = FALSE])))

chk(a, t(b), check.attributes = FALSE)

### recycle C

chk(Mult(1xn[rep(1, N),], y), Mult(1xn[1,], y), check.attributes = FALSE)

### recycle y

chk(Mult(1xn, y[,1]), Mult(lxn, y[,rep(1, N)I))

### tcrossprod as multiplication

i <- sample(1:N)[1]

M <- t(as.array(1xn)[,,i])

a <- sapply(1:J, function(j) Mult(lxn[i,], M[,j,drop = FALSE]))

rownames (a) <- colnames(a) <- dimnames (1xn)[[2L]]

b <- as.array(Tcrossprod(1xn[i,]))[,,1]

chk(a, b, check.attributes = FALSE)

(o NI

VVVVVVVVVVVV+VVVV+VVVYV

For C;'—yi (transpose = TRUE), we add a dedicated C function paying attention to the lower
triangular structure of x. This function assumes x in column-major order, so we coerce this object
when necessary:

( mult ltMatrices transpose 23) =

if (transpose) {
x <- 1ltMatrices(x, byrow = FALSE)
if (!is.double(x)) storage.mode(x) <- "double"
if (!is.double(y)) storage.mode(y) <- "double"

ret <- .Call(mvtnorm_R_ltMatrices_Mult_transpose, x, y, as.integer(N),
as.integer(d[2L]), as.logical(diag))

rownames (ret) <- dn[[2L]]

if (length(dn[[1L]1]) == N)
colnames(ret) <- dn[[1L]]

return(ret)

}

<

Fragment referenced in 21a.

before moving to C for the low-level computations:
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(mult transpose 24) =
SEXP R_ltMatrices_Mult_transpose (SEXP C, SEXP y, SEXP N, SEXP J, SEXP diag) {

SEXP ans;
double *dans, *dy = REAL(y);
int i, j, k, start;

(RC input 21b)
( C length 22a)

PROTECT (ans = allocMatrix(REALSXP, iJ, iN));
dans = REAL(ans);

for (i = 0; i < iN; i++) {
start = 0;
for (j = 0; j < iJ; j++) {
dans[j] = 0.0;
if (Rdiag) {
dans[j] += dC[start] * dyl[jl;
start++;
} else {
dans[j] += dy[j]l;
}
for (k = 0; k < (iJ - j - 1); k++)
dans[j] += dC[start + k] * dy[j + k + 1];
start += iJ - j - 1;

}
dC += p;
dy += iJ;
dans += iJ;
}
UNPROTECT (1) ;
return(ans) ;
}
<o

Fragment referenced in 3.

and wrap-up with some tests for computing C; y;

a <- Mult(ilxn, y, transpose = TRUE)
A <- as.array(lxn)
b <- do.call("rbind", lapply(1:ncol(y),

function(i) t(t(A[,,i]) 7%*J) yl[,i,drop = FALSE])))
chk(a, t(b), check.attributes = FALSE)
a <- Mult(ixd, y, transpose = TRUE)
A <- as.array(1lxd)

function(i) t(t(A[,,i]) %*J% yl[,i,drop = FALSE])))

chk(a, t(b), check.attributes = FALSE)
### recycle C
chk (Mult(1xn[rep(1, N),], y, transpose = TRUE),
Mult(1xn[1,], y, transpose = TRUE), check.attributes = FALSE)
### recycle y
chk(Mult(1xn, yl[,1], transpose = TRUE),

>
>
>
+
>
>
>
> b <- do.call("rbind", lapply(1:ncol(y),
+
>
>
>
+
>
>
+ Mult(1xn, y[,rep(1, N)], transpose = TRUE))

24



Now we can add a Mult method for multiple symmetric matrices, noting that for a symmetric
matrix C = A + AT — diag(A) with lower triangular part A (including the diagonal) we can
compute Cy = Ay + ATy — diag(A)y using Mult applied to the lower trianular part:

(mult syMatrices 25) =
Mult.syMatrices <- function(x, y, ...) {
(extract slots 9)

class(x) [1L] <- "ltMatrices"

stopifnot(is.numeric(y))

if (!is.matrix(y)) y <- matrix(y, nrow = d[2L], ncol = d[1L])
N <- ifelse(d[1L] == 1, ncol(y), d[1L])

stopifnot (nrow(y) == d[2L])

stopifnot(ncol(y) == N)

ret <- Mult(x, y) + Mult(x, y, transpose = TRUE) - y * c(diagonals(x))
return(ret)

}

o

Fragment referenced in 2.

J <-5
N1 <- 10
ex <- expression({
C <- syMatrices(matrix(runif(N2 * J * (J + c(-1, 1) [DIAG + 1L] ) / 2), ncol = N2),
diag = DIAG)
x <- matrix(runif (N1 * J), nrow = J)
Ca <- as.array(C)
pl <- do.call("cbind", lapply(1:N1, function(i)
Cal,,c(1,i)[(N2 > 1) + 111 7=} x[,1i]))
p2 <- Mult(C, x)
chk(p1l, p2)
P
N2 <- N1
DIAG <- TRUE
eval (ex)
N2 <- 1
DIAG <- TRUE
eval (ex)
N2 <- 1
DIAG <- FALSE
eval (ex)
N2 <- N1
DIAG <- FALSE
eval (ex)

VVVVVVVVVVVV+++++++++V VYV

2.7 Solving Linear Systems
Computing Ci_1 or solving C;x; = y; for x; for all ¢ = 1,..., N is another important task. We

sometimes also need C; x; = y; triggered by transpose = TRUE.
Cis C;yi =1,..., N in column-major order (matrix of dimension J(J—1)/24 Jdiagx N), and y

25



is the J x N matrix (y1 | y2 | -+ | yn). This function returns the J x N matrix (x1 | xa | -+ | xn)
of solutions.

If y is not given, C; 1is returned in the same order as the orginal matrix C;. If all C; have
unit diagonals, so will C; .

We start with some options for the LAPACK workhorses

(lapack options 26)

char di, lo = 'L', tr = 'N';
if (Rdiag) {
/* non-unit diagonal elements */
di = 'N';
} else {
/* unit diagonal elements; NOTE: these diagonals 1s ARE always present but
ignored in the computations */
di = 'U';

/* t(C) instead of C */
Rboolean Rtranspose = asLogical(transpose);
if (Rtranspose) {

/* t(C) */
tr = 'T';
} else {
/* C x/
tr = 'N';
}
o

Fragment referenced in 27, 28.

and set-up a dedicated C function for computing C;x; = y;
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(solve 27) =

SEXP R_ltMatrices_solve (SEXP C, SEXP y, SEXP N, SEXP J, SEXP diag, SEXP transpose)
{

SEXP ans;
double *dans, *dy;
int i, j, info, ONE = 1;

(RC input 21b)

/* diagonal elements are always present */
if (!'Rdiag) len += iJ;

( C length 22a)

(lapack options 26)

dy = REAL(y);

PROTECT (ans = allocMatrix (REALSXP, iJ, iN));
dans = REAL(ans);

memcpy(dans, dy, iJ * iN * sizeof (double));

/* loop over matrices, ie columns of C / y */
for (i = 0; i < iN; i++) {

/* solve linear system */
F77_CALL(dtpsv) (&lo, &tr, &di, &iJ, dC, dans, &ONE FCONE FCONE FCONE);
dans += iJ;
dC += p;
}

UNPROTECT (1) ;
return(ans) ;

}

<

Fragment referenced in 3.

and then for computing C; L explicitly
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(solve C'28) =

SEXP R_ltMatrices_solve_C (SEXP C, SEXP N, SEXP J, SEXP diag, SEXP transpose)

{
SEXP ans;
double *dans;
int i, j, info, jj, idx, ONE = 1;
(RC input 21b)
/* diagonal elements are always present */
if (!Rdiag) len += iJ;
( C length 22a)
(lapack options 26)
PROTECT (ans = allocMatrix(REALSXP, len, iN));
dans = REAL(ans);
memcpy (dans, dC, iN * len * sizeof (double));
/* loop over matrices, ie columns of C / y */
for (i = 0; i < iN; i++) {
/* compute inverse */
F77_CALL(dtptri) (&lo, &di, &iJ, dans, &info FCONE FCONE) ;
if (info != 0)
error ("Cannot solve ltmatices");
dans += len;
}
UNPROTECT (1) ;
/* note: ans always includes diagonal elements */
return(ans) ;
}
o

Fragment referenced in 3.

with R interface
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( solve ltMatrices 29) =
solve.ltMatrices <- function(a, b, transpose = FALSE, ...) {
byrow_orig <- attr(a, "byrow")

x <- ltMatrices(a, byrow = FALSE)

diag <- attr(x, "diag")

### dtptri and dtpsv require diagonal elements being present
if (!diag) diagonals(x) <- diagonals(x)

d <- dim(x)

J <- d[2L]

dn <- dimnames(x)

if (!is.double(x)) storage.mode(x) <- "double"

if (!'missing(b)) {
if (lis.matrix(b)) b <- matrix(b, nrow = J, ncol = d[1L])
stopifnot (nrow(b) == J)
N <- ifelse(d[1L] == 1, ncol(b), d[1L])
stopifnot(ncol(b) == N)
if (!is.double(b)) storage.mode(b) <- "double"
ret <- .Call(mvtnorm_R_ltMatrices_solve, x, b,
as.integer(N), as.integer(J), as.logical(diag),
as.logical(transpose))
if (d[1Ll] == N) {
colnames(ret) <- dn[[1L]]
} else {
colnames(ret) <- colnames(b)
}
rownames (ret) <- dn[[2L]]
return(ret)

}

if (transpose) stop("cannot compute inverse of t(a)")

ret <- .Call(mvtnorm_R_ltMatrices_solve_C, x,
as.integer(d[1L]), as.integer(J), as.logical(diag),
as.logical (FALSE))

colnames(ret) <- dn[[1L]]

if (!diag)
### ret always includes diagonal elements, remove here
ret <- ret[- cumsum(c(1l, J:2)), , drop = FALSE]

ret <- 1ltMatrices(ret, diag = diag, byrow = FALSE, names = dn[[2L]])
ret <- ltMatrices(ret, byrow = byrow_orig)
return(ret)

}

<

Fragment referenced in 2.

and some checks

> ## solve

> A <- as.array(lxn)

a <- solve(lxn)

a <- as.array(a)

b <- array(apply (A, 3L, function(x) solve(x), simplify = TRUE),

vV Vv Vv
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dim = rev(dim(lxn)))

chk(a, b, check.attributes = FALSE)

A <- as.array(1lxd)

a <- as.array(solve(lxd))

b <- array(apply (4, 3L, function(x) solve(x), simplify = TRUE),
dim = rev(dim(1xd)))

chk(a, b, check.attributes = FALSE)

chk(solve(lxn, y), Mult(solve(lxn), y))

chk(solve(lxd, y), Mult(solve(lxd), y))

### recycle C

chk(solve(1xn[1,], y), as.array(solve(1xn([1,]))[,,1] %*J y)

chk(solve(lxn[rep(1, N),], y), solve(lxn[1,], y), check.attributes = FALSE)

### recycle y

chk(solve(lxn, y[,1]), solve(lxn, y[,rep(1, N)]1))

VVVVVVVYV +VVYVYV 4+

also for C x; = y;

> chk(solve(lxn[1,], y, transpose = TRUE),
t(as.array(solve(1xn[1,]1))[,,1]1) %*% y)

+

2.8 Log-determinants
For computing the log-determinant log(det(C;)) = Z;]:l log(diag(C;),;) we sum over the log-

diagonal entries of a lower triangular matrix in C, both when the data are stored in row- and
column-major order:

30



(logdet 31a) =
SEXP R_ltMatrices_logdet (SEXP C, SEXP N, SEXP J, SEXP diag, SEXP byrow)

SEXP ans;
double *dans;
int i, j, k;

( RC input 21b)
Rboolean Rbyrow = asLogical(byrow);
( C length 22a)

PROTECT (ans = allocVector (REALSXP, iN));
dans = REAL(ans);

for (i = 0; i < iN; i++) {
dans[i] = 0.0;
if (Rdiag) {
k=1;
for (j = 0; j < iJ; j++) {
dans[i] += log(dClk - 11);
k += (Rbyrow ? j + 2 : iJ - j);

}
dC += p;
}
}
UNPROTECT (1) ;
return(ans) ;
}
&

Fragment referenced in 3.

The R interface now simply calls this low-level function

(logdet ltMatrices 31b) =
logdet <- function(x) {

if (!inherits(x, "ltMatrices"))
stop("x is not an ltMatrices object")

byrow <- attr(x, "byrow")

diag <- attr(x, "diag")

d <- dim(x)

J <- d[2L]

dn <- dimnames (x)

if (!is.double(x)) storage.mode(x) <- "double"

ret <- .Call(mvtnorm_R_ltMatrices_logdet, x,
as.integer (d[1L]), as.integer(J), as.logical(diag),
as.logical (byrow))
names (ret) <- dn[[1L]]
return(ret)
}
o

Fragment referenced in 2.

31



We test the functionality by extracting the diagonal elements from different matrices and summing
over their logarithms

chk(logdet (1xn), colSums(log(diagonals(1lxn))))
chk(logdet (1xd[1,]), colSums(log(diagonals(1xd[1,]))))
chk (logdet (1xd), colSums(log(diagonals(1xd))))

1xd2 <- 1tMatrices(lxd, byrow = lattr(lxd, "byrow"))
chk(logdet (1xd2), colSums(log(diagonals(1xd2))))

vV VvV Vv Vv Vv

2.9 Crossproducts

Compute C;C; or diag(C;C,) (diag_only = TRUE) for i = 1,...,N. These are symmetric
matrices, so we store them as a lower triangular matrix using a different class name syMatrices.
We write one C function for computing C;C,' or C; C; (Rtranspose being TRUE).

We differentiate between computation of the diagonal elements of the crossproduct

(first element 32a) =

dans[0] = 1.0;
if (Rdiag)
dans [0] = pow(dC[0], 2);
if (Rtranspose) { // crossprod
for (k = 1; k < iJ; k++)
dans[0] += pow(dC[IDX(k + 1, 1, iJ, Rdiag)l, 2);
}

<

Fragment referenced in 32b, 33a.

(tcrossprod diagonal only 32b) =

PROTECT (ans = allocMatrix(REALSXP, iJ, iN));
dans = REAL(ans);
for (n = 0; n < iN; n++) {
(first element 32a)
for (i =1; i < iJ; i++) {
dans[i] = 0.0;
if (Rtranspose) { // crossprod
for (k =1 + 1; k < iJ; k++)
dans[i] += pow(dC[IDX(k + 1, i + 1, iJ, Rdiag)l, 2);
} else { // tcrossprod
for (k = 0; k < i; k++)
dans[i] += pow(dC[IDX(i + 1, k + 1, iJ, Rdiag)l, 2);
}
if (Rdiag) {
dans[i] += pow(dC[IDX(i + 1, i + 1, iJ, Rdiag)l, 2);
} else {
dans[i] += 1.0;

}
}
dans += iJ;
dC += len;
}
<

Fragment referenced in 34.
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and computation of the full J x J crossproduct matrix

(terossprod full 33a) =

nrow = iJ * (iJ + 1) / 2;
PROTECT (ans = allocMatrix (REALSXP, nrow, iN));
dans = REAL(ans);
for (n = 0; n < INTEGER(N) [0]; n++) {
( first element 32a)
for (i =1; i < iJ; i++) {
for (j = 0; j <=1 j+o) {
ix = IDX(1 + 1, j + 1, iJ, 1);
dans[ix] = 0.0;
if (Rtranspose) { // crossprod
for (k =i+ 1; k < iJ; k++)
dans[ix] +=
dC[IDX(k + 1, i + 1, iJ, Rdiag)] *
dC[IDX(k + 1, j + 1, iJ, Rdiag)];
} else { // tcrossprod
for (k = 0; k < j; kt++)
dans[ix] +=
dC[IDX(i + 1, k
dClIDX(j + 1, k

iJ, Rdiag)] *
iJ, Rdiag)];

+ +
=

}
if (Rdiag) {
if (Rtranspose) {
dans[ix] +=
dC[IDX(i + 1, i + 1, iJ, Rdiag)] =*

dC[IDX(i + 1, j + 1, iJ, Rdiag)];
} else {
dans[ix] +=
dC[IDX(i + 1, j + 1, iJ, Rdiag)] *
dC[IDX(j + 1, j + 1, iJ, Rdiag)];
}
} else {
if (j < i)
dans[ix] += dC[IDX(i + 1, j + 1, iJ, Rdiag)];
else
dans[ix] += 1.0;
}
}
}
dans += nrow;
dC += len;
}
o

Fragment referenced in 34.

and put both cases together

(IDX 33b) =
#define IDX(i, j, mn, d) ((1) >= (§) 7 (@) * ((J) - 1) - ((G) - 2) = ((G) - /2 + @) - (G) - (*d) * (

o

Fragment referenced in 34, 40a.
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(tcrossprod 34) =

(IDX 33b)

SEXP R_ltMatrices_tcrossprod (SEXP C, SEXP N, SEXP J, SEXP diag,
SEXP diag_only, SEXP transpose) {

SEXP ans;
double *dans;
int i, j, n, k, ix, nrow;

(RC input 21b)

Rboolean Rdiag_only = asLogical(diag_only);
Rboolean Rtranspose = asLogical(transpose);

if (Rdiag_only) {

(terossprod diagonal only 32b)
} else {

(terossprod full 33a)

}
UNPROTECT (1) ;
return(ans) ;
}
S

Fragment referenced in 3.

with R interface

34



(terossprod ltMatrices 35) =

### C %*)% t(C) => returns object of class syMatrices
### diag(C %*) t(C)) => returns matrix of diagonal elements
.Tcrossprod <- function(x, diag_only = FALSE, transpose = FALSE) {

if (!inherits(x, "ltMatrices")) {
ret <- tcrossprod(x)
if (diag_only) ret <- diag(ret)
return(ret)

}

byrow_orig <- attr(x, "byrow")
diag <- attr(x, "diag")

d <- dim(x)
N <- d[1L]
J <- d[2L]

dn <- dimnames(x)

x <- 1ltMatrices(x, byrow = FALSE)
if (!is.double(x)) storage.mode(x) <- "double"

ret <- .Call(mvtnorm_R_ltMatrices_tcrossprod, x, as.integer(N), as.integer(J),
as.logical(diag), as.logical(diag_only), as.logical(transpose))
colnames(ret) <- dn[[1L]]
if (diag_omnly) {
rownames (ret) <- dn[[2L]]
} else {
ret <- 1ltMatrices(ret, diag = TRUE, byrow = FALSE, names = dn[[2L]])
ret <- as.syMatrices(ltMatrices(ret, byrow = byrow_orig))
}
return(ret)
}
Tcrossprod <- function(x, diag_only = FALSE)
.Tcrossprod(x = x, diag_only = diag_only, transpose = FALSE)
o

Fragment referenced in 2.

We could have created yet another generic tcrossprod, but base: :tcrossprod is more general
and, because speed is an issue, we don’t want to waste time on methods dispatch.

## Tcrossprod

a <- as.array(Tcrossprod(lxn))

b <- array(apply(as.array(lxn), 3L, function(x) tcrossprod(x), simplify = TRUE),
dim = rev(dim(1lxn)))

chk(a, b, check.attributes = FALSE)

# diagonal elements only

d <- Tcrossprod(lxn, diag_only = TRUE)

chk(d, apply(a, 3, diag))

chk(d, diagonals(Tcrossprod(1xn)))

a <- as.array(Tcrossprod(1lxd))

b <- array(apply(as.array(lxd), 3L, function(x) tcrossprod(x), simplify = TRUE),
dim = rev(dim(1lxd)))

chk(a, b, check.attributes = FALSE)

# diagonal elements only

d <- Tcrossprod(lxd, diag_only = TRUE)

VVV+VVVVVVYV +VYVYV
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> chk(d, apply(a, 3, diag))
> chk(d, diagonals(Tcrossprod(1xd)))

We also add Crossprod, which is a call to Tcrossprod with the transpose switch turned on

( crossprod ltMatrices 36 ) =

Crossprod <- function(x, diag_only = FALSE)
.Tcrossprod(x, diag_only = diag_only, transpose = TRUE)
o

Fragment referenced in 2.

and run some checks

## Crossprod

a <- as.array(Crossprod(1xn))

b <- array(apply(as.array(lxn), 3L, function(x) crossprod(x), simplify
dim = rev(dim(1lxn)))

chk(a, b, check.attributes = FALSE)

# diagonal elements only

d <- Crossprod(lxn, diag_only = TRUE)

chk(d, apply(a, 3, diag))

chk(d, diagonals(Crossprod(lxn)))

a <- as.array(Crossprod(1xd))

b <- array(apply(as.array(lxd), 3L, function(x) crossprod(x), simplify
dim = rev(dim(1xd)))

chk(a, b, check.attributes = FALSE)

# diagonal elements only

d <- Crossprod(lxd, diag_only = TRUE)

chk(d, apply(a, 3, diag))

chk(d, diagonals(Crossprod(1xd)))

VVVVV+VVVVVVV+VVYV

2.10 Cholesky Factorisation

TRUE),

TRUE) ,

One might want to compute the Cholesky factorisations ¥; = C;C; for multiple symmetric

matrices X;, stored as a matrix in class syMatrices.
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( chol syMatrices 37) =
chol.syMatrices <- function(x, ...) {

byrow_orig <- attr(x, "byrow")
dnm <- dimnames (x)
stopifnot(attr(x, "diag"))

d <- dim(x)

### x is of class syMatrices, coerse to ltMatrices first and re-arrange
### second
x <- ltMatrices(unclass(x), diag = TRUE,
byrow = byrow_orig, names = dnm[[2L]])
x <- 1ltMatrices(x, byrow = FALSE)
# class(x) <- class(x)[-1]
if (!is.double(x)) storage.mode(x) <- "double"

ret <- .Call(mvtnorm_R_syMatrices_chol, x,
as.integer(d[1L]), as.integer(d[2L]))
colnames(ret) <- dnm[[1L]]

ret <- ltMatrices(ret, diag = TRUE,
byrow = FALSE, names = dnm[[2L]])
ret <- ltMatrices(ret, byrow = byrow_orig)

return(ret)
}

<

Fragment referenced in 2.

Luckily, we already have the data in the correct packed colum-major storage, so we swiftly loop
over i =1,...,N in C and hand over to LAPACK
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(chol 38) =
SEXP R_syMatrices_chol (SEXP Sigma, SEXP N, SEXP J) {

SEXP ans;

double *dans, *dSigma;

int iJ = INTEGER(J) [0];

int pJ = iJ * (1J + 1) / 2;
int iN = INTEGER(N) [0];

int i, j, info = 0;

char lo = 'L';

PROTECT (ans = allocMatrix(REALSXP, pJ, iN));
dans = REAL(ans);
dSigma = REAL(Sigma);

for (i = 0; i < iN; i++) {
/* copy data */
for (j = 0; j < pJ; j++)
dans[j] = dSigmalj]l;

F77_CALL(dpptrf) (&lo, &iJ, dans, &info FCONE);

if (info !'= 0) {
if (info > 0)

error("the leading minor of order %d is not positive definite",

info);
error ("argument %d of Lapack routine %s had invalid value",
-info, "dpptrf");

}
dSigma += pJ;
dans += pJ;
}
UNPROTECT (1) ;
return(ans) ;
}
<o

Fragment referenced in 3.

This new chol method can be used to revert Tcrossprod for 1tMatrices with and without unit

diagonals:

Sigma <- Tcrossprod(1xd)

chk(chol(Sigma), 1xd)

Sigma <- Tcrossprod(lxn)

## Sigma and chol(Sigma) always have diagonal, 1xn doesn't
chk(as.array(chol (Sigma)), as.array(lxn))

V V. Vv Vv Vv

2.11 Kronecker Products

We sometimes need to compute vec(S)T (AT ® C), where S is a lower triangular or other J x
J matrix and A and C are lower triangular J x J matrices. With the “vec trick”, we have
vec(S)T(AT ® C) = vec(CTSAT)T. The LAPACK function dtrmm computes products of lower
triangular matrices with other matrices, so we simply call this function looping over i = 1,..., V.
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(4(C) S t(A)30) =

char siR = 'R', siL = 'L', 1lo = 'L', tr = 'N', trT = 'T', di = 'N', trs;
double ONE = 1.0;
int iJ2 = iJ * iJ;

double tmp[iJ2];
for (j = 0; j < iJ2; j++) tmp[j]l = 0.0;

ans = PROTECT(allocMatrix(REALSXP, iJ2, iN));
dans = REAL(ans);

for (i = 0; i < LENGTH(ans); i++) dans[i] = 0.0;
for (i = 0; i < iN; i++) {
/* A :=C %/

for (j = 0; j < iJ; j++) {
for (k = 0; k <= j; k++)
tmplk * iJ + j1 = dC[IDX(j + 1, k + 1, iJ, 1L)1;
}

/* S was already expanded in R code; B = S */
for (j = 0; j < iJ2; j++) damns[j] = dS[jl;

/* B := t(A) %*x% B x/

trs = (RtC ? trT : tr);

F77_CALL(dtrmm) (&sil, &lo, &trs, &di, &iJ, &iJ, &ONE, tmp, &ilJ,
dans, &iJ FCONE FCONE FCONE FCONE) ;

/* A */
for (j = 0; j < iJ; j++) {
for (k = 0; k <= j; k++)
tmp[k * iJ + j] = dA[IDX(j + 1, k + 1, iJ, 1L)];
}

/* B := B %x}% t(A) %/

trs = (RtA ? txT : tr);

F77_CALL(dtrmm) (&siR, &lo, &trs, &di, &iJ, &iJ, &ONE, tmp, &iJ,
dans, &iJ FCONE FCONE FCONE FCONE) ;

dans += iJ2;

dC += p;
ds += iJ2;
dA += p;

}

<o

Fragment referenced in 40a.
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(vec trick 40a) =

(IDX 33b)
SEXP R_vectrick(SEXP C, SEXP N, SEXP J, SEXP S, SEXP A, SEXP diag, SEXP trans) {

int i, j, k;
SEXP ans;
double *dS, *dans, *dA;

/* note: diag is needed by this chunk but has no consequences */
(RC input 21b)
( C length 22a)
dS = REAL(S);
dA = REAL(A);

Rboolean RtC
Rboolean RtA

LOGICAL (trans) [0];
LOGICAL(trans) [1];

(t(C) St(A) 39)

UNPROTECT (1) ;
return(ans) ;

}

<

Fragment referenced in 3.

In R, we compute CTSAT by default or CSAT or CTSA or CTSAT by using the trans argument
in vectrick. Argument C is an 1tMatrices object

( check C argument 40b) =

stopifnot (inherits(C, "ltMatrices"))

if ('attr(C, "diag")) diagonals(C) <- 1
C_byrow_orig <- attr(C, "byrow")

C <- 1tMatrices(C, byrow = FALSE)

dC <- dim(C)

nm <- attr(C, "rcnames")

N <- 4C[1L]

J <- dc[2L]

class(C) <- class(C)[-1L]

if (!is.double(C)) storage.mode(C) <- "double"
o

Fragment referenced in 42.

S can be an 1tMatrices object or a J? x N matrix featuring columns of vectorised J x J matrices
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( check S argument 41a) =

S1tM <- inherits(S, "ltMatrices")
if (s1tM) {
if (lattr(S, "diag")) diagonals(S) <- 1
S_byrow_orig <- attr(S, "byrow")
stopifnot (S_byrow_orig == C_byrow_orig)
S <- ltMatrices(S, byrow = FALSE)
ds <- dim(S)
stopifnot (dC[2L] == dS[2L])
if (dC[1] != 1L) {
stopifnot (dC[1L] == dS[1L])
} else {
N <- ds[1L]
}
## argument A in dtrmm is not in packed form, so expand in J x J
## matrix
S <- matrix(as.array(S), ncol = dS[1L])
} else {
stopifnot(is.matrix(S))
stopifnot (nrow(8) == J~2)
if (dc[1] !'= 1L) {
stopifnot (dC[1L] == ncol(S))

} else {
N <- ncol(S)
}
}
if (!'is.double(S)) storage.mode(S) <- "double"
o

Fragment referenced in 42.

A is an 1tMatrices object

(check A argument 41b) =

if (missing(Ad)) {
A<-C
} else {
stopifnot(inherits(A, "1ltMatrices"))
if (lattr(A, "diag")) diagonals(A) <- 1
A_byrow_orig <- attr(A, "byrow")
stopifnot (C_byrow_orig == A_byrow_orig)
A <- 1tMatrices(A, byrow = FALSE)
dA <- dim(A)
stopifnot(dC[2L] == dA[2L])
class(A) <- class(A)[-1L]
if (!is.double(A)) storage.mode(A) <- "double"
if (dC[1L] != dA[1L]) {
if (dC[1L] == 1L)
C <- C[, rep(1, N), drop
if (dA[1L] == 1L)
A <- A[, rep(1, N), drop = FALSE]
stopifnot(ncol(A) == ncol(C))

FALSE]

}
©

Fragment referenced in 42.
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We put everything together in function vectrick

( kronecker vec trick 42) =
vectrick <- function(C, S, A, transpose = c(TRUE, TRUE)) {

stopifnot(all(is.logical(transpose)))
stopifnot(length(transpose) == 2L)

( check C argument 40b )
( check S argument 41a)
(check A argument 41b)

ret <- .Call(mvtnorm_R_vectrick, C, as.integer(N), as.integer(J), S, A,
as.logical(TRUE), as.logical(transpose))

if (!S1tM) return(matrix(c(ret), ncol = N))

L <- matrix(1:(J~2), nrow = J)
ret <- ltMatrices(ret[L[lower.tri(L, diag = TRUE)],,drop = FALSE],
diag = TRUE, byrow = FALSE, names = nm)
ret <- ltMatrices(ret, byrow = C_byrow_orig)
return(ret)
}

<

Fragment referenced in 2.

Here is a small example

J <- 10
d <- TRUE
L <- diag(J)

L[lower.tri(L, diag = d)] <- prm <- runif(J * (J + c(-1, 1)[d + 1]) / 2)
C <- solve(L)

D <- -kronecker(t(C), C)

S <- diag(J)

S[lower.tri(S, diag = TRUE)] <- x <- runif(J * (J + 1) / 2)

SDO <- matrix(c(S) /*J D, ncol = J)

SD1 <- -crossprod(C, tcrossprod(S, C))

a <- I1tMatrices(C[lower.tri(C, diag = TRUE)], diag = TRUE, byrow = FALSE)
b <- ltMatrices(x, diag = TRUE, byrow = FALSE)

SD2 <- -vectrick(a, b, a)

SD2a <- -vectrick(a, b)

chk (SD2, SD2a)

chk (SDO[lower.tri(SDO, diag = d)],
SD1[lower.tri(SD1, diag = d)])
chk (SDO[lower.tri(SDO, diag = d)],

c(unclass(SD2)))
### same; but SD2 is vec(SDO)
S <- t(matrix(as.array(b), byrow = FALSE, nrow = 1))
SD2 <- -vectrick(a, S, a)
SD2a <- -vectrick(a, S)
chk (SD2, SD2a)
chk(c(SD0), c(SD2))
### N > 1

VVVVVVYV+YV +VVVVVVVVVVVVVVVYV
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N <- 4L

prm <- runif(J * (J - 1) / 2)

C <- ltMatrices (prm)

S <- matrix(runif(J"2 * N), ncol = N)

A <- vectrick(C, S, C)

Cx <- as.array(C)[,,1]

B <- apply(S, 2, function(x) t(Cx) J}*} matrix(x, ncol = J) 7*J t(Cx))
chk(A, B)

A <- vectrick(C, S, C, transpose = c(FALSE, FALSE))

Cx <- as.array(C)[,,1]

B <- apply(S, 2, function(x) Cx }*J, matrix(x, ncol = J) J*J, Cx)
chk (A, B)

VVVVVVVVVVVYV

2.12 Convenience Functions

We add a few convenience functions for computing covariance matrices 3; = CiCl—T, precision
matrices P; = L] L;, correlation matrices R; = éiéi—r (where C;, = diag(CiC;r)_%Ci), or
matrices of partial correlations A; = —L] L; with L; = L;diag(L; L;)~ 2 from L; (invchol) or
C;=L;"' (chol) fori=1,...,N.

First, we set-up functions for computing C,

(D times C 43) =
Dchol <- function(x, D = 1 / sqrt(Tcrossprod(x, diag_only = TRUE))) {
x <- .adddiag(x)
byrow_orig <- attr(x, "byrow")
x <- ltMatrices(x, byrow = TRUE)
N <- dim(x) [1L]
J <- dim(x) [2L]
nm <- dimnames(x) [[2L]]
x <- unclass(x) * D[rep(1:J, 1:J),,drop = FALSE]
ret <- ltMatrices(x, diag = TRUE, byrow = TRUE, names = nm)
ret <- ltMatrices(ret, byrow = byrow_orig)

return(ret)

}

<

Fragment referenced in 45.

and C7! = Lidiag(L; 'Ly )2
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(L times D 44) =

### invcholD = solve(Dchol)
invcholD <- function(x, D = sqrt(Tcrossprod(solve(x), diag_only = TRUE))) {

X <- .adddiag(x)

byrow_orig <- attr(x, "byrow")

x <- ltMatrices(x, byrow = FALSE)
N <- dim(x) [1L]

J <- dim(x) [2L]
nm <- dimnames (x) [[2L]]

1]

x <- unclass(x) * D[rep(1:J, J:1),,drop = FALSE]

ret <- ltMatrices(x, diag = TRUE, byrow = FALSE, names = nm)
ret <- ltMatrices(ret, byrow = byrow_orig)
return(ret)

3

<

Fragment referenced in 45.

and now the convenience functions are one-liners:

44



( conventience functions 45) =

(D times C 43)
(L times D 44)

### C -> Sigma
chol2cov <- function(x)
Tcrossprod(x)

### L -> C
invchol2chol <- function(x)
solve(x)

### C -> L
chol2invchol <- function(x)
solve(x)

### L -> Sigma
invchol2cov <- function(x)
chol2cov(invchol2chol(x))

### L -> Precision
invchol2pre <- function(x)
Crossprod (x)

### C -> Precision
chol2pre <- function(x)
Crossprod(chol2invchol(x))

### C -> R

chol2cor <- function(x) {
ret <- Tcrossprod(Dchol(x))
diagonals(ret) <- NULL
return(ret)

### L -> R

invchol2cor <- function(x) {
ret <- chol2cor(invchol2chol(x))
diagonals(ret) <- NULL
return(ret)

#it# L -> A

invchol2pc <- function(x) {
ret <- -Crossprod(invcholD(x, D = 1 / sqrt(Crossprod(x, diag_only = TRUE))))
diagonals(ret) <- 0
ret

### C -> A

chol2pc <- function(x)
invchol2pc(solve(x))

o

Fragment referenced in 2.

Here are some tests
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+ VvV + VvV +VVVVYV + VYV

prec2pc <- function(x) {
ret <- -cov2cor(x)
diag(ret) <- 0
ret

}

L <- 1xn

Sigma <- apply(as.array(L), 3,

function(x) tcrossprod(solve(x)), simplify = FALSE)

Prec <- lapply(Sigma, solve)

Corr <- lapply(Sigma, cov2cor)

CP <- lapply(Corr, solve)

PC <- lapply(Prec, function(x) prec2pc(x))

chk(unlist (Sigma), c(as.array(invchol2cov(L))),
check.attributes = FALSE)

chk(unlist (Prec), c(as.array(invchol2pre(L))),
check.attributes = FALSE)

chk(unlist(Corr), c(as.array(invchol2cor(L))),
check.attributes = FALSE)

chk(unlist(CP), c(as.array(Crossprod(invcholD(L)))),
check.attributes = FALSE)

chk(unlist (PC), c(as.array(invchol2pc(L))),
check.attributes = FALSE)

C <- Ixn
Sigma <- apply(as.array(C), 3,
function(x) tcrossprod(x), simplify = FALSE)

Prec <- lapply(Sigma, solve)

Corr <- lapply(Sigma, cov2cor)

CP <- lapply(Corr, solve)

PC <- lapply(Prec, function(x) prec2pc(x))

chk(unlist(Sigma), c(as.array(chol2cov(C))),
check.attributes = FALSE)

chk (unlist (Prec), c(as.array(chol2pre(C))),
check.attributes = FALSE)

chk(unlist(Corr), c(as.array(chol2cor(C))),
check.attributes = FALSE)

chk(unlist (CP), c(as.array(Crossprod(solve(Dchol(C))))),
check.attributes = FALSE)

chk (unlist(PC), c(as.array(chol2pc(C))),
check.attributes = FALSE)

L <- 1xd
Sigma <- apply(as.array(L), 3,
function(x) tcrossprod(solve(x)), simplify = FALSE)

Prec <- lapply(Sigma, solve)

Corr <- lapply(Sigma, cov2cor)

CP <- lapply(Corr, solve)

PC <- lapply(Prec, function(x) prec2pc(x))

chk(unlist(Sigma), c(as.array(invchol2cov(L))),
check.attributes = FALSE)

chk(unlist (Prec), c(as.array(invchol2pre(L))),
check.attributes = FALSE)

chk (unlist(Corr), c(as.array(invchol2cor(L))),
check.attributes = FALSE)
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chk(unlist(CP), c(as.array(Crossprod(invcholD(L)))),
check.attributes = FALSE)

chk(unlist (PC), c(as.array(invchol2pc(L))),
check.attributes = FALSE)

+ VvV + Vv

C <- 1xd
Sigma <- apply(as.array(C), 3,
function(x) tcrossprod(x), simplify = FALSE)

Prec <- lapply(Sigma, solve)

Corr <- lapply(Sigma, cov2cor)

CP <- lapply(Corr, solve)

PC <- lapply(Prec, function(x) prec2pc(x))

chk(unlist (Sigma), c(as.array(chol2cov(C))),
check.attributes = FALSE)

chk(unlist (Prec), c(as.array(chol2pre(C))),
check.attributes = FALSE)

chk (unlist(Corr), c(as.array(chol2cor(C))),
check.attributes = FALSE)

chk(unlist(CP), c(as.array(Crossprod(solve(Dchol(C))))),
check.attributes = FALSE)

chk(unlist (PC), c(as.array(chol2pc(C))),
check.attributes = FALSE)

+ VvV+V+V+YV +VVVVYV + VYV

We also add an aperm method for class 1tMatrices

((aperm 47) =
aperm.ltMatrices <- function(a, perm, is_chol = FALSE, ...) {

if (is_chol) { ### a is Cholesky of covariance
Sperm <- chol2cov(a) [,perm]
return(chol (Sperm))

}

Sperm <- invchol2cov(a) [,perm]
chol2invchol (chol (Sperm))
}

<

Fragment referenced in 2.

> L <- 1xn

> J <- dim(L) [2L]

> Lp <- aperm(a = L, perm = p <- sample(1:J), is_chol = FALSE)
> chk(invchol2cov (L) [,p], invchol2cov(Lp))

> C <- 1xn

> J <- dim(C) [2L]

> Cp <- aperm(a = C, perm = p <- sample(1:J), is_chol = TRUE)
> chk(chol2cov(C) [,p], chol2cov(Cp))

2.13 Marginal and Conditional Normal Distributions
Marginal and conditional distributions from distributions Y, ~ N;(0, CiC;-'—) (chol argument

for C; fori =1,...,N)or Y; ~ NJ(0J7L;1L;T) (invchol argument for L; for ¢ = 1,...,N)
shall be computed.
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(mec input checks 48a) =

stopifnot (xor (missing(chol), missing(invchol)))
x <- if (missing(chol)) invchol else chol

stopifnot (inherits(x, "ltMatrices"))

N <- dim(x) [1L]
J <- dim(x) [2L]
if (is.character(which)) which <- match(which, dimnames(x) [[2L]])
stopifnot(all(which %inJ 1:J))
o
Fragment referenced in 48b, 50b.

The first j marginal distributions can be obtained from subsetting C or L directly. Arbitrary
marginal distributions are based on the corresponding subset of the covariance matrix for which
we compute a corresponding Cholesky factor (such that we can use lpmvnorm later on).

(marginal 48b) =
marg_mvnorm <- function(chol, invchol, which = 1L) {
('mc input checks 48a)

if (which[1] == 1L && (length(which) == 1L ||
all(diff (which) == 1L))) {
### which is 1:j
tmp <- x[,which]
} else {
if (missing(chol)) x <- solve(x)
tmp <- base::chol(Tcrossprod(x) [,which])
if (missing(chol)) tmp <- solve(tmp)
}

if (missing(chol))

ret <- list(invchol = tmp)
else

ret <- list(chol = tmp)

ret

}

<

Fragment referenced in 2.

We compute conditional distributions from the precision matrices Z}i_l =P, = L'L; (we omit
the ¢ index from now on). For an arbitrary subset j C {1,...,J}, the conditional distribution of
Y_j given Yj =yj is

Y| Y;=y;~Ny <_P:j17—jP_j’jy-i’P:j1;—j)

and we return a Cholesky factor C such that P:jl 5= CCT (if chol was given) or L = C~! (if
invchol was given).

We can implement this as
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( cond general 49) =
stopifnot(!center)

if (!missing(chol)) ### chol is C = Cholesky of covariance

P <- Crossprod(solve(chol)) ### P = t(L) %*), L with L = C~-1
else ### invcol is L = Cholesky of precision

P <- Crossprod(invchol)

Pw <- P[, -which]
chol <- solve(base::chol(Pw))
Pa <- as.array(P)
Sa <- as.array(S <- Crossprod(chol))
if (dim(chol) [1L] == 1L) {
Pa <- Pal[,,1]
Sa <- sal,,1]
mean <- -Sa %*}% Pa[-which, which, drop = FALSE] J*J, given
} else {
if (ncol(given) == N) {
mean <- sapply(1:N, function(i)
-Sal,,i] %*% Pa[-which,which,i] %#*J, given[,i,drop = FALSE])
} else { ### compare to Mult() with ncol(y) !%in% (1, N)
mean <- sapply(1:N, function(i)
-Sal,,i] %*% Pal-which,which,i] %#J given)

}

<

Fragment referenced in 50b.

Ifj={1,...,7 < J} and L is given, computations simplify a lot because the conditional precision
matrix is

T T
P =0 L) =L ;L

and thus we return L = L_; _; (if invchol was given) or C = L:J.l _j (if chol was given). The
conditional mean is

1 1 r-T T
PPy = o b T by
1
= L5 L5

We sometimes, for example when scores with respect to L~} =3 shall be computed in slpmvnorm,
need the negative rescaled mean L_j;;y; and the center = TRUE argument triggers this values to
be returned.

The implementation reads
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( cond simple 50a) =

if (which[1] == 1L && (length(which) == 1L ||
all(diff(which) == 1L))) {

### which is 1:j
L <- if (missing(invchol)) solve(chol) else invchol
tmp <- matrix(0, ncol = ncol(given), nrow = J - length(which))
centerm <- Mult(L, rbind(given, tmp)) [-which,,drop = FALSE]
L <- L[,-which]
if (missing(invchol)) {

if (center)

return(list(center = centerm, chol = solve(L)))

return(list (mean = -solve(L, centerm), chol = solve(L)))
}
if (center)

return(list(center = centerm, invchol = L))
return(list(mean = -solve(L, centerm), invchol = L))

3

<

Fragment referenced in 50b.

( conditional 50b) =
cond_mvnorm <- function(chol, invchol, which_given = 1L, given, center = FALSE) {

which <- which_given
('mc input checks 48a)

if (N == 1) N <- NCOL(given)
stopifnot(is.matrix(given) && nrow(given) == length(which))

( cond simple 50a )
( cond general 49)

chol <- base::chol(S)
if (missing(invchol))
return(list (mean = mean, chol = chol))

return(list (mean = mean, invchol = solve(chol)))

}

<

Fragment referenced in 2.

Let’s check this against the commonly used formula based on the covariance matrix, first for the
marginal distribution

Sigma <- Tcrossprod(1lxd)

j <-1:3

chk(Sigmal,jl, Tcrossprod(marg_mvnorm(chol
j <- 2:4

chk(Sigmal,j], Tcrossprod(marg_mvnorm(chol
Sigma <- Tcrossprod(solve(1xd))

j <- 1:3

chk(Sigmal, jl, Tcrossprod(solve(marg_mvnorm(invchol = 1xd, which = j)$invchol)))

1xd, which = j)$chol))

1xd, which = j)$chol))

V VVVVYV VYV
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j <- 2:4
> chk(Sigmal,j], Tcrossprod(solve (marg_mvnorm(invchol = 1xd, which = j)$invchol)))

and then for conditional distributions. The general case is

Sigma <- as.array(Tcrossprod(1xd))[,,1]

j <- 2:4

y <- matrix(c(-1, 2, 1), nrow = 3)

cm <- Sigmal[-j, j,drop = FALSE] J*J, solve(Sigmalj,jl) %*% y

cS <- Sigmal[-j, -j] - Sigmal-j,j,drop = FALSE] %*}
solve(Sigmalj,j]) 7*7% Sigmalj,-j,drop = FALSE]

cmv <- cond_mvnorm(chol = 1xd[1,], which = j, given = y)

chk(cm, cmv$mean)

chk(cS, as.array(Tcrossprod(cmv$chol))[,,1])

Sigma <- as.array(Tcrossprod(solve(1lxd)))[,,1]

j <- 2:4

y <- matrix(c(-1, 2, 1), nrow = 3)

cm <- Sigmal[-j, j,drop = FALSE] J*J, solve(Sigmalj,jl) %*k y

cS <- Sigma[-j, -j] - Sigma[-j,j,drop = FALSE] }*}
solve(Sigmalj,jl) %*) Sigmalj,-j,drop = FALSE]

cmv <- cond_mvnorm(invchol = 1xd[1,], which = j, given = y)

chk(cm, cmv$mean)

chk(cS, as.array(Tcrossprod(solve(cmv$invchol)))[,,1])

VVV+VVVVVVVV+VVYVVYV

and t