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Abstract

Nonparanormal models describe the joint distribution of multivariate responses via
latent Gaussian, and thus parametric, copulae while allowing flexible nonparametric
marginals. Some aspects of such distributions, for example conditional independence,
are formulated parametrically. Other features, such as marginal distributions, can be for-
mulated non- or semiparametrically. Such models are attractive when multivariate nor-
mality is questionable but interpretability paramount. Most estimation procedures per-
form two steps, first estimating the nonparametric part. The copula parameters come
second, treating the marginal estimates as known. This is sufficient for some applications.
For other applications, e.g. when a semiparametric margin features parameters of inter-
est or when standard errors are important, a simultaneous estimation of all parameters
might be more advantageous. We present suitable parameterisations of nonparanormal
models, possibly including semiparametric effects, and define four novel nonparanormal
log-likelihood functions. In general, the corresponding one-step optimisation problems
are shown to be non-convex. In some cases, however, biconvex problems emerge. Sev-
eral convex approximations are discussed. From a low-level computational point of view,
the core contribution is the score function for multivariate normal log-probabilities com-
puted via Genz’' procedure. As a demonstration for the versatility of the theoretical and
computational framework, we present a series of nonparanormal models for transfor-
mation discriminant analysis when some biomarkers are subject to limit-of-detection
problems. Possible empirical gains of full maximum likelihood estimation compared to
two-step approaches are illustrated in a simulation study targeting semiparametric effi-
cient polychoric correlation analysis where a theoretical benchmark is available.
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2 Torsten Hothorn

1. Introduction

The multivariate normal distribution comes with a high potential for addiction due to its
covariance and precision matrix containing information about marginal and conditional indepen-
dence, respectively. The fact that many foundations of classical and contemporary multivariate
statistics, such as linear or quadratic discriminant analysis, graphical models, or structural equa-
tion models, have been defined in terms of this distribution can be explained by these favourable
properties. However, normality is the exception rather than the rule in the real world. As an al-
ternative to a full normality detox, statisticians may sacrifice marginal normality while retaining
joint normality on some latent scale. This idea has been popularised under different terms, for
example as “nonparanormal models” (Liu et al., 2009) or “coordinatewise Gaussianisation” (Mai
et al., 2023), but its roots go deeper. For multivariate ordinal variables, Joreskog, 1994 suggested
the estimation of “polychoric correlations” defined by a latent bivariate normal distribution cou-
pled with marginal ordinal probit models. Corresponding concepts in multivariate analysis are
discussed in Joe, 1997 and similar principles have been applied in semiparametric copula esti-
mation (Joe, 2005; Klaassen and Wellner, 1997), where marginal parameters are estimated first,
followed by a second step of estimating the copula parameters conditionally on margins. The rank
likelihood (Hermes et al., 2024; Hoff, 2007) does not condition on marginal ranks but treats the
marginal distributions as nuisance parameters and focuses on the sole estimation of Gaussian
copula parameters.

While such ideas have been very successfully applied for the estimation of dependency struc-
tures also in high-dimensional multivariate data, more complex models for both marginal and
joint distributions are necessary in many applications. Very much in the spirit of Chen et al,,
2006, simultaneous likelihood estimation of and inference for marginal and copula parameters
in more complex models is our main interest here. The motivation comes from a wide range
of applications of the nonparanormal model where the application of a “normalise and forget”
scheme is not adequate. For general discrete (Popovic et al., 2018) or mixes of continuous and
discrete variables (potentially allowing missing observations in some responses, Christoffersen
et al,, 2021; Gobler et al., 2024; Pritikin et al., 2018), rank-based approaches are more difficult
to justify. Access to the full likelihood covering all model parameters is required in semipara-
metric discriminant analysis (Mai and Zou, 2015) or for analysing multivariate interval-censored
survival data (Ding and Sun, 2022). Most interesting are nonparanormal models where the mar-
ginal distributions, for example in multivariate regression models (e.g. in multivariate GLMs or
other linear models, Lesaffre and Kaufmann, 1992; Nikoloulopoulos, 2023; Song et al., 2009),
or the copula parameters (e.g. in time-varying graphical models, Lu et al., 2018) feature parame-
ters capturing covariate effects. The most striking example necessitating the joint estimation of
marginal and copula parameters is a model class for survival analysis under dependent censor-
ing (Deresa and Keilegom, 2023). Here, marginally estimated distributions for time-to-event and
time-to-censoring are biased and only the joint model leads to properly identified and estimable
parameters. In Section 7, a selection of special applications and models with potential benefits
from the contributions to likelihood-based inference made in this work is discussed.

We proceed by suggesting parameterisations of the nonparanormal model for discrete, con-
tinuous, and mixed discrete-continuous multivariate responses and derive the several variants
of nonparanormal log-likelihoods, including “empirical” or “nonparametric” and “parametric” fla-
vours, and the corresponding score functions. In general, maximum likelihood estimation in this
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model class is shown to be non-convex. We discuss convex approximations, which might be
useful at least for the computation of starting values. The theory and computational framework
presented here allows implementation of a rather general likelihood estimation toolbox for many
interesting applications. For some areas in multivariate analysis discussed in Section 7 and be-
yond, this toolbox helps to setup likelihood and score functions. Coupled with suitable opti-
misation routines, joint maximum likelihood estimation of all model parameters becomes com-
putationally feasible in a range of relevant problems. As an illustration highlighting the practical
potential of this framework, we introduce novel forms of discriminant analyses for evaluating the
diagnosis of hepatocellular carcinoma based on only partially observed non-normal biomarker
data. Regarding the statistical properties of maximum nonparanormal likelihood estimation, it
is demonstrated empirically that copula parameters obtained from optimising the nonparanor-
mal log-likelihood attain the semiparametric efficiency bound derived by Klaassen and Wellner,
1997. A more in-depth analysis of theoretical properties of these estimators is beyond the scope
of this paper.

2. The Nonparanormal Model

We jointly observe J response variables Y = (Yi,...,Y,)" from at least ordered sample
spaces Y; € V;,j = 1,..., J. The nonparanormal (NPN) model Y ~ NPN(h, X) features J
monotonically non-decreasing transformation functions h = (hq, .. ., hJ)T, one for each dimen-
sion h; : Y, — R and, in addition, a positive semidefinite J x J covariance matrix X such
that the joint cumulative distribution function can be written in terms of normal probabilities
P(Y < y) = ®x(h(y)), where &5 is the joint cumulative distribution function of N,(0, X). In
case all elements of Y are continuous, each h; is bijective and one typically (Liu et al., 2009) writes
NPN(h~1, X) for the absolutely continuous distribution of Y = h~!(Z) generated by a latent
multivariate normal variable Z = h(Y) ~ N,(0, X). The copula parameters X are identified as a
consequence of the uniqueness of the copula in Sklar's theorem. We allow more general sample
spaces for binary, ordered, count, or otherwise discrete variables and mixed continuous-discrete
variables and thus neither require J; = R for j = 1,..., J nor the existence of h~1. In this dis-
crete situation, identifiability issues arise with two-step copula estimators, however, maximum
likelihood estimation has been demonstrated to work in special cases (Section 6.2., Genest and
Neslehova, 2007).

The model is invariant with respect to rescaling, that is

NPN(h, X) = NPN (diag(d)'h, diag(d) X diag(d))

foralld = (di,...,d;)" € R/ with d; > 0forallj = 1,...,J and diag(d) the J x J diagonal
matrix. Thus, identifiability constraints on X are needed. One option is to require X;; = 1 forj =
1,...,J leading to the interpretation of h; as probit-transformed marginal distribution function
P(Y; <yj) = ®(hi(y;)) forally; € V;,j=1,..., J.

Alternatively, we write £ = Q- 1Q~T in terms of the inverse lower triangular Cholesky factor
Q! of the covariance matrix X and require Q;; =1forj =1,...,J. This implies X;; = 1 and
X;>1forj=2..., J and we define ®q := &g 1o-7. In the absolutely continuous case with
Y € R/, the model Y ~ NPN(h, Q7 1Q~T) is identical to a structural equation model defined by
a series of additive transformation models beginning with the marginal model

P(Y1 < y1) = ®(h1(x1))
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and proceeding with all J — 1 induced additive regression models, that is, the conditional models
PY; <y |Yi=y,....Yi1=yj1 ZQUh vl i=2....J

forany (y1,...,ys)" € R7.In other words, the rows of Q contain regression coefficients for the
conditional distribution of Y; given its predecessors and the transformation h;(Y;) is conditionally
standard normal. For excluswely binary outcomes Y; = {0,1},j =1,..., Jwehave P(Y; = 0V) =
1,...,J)=®x(8), where 6 = (61,...,6,)" € R/ with¢; = /071 IP’(Y =0)).

In the presence of covariates X = x € X, one can characterise the model via the conditional
joint cumulative distribution function

(1) P(YY <y [ X =x)=®g(h(y | x))

where the covariates impact the transformation functions h(y | x), the covariance matrix X(x),
or both. For example, simple probit linear transformation models

2) hi(y; | x) = hi(y;) —x B, je{l,....J}

feature linear covariate effects. More elaborate choices include transformation functions h;(y; |
x) of the form ®~1(F;(h;(y;) — x" B;)), where F; : R — [0, 1] denotes an absolutely continuous
distribution function with log-concave density. For example, a marginal Weibull model can be
formulated via the inverse complementary log-log (F; = cloglog™!) and a log-linear function
hi(y;) (see Table 1 in Hothorn et al., 2018). Also the joint distribution might change with x, for
example via linear models for the off-diagonal elements of the inverse Cholesky factor

1 1<j=y<J
© Q) (x) = 1o
ajt+x' v, 1<;<j<J

In the context of multivariate transformation models, such a parameterisation has been proposed
by Klein et al., 2022. For multivariate normal distributions, the same idea was applied by Barratt
and Boyd, 2023. For the sake of notational simplicity, we will consider the unconditional case in
Sections 3 to 6 and comment on such conditional extensions in Section 7.

3. Parameterisation

The term “nonparanormal” insinuates a combination of nonparametrically parameterised mar-
ginal distributions with a parametric Gaussian copula. As a gold standard, we therefore first de-
rive the “nonparanormal” log-likelihood via nonparametric margins from N independent samples
Yi,..., Yn ~ NPN(h, X) with realisations Y; = (Yi, ..., Y:;)T whose elements were drawn
from the corresponding sample space Yj; € V;,i=1,...,N;j=1,...,J.

In the model NPN(h, X), we first parameterise the j =1, ..., J transformation functions h;.
In each dimension j = 1, ..., J, we consider the “empirical” sample space given by the ordered
unique realisations v; = {vj1, ..., Uik} C Yy withvj 1 <wvjpfork=2,..., K(j). For the ith
observation in the jth variable, write r(i,j) € {1, ..., K(j)} such thatY;; = v; (; j). In the absence

of ties, r(i, /) is the rank of the ith observation in the sample Y, ..., Yn;. We can now param-
eterise the transformation function h; as a step function hj(vjx) = 0jx € Rfor k = 0,..., K(j)
with values 6jo = —oo and 6k(j) = oo at the boundaries. The jth marginal parameter vector
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6, = (6j1.....0;k()-1)" € RKU-1 comes with a monotonicity constraint D;68; > 0x;)_» de-
fined by the (K(j) — 2) x (K(j) — 1) first order difference matrix D;. Finally, we collect all mar-
ginal parameters in the parameter vector 8 = (01T ..... GT) € RZJ 1(KG)-1) fully specifying h.
Because the number of parameters K(j) grows with the sample size whenever the sample space
is infinite, the situation here is typically referred to as being “nonparametric”, although the vec-
tor @ contains parameters, in fact, potentially many of them. The connection to the “parametric”
situation will be made in the next section.

Second, we parameterise the inverse Cholesky factor Q of the covariance matrix X = Q- 1Q-T
by defining a lower triangular unit matrix A = A(X) in terms of its unconstrained lower triangular
elements A = (A21, A1, - - -, A1) € R’Y~Y/2_ The first option to ensure parameter identifiabil-
ity is to write Q = Q(l)(A) = N to obtain Q;; = 1forj =1,...,J was already mentioned. As a
second option, we can write @ = Q()(A) = Adiag(A~'A~T)/2 such that £ = Q1Q~ T is equal
to diag(A"*A~T)"2A=*A~T diag(A~A~T) "2 ensuring the conditionX;; = 1,j = 1,..., J. Con-
sequently, h;(Y;) is now marginally standard normal in the absolute continuous case. The trans-
formation to conditional standard normality arises from SZ Ih; i(Y;). In the following we refer to
these two options as Q() for s = 1, 2. In either case, X is parameterised in terms of the J(J-1)/2
lower triangular parameters A of A and is, for all values of A, symmetric and positive semidefinite.
Furthermore, if A;, = 0, then Y; and Y, are conditionally independent given the remaining vari-
ablesinv, ..., Y; in both parameterisations (the reverse might not be true when some margins
are discrete, see Genest and Neslehova, 2007, Section 4.1.).

4. Nonparanormal Log-likelihoods

In the following, we use the term “likelihood” in its broadest sense, including Fishers original
definition of it as being proportional to the probability of the observed data and approximations
thereof in terms of absolutely continuous densities (Lindsey, 1999, Section 5). This point of
view allows us to choose between “empirical” or “nonparametric” and “parametric” variants (or
combinations thereof) motivated by practical necessity and computational convenience.

Before deriving the joint log-likelihood for all J variables, we consider the likelihood for 6;,
that is, the parameters defining the jth marginal distribution. For the absolutely continuous case
recall that the empirical or nonparametric log-likelihood (Owen, 2001) given by

N )
(4) Z log ((6),r(ijy) — ®(6) r(ij)-1)) = Z log $(z) dz

' jir(i)—1
leads to a convex problem whose analytical solution ¢(9Aj'r(,-yj)) = r(i,j)/N is identical to the
empirical cumulative distribution function evaluated that v; (; ;). From this perspective, many
“nonparametric” estimators can be motivated as maximum empirical likelihood estimators and
we will follow this path with the nonparanormal log-likelihood to be introduced in Formula (6).

Furthermore, assume we had directly observed the latent multivariate normal variables Z; ~
N, (0, 271Q~T) with absolute continuous density

(5) P(z| Q) = exp ——Iog (2m) Zlog i) \Qz||2

diag(Q) > 0,Q ¢ RJXJ lower triangular
Peer Community Journal, Vol. 6 (2026), article e105 https://doi.org/10.24072/pcjournal 814
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fori=1,..., N. Then, the parametric negative log-likelihood Z(o (Q)=-3N 1 N(O)( Q) with

J
0 1
5)@) = log((Z; | Q) o —3QZi[3 +3_ log(2)
j=1
is convex in Q (Barratt and Boyd, 2023). In this section, we leverage both principles to define a
novel log-likelihood for the NPN model.

4.1. The Nonparanormal Log-likelihood

The nonparanormal log-likelihood for all J variables is a direct extension of the bivariate log-
likelihood for ordinal data proposed by Joreskog, 1994. By replacing the univariate standard
normal density ¢ in the nonparametric log-likelihood (4) with the J-dimensional density ¢(z | 2)
of N,(0,271Q~ ) while keeping the integration limits for the jth dimension in a J-dimensional
integral, we define the nonparanormal log-likelihood by Z(JS)(B,/\) =N l (0 A) with

(6) KSSI)(G,A) = Iog (Pg)‘ (ﬂ (i )—1 < h_,(Y,J) < 91-,,(,-’J-))>

j=1

= log (Bae (H(Y1) € 5,(6)))

= log (/B,-(e) ¢ (z | Q(s)()\)> dz) , se{l,2}

where B;(8) = {zc R’/ | 8 i1 < 2 < 0jpijyid = 1,..., J}. We refer to this nonparanormal
log-likelihood £((8, A) as “NPN log-likelihood”.

4.2. The Smooth Nonparanormal Log-likelihood

The number of parameters K(j) grows with N for infinite sample spaces ); and one might
want to reduce the number of parameters in such cases. For ); C R, define 0 = hj(vjx | 9;) =
a;(vjk) "9} in terms of a spline basis a; : J; — RPU) and corresponding coefficients 9; € RPU),
potentially under some constraint D;9; > 0. Typically, P(j) < K(j). For finite discrete sample
spaces )j, we use the same notation with 9, = 6 and hj(vjx | ;) = ex(;)(k)' 9j, where
a;j(vjk) = ex(i)(k) denotes the unit vector of length K(j) with non-zero element k and P(j) =
K(j). For a fixed sample size, the empirical sample space discussed in Section 3 is finite discrete
and we can thus establish a one-to-one connection between discrete and nonparametrically
parameterised continuous models. Motivations for and examples of such parameterisations can
be found in Hothorn et al., 2018. Let 8; = 8;(9;) and 8(39) = (6:(81),..., 0,(9,)")" for
9= (81,...,9,)" and define the log-likelihood £ (8, A) := £{7(8(®), A). Because the bases a
and thus the transformations a;(y;) " 9; are smooth in y;, we refer to the log-likelihood e(s)(ﬂ, A)
as “smooth NPN log-likelihood”, allowing us to estimate a fully parametric model featuring a fixed
number of parameters by maximising an empirical likelihood.

4.3. The Flow Nonparanormal Log-likelihood

When all response variables are absolutely continuous, we can approximate the smooth NPN
log-likelihood defined through log-probabilities by the corresponding multivariate log-densities.
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The multivariate density function giving rise to the multivariate distribution function of the non-
paranormal model

h(y) y
BY <y) = ®q(h(y))= / $(z| Q) dz = / (h(7) | Q)det(H (7)) dy

motivates the approximate log-likelihood

OHCRY Z'og( ((a(¥in [ B), .. hy(¥is [ 927 [ 2IN)) +

Zlog (Vi 19)), se{12}

where h;(Y;; | 9;) = aJ(Y,J)Tﬂ and hi(Y;; | 8;) = aj(¥;;)"8; (Hothorn et al., 2018). Because
Qh(Y) ~ Ny(0,I) is a simple normalising flow (Papamakarlos et al., 2021), we use the term
“flow NPN log-likelihood” for Z(JS)(ﬂ, A).

4.4. The Mixed Nonparanormal Log-likelihood

If some response variables are discrete and some absolutely continuous, one can approxi-
mate the absolutely continuous parts by the corresponding flow NPN log-likelihood in a mixed
continuous-discrete log-likelihood. Without loss of generality, assume that the first 1 < ; < J
variables Y, are absolutely continuous and the remaining J — ; variables are discrete. We first
partition the inverse Cholesky factor

QZ(QA 0)
Q% Qc

with the continuous Qx € R/ and discrete Q¢ € RU-*(U=)) parts being lower triangular
and the full matrix Qg € RU=)*/ representing the interplay between continuous and discrete
variables. We then obtain (Y3,...,Y))" ~ NPN((hy,...,h)T", QKIQ;T), a NPN model for the
continuous part with flow NPN log-likelihood 55)(01 ..... 9, X1, ..., A,,—1),and the conditional
distribution of discrete given continuous variables

Y1 .. Yo Yi=y,....Y, =y, ~NPN (( JH,...,hJ)T—,L,leQgT)

with p = —Qc'Qg(h1(y1), ..., h(y,))" € R/, thatis, a NPN model for the discrete part given
the realisations of the continuous variables. The log-likelihood contribution of all variables is
then the sum of ZJ(’S,)(z‘)l, ... 9, X1, ..., 2,,—1) and the term

) (818,801, 05,210, A1) =

Iog(/ ¢(z—p,|§2g)) dz), se{1,2}
Bi(0,+1,....0)

where B;(BJH, ...,0y ) = {Z S R/ ’ (i j)—1 < z < ijr(,"j);j = J+ 1,.. .,_/}. Here, H =
}L(ﬂl,...,'ﬂj,)\1+1’1,.. >\JJ 1) —Q(s) Q(Bs)(hl(yl | ﬂl),...,hj(yj | 19]))7' ERJ_J depends on
Qg) and Q(CS) which, in turn, depend on (A\,111, ..., AyJ_1)-
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In total, we can write the log-likelihood function for all, discrete and continuous, response
variables as

N
) 1,...,9,0,...0,0) = S 8019, 000, 0, 1)+
i=1

K(J,S,-)U(ﬂl ----- 9,641, .., 00 A1, As-1)

and we refer to this form of the log-likelihood as “mixed NPN log-likelihood".

In summary, we defined the NPN log-likelihood z(j)(a, ) and three approximations thereof.
The smooth NPN log-likelihood Z(JS)(G(ﬂ), ) computes log-probabilities based on smooth trans-
formations, the flow NPN log-likelihood Z(Js)(ﬂ,A) for absolute continuous responses approxi-
mates log-probabilities by log-densities, and the mixed NPN log-likelihood, given by the term
&(91,...,9,,6,,...,0,,)), mixes the flow NPN log-likelihood defined by log-densities of the
marginal distribution for j = 1, ..., with log-probabilities for the remaining elements (which
again can be in form of a NPN log-likelihood or a smooth NPN log-likelihood). Each of these
log-likelihoods can be coupled with either constraint s = 1 (unit diagonal in Q) or s = 2 (X being
a correlation matrix). Ways to enhance these log-likelihoods to covariate effects in h or Q are
discussed in Section 7.

4.5. Evaluation of Log-likelihood and Score Functions

Computing the flow NPN log-likelihood involves simple matrix multiplications whose gradi-
ent with respect to 9 is

o8 (9, 2)

1
e —5 29T QI (@1 () 81, a(¥in) T9) () +
J

both for s = 1 and s = 2. For s = 1, the score function with respect to A is

i) (9,2)
oA,
for 1 < j < j < J. The case of s = 2 is more elaborate, the score function is derived in Hothorn,
2026b listed in the supplementary material, see Section 10.

The NPN log-likelihood, smooth NPN log-likelihood, and mixed NPN log-likelihood require
the evaluation of multivariate normal probabilities over boxes B; and the algorithm by Genz,
1992 has been widely applied to approximate such probabilities by quasi-Monte-Carlo integra-
tion. The only attempt to also approximate the score function for these log-probabilities we are
aware of was described for the special case of binary outcomes by Christoffersen et al., 2021.

In this simplest form, for B; = {z € R/ | b < z < b}, the probability defining the NPN
log-likelihood contribution is approximated as

%
&=
S
)
3
|
Q
3
=3
5

exp (ef)(e, »)

j—1
(W) = & (Bf =Y NGO, + W(e(W) — dJ(W)))) . e(W) =o(b)
=1
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and the expectation is over W = (W4, .. ., W;-1)T € RI=L, W, ~ U(0,1) whose elements are
independent. The expectation in turn is approximated by the mean over M independent draws
of W. The question arises how many samples M are required when searching for the maximiser
of the sample log-likelihood

N
NS el(e, ).
i=1
Conceptually, because Y7y, .. ., Y n were assumed to be independent, the variance of this mean

of log-probabilities e(j,?(e, ) converges to zero as the number of observations N increases, re-

gardless of M. For finite samples, of course, one should assess the impact of M on the maximum
likelihood estimators for 8 and A and choose M large enough. Graz et al., 2026 reports exten-
sive simulation results indicating that, depending on context, maximum likelihood estimation
may being to stabilise with values as small as M = 250 or M = 500.

Instead of approximating both the log-likelihood and the corresponding score function, we
propose to approximate the log-likelihood by Genz’ method in a first step and, in a second step, to
derive the exact score function of this approximation rather than an approximate score function
of the true log-likelihood. Conditionally on M realisations of W, the score function with respect
to b and b and the score function with respect to the lower off-diagonal elements of A—1 can
be computed deterministically by the chain-rule. Scores with respect to A are then given by
—A~T ® AL, A modular re-implementation of Genz, 1992 algorithm and its score function, also
for s = 2, is given in Hothorn, 2026b as listed in Section 10.

5. Properties and Convex Approximations

Unfortunately, neither of these nonparanormal log-likelihoods leads to a convex optimisation
problem. We study the properties of each of the four log-likelihoods in the following theorems
whose proofs are given in Appendix A. These disappointing results, however, lead to some in-
sights allowing to suggest some convex approximations to these problems.

We first consider the flow NPN log-likelihood Z(Js)(ﬂ,)\), which only involves multivariate
normal densities, transformation functions, and derivatives thereof.

Theorem 1. Minimising —Z(Js)(ﬂ, ) subject to D;®; > 0 forj = 1,...,J is a biconvex problem in
8 € RZ(PUD gnd X € Rz for s = 1,2.

The negative NPN log-likelihood, defined by log-probabilities, is not necessarily convex in A.

Theorem 2. Minimising —e(j)(e, A) subject to D;@; > 0 for j = 1,...,J is a convex problem in

0 € RZ=(K0D for given X € R™V V2 for s = 1,2. It is not necessarily convex in A € R*-/2,

Consequently, the negative smooth NPN log-likelihood is also not necessarily convex in A.

Under independence (that is, for A = 0), the NPN log-likelihood Z(JS)(B, 0) = Zlezj(ej) is the

sum of J marginal empirical log-likelihoods and therefore 84, . . ., 8 are orthogonal. This property
is lost whenever A # 0 and therefore Z(Js)(B,A) has to be maximised with respect to both 6
and A simultaneously for proper estimation and uncertainty assessment. We conclude with a

statement about the mixed NPN log-likelihood.

Corollary 1. Minimising —ZJSU)(ﬂl, ...,9,,0,,...,0,, ) subjectto D;8; > 0forj=1,...,J—1
and D,0, > 0 is a biconvex problem fors = 1and y = J — 1, that is in (91, ..., 9,.1,0,) €

RKU)-1+Z5(PO-1) gnd A € RV fors = 1, 2.

Peer Community Journal, Vol. 6 (2026), article e105 https://doi.org/10.24072/pcjournal 814


https://doi.org/10.24072/pcjournal.814

10 Torsten Hothorn

Given the malign nature of the optimisation problems involved, we discuss three convex
approximations which, at the very least, help to derive good starting values:

(1) Minimise —¢;(8;), or —£;(8;(9;)), in (4), and obtain the empirical marginal estimate 8,
forallj =1,...,Jand get & = (@1, . @J)T. One typically tries to avoid 6; y = oo by
changing the estimator to the normal score r(i,j)(N 4+ 1)~ = q’(éj,r(i,j)) (or a winsorised
version, Mai et al., 2023) when estimating 6; (this problem is not present when a smoothly
parameterised model is given by 3,). Define Z; = (6, ,(;1).---.0,,is)" and minimise
—&) (2@ () with respect to . This maintains the interpretation of ®(; ) as jth
marginal distribution function evaluated at Y;.

(2) For the flow NPN log-likelihood, an iterative version with alternating estimation of A or
9, that is, switching between the two target functions Z(f)(@, A) and Z(f)(ﬂ, ), is known
as alternate convex search (ACS) which, under certain conditions, might converge (Gorski
et al., 2007).

(3) (a) Solve the convex problem (in ¥;) and minimise —Z(ls)(ﬂl) subject to D; 91 > 0.

(b) Solve the convex problem (in 9> and X21) and minimise —ng)(f?l, 92, A21) subject to
D2‘l92 > 0.

(c) Solve the convex problem (in 93 and X3.) and minimise —5(35)(3)1, 92, 93, Ao1, A3.) sub-
jectto D393 > 0.

(d) Repeat until j = J. Solve the convex problem (in 9, and X;.) and minimise

—Z(f)(@l, ’32, ey 1/9_/_1, 19_/,3\21, .. .,5\(_/,1).,)_/.)

subject to D8, > 0.

The approaches in 1. are variants of the two-step maximum pseudo likelihood estimator,
where the parameters of the marginal models are fitted first. Treating these parameters as known,
the copula parameters are then estimated in a second step. Two-step maximum pseudo like-
lihood estimators are used as starting values for the simultaneous maximisation of NPN log-
likelihood functions with respect to all model parameters in Section 6.

The sequential approximation 3. fits a series of linear transformation models to regressors
h1,...,hj_1, where only 9; and the jth row X;. of A are updated. This works for s = 1,2 and also
allows penalisation of the A parameters for high(er)-dimensional data as suggested for normal
models by Khare et al., 2019. Variants 2. and 3. could also be combined with the smooth and
mixed NPN log-likelihood.

6. Empirical Comparisons

The theoretical and computational framework presented in Sections 2-5 is too broad to be
empirically evaluated in an exhaustive way. We therefore focus on one application highlighting
the versatility of the framework and a simple simulation setup to illustrate potential practical
merits. A more comprehensive picture of the empirical performance of maximum nonparanormal
likelihood estimation emerges from simulation results published elsewhere: Klein et al., 2022
investigate the flow NPN log-likelihood with covariate-dependent A, Graz et al., 2026 estimate
and evaluate multivariate count models obtained by maximisation of the NPN log-likelihood,
and the mixed NPN log-likelihood was evaluated for the estimation of time-dependent receiver
operating characteristic curves (Sewak et al., 2026a) and in covariate adjustment procedures
(Dandl and Hothorn, 2026).
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6.1. Transformation Discriminant Analysis

We discuss a discrimination function for hepatocellular carcinoma (HCC) diagnosis based on
four biomarkers (DKK: Dickkopf-1, OPN: osteopontin, PIV: protein induced by vitamin K absence
or antagonist-Il, and AFP: alpha-fetoprotein). Based on data reported from a retrospective case-
control study of 403 subjects by Jang et al., 2016, Sewak et al., 2026b proposed the log-likelihood
ratio function of a transformation discriminant analysis (TDA) model as optimal discrimination
function. The empirical biomarker distributions presented for HCC cases and non-HCC controls
in Figure 1 show that PIV and AFP readings are affected by a limit-of-detection problem. For
these subjects, it is only known that PIV (or AFP) is larger than a specific detection limit, in other
words, these observations are right-censored.

For the analysis of this dataset, we show how one can put together different models play-
ing with different parameterisations of the marginal and copula parameters and then picking
the ‘right’ likelihood based on properties of the observations (the mixed NPN log-likelihood be-
cause of right-censoring). The same case is made by the R code snippet presented in Section 9,
demonstrating how the theoretical concepts translate into software.

We fit three models to the data. First, a classical linear discriminant analysis (LDA) assuming a
linear transformation function (and thus a linear basis function a;) for each of the four biomarkers
and a common covariance, resulting in a joint normal distribution of the biomarker values with
class-specific means. Second, we replace the linear transformation functions with potentially
non-linear ones (2) featuring a location term differentiating between classes. As a third option,
we introduce a scale term such that the marginal variability may differ between classes. In all
models, we restrict our attention to a common correlation matrix. With x = 1 for HCC case
and x = 0 for a non-HCC control and Y = (Yarp, Yokk. Yorn. Yeiv) | € R* the LDA model is
equivalent to Y ~ N, (Q 7 1n(x), 271Q~T). Because this problem is convex in both n(x); = Bjx
and Q (Section 5.2.1. in Barratt and Boyd, 2023), we use a convex solver as a benchmark for
later method comparison.

All NPN models feature variants of the transformation function implementing a location-
scale model (Siegfried et al., 2023) with h;(y; | x) = a;(y;) " 9;exp(§jx) — Bjx. The LDA model
can be formulated by choosing linear bases ajT = (1,y;j) and location-only part (§; = 0 for all
J € {DKK, OPN, PIV, AFP}), however, this parameterisation leads to a non-convex optimisation
problem when minimising the negative flow NPN log-likelihood —47(2)(19, A) simultaneously in all
model parameters 9 = (9}, Boki. - - - » OArp, Bapr) | and A.

The log-likelihoods (normal negative convex and flow NPN log-likelihood) obtained by both
optimisation routines are equivalent (—2373.492), this also applies to the log-likelihood ratios.
After dividing each column of € obtained from the convex solver with the square-root of the
corresponding diagonal element, the estimated values of A are also identical, see Table 1. This
means that the simultaneous one-step non-convex optimisation of the flow NPN log-likelihood
resulted in the same model as the optimisation of the corresponding convex negative normal
log-likelihood.

The location-only transformation discriminant analysis model (ITDA) is obtained from more
flexible basis functions; we use Bernstein polynomial bases ajT € R’ of order 6. The additional
20 parameters introducing non-linear transformations improve the flow NPN log-likelihood to
—2106.183, at the expense of higher computing times (median 2.523 instead of 0.706 seconds).
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Figure 1 - Case-control study for Hepatocellular carcinoma (HCC) by Jang et al., 2016:
Empirical cumulative distribution functions (CDFs) for log-transformed biomarkers alpha-
fetoprotein (AFP), protein induced by vitamin K absence or antagonist-II (PIV), osteopon-
tin (OPN), and Dickkopf-1 (DKK) in HCC cases and non-HCC controls.
Table 1 - HCC discriminant analysis: Linear discriminant analysis (LDA) and transforma-
tion discriminant analysis (location-only: ITDA, location-scale: ISTDA) fitted by minimisa-
tion of the convex negative log-likelihood of a multivariate normal (for LDA only), flow
NPN log-likelihood, and mixed NPN log-likelihood, the latter taking limit-of-detection
problems into account. Maximum likelihood estimates for A parameters and standard er-
rors (via inverse observed Hessians) are given. The in-sample log-likelihoods and median
computing times are reported in the bottom rows.
LDA ITDA ISTDA
convex flow flow flow mixed
A b X SE(N) X SE(N) X SE()) X SE())
OPN,DKK —0.180 —-0.180 0.051 —-0.107 0.050 —-0.099 0.050 —0.099 0.050
PIV,DKK —0.330 —-0.330 0.053 —-0.296 0.053 —0.300 0.053 —-0.300 0.053
PIV,OPN —0.319 —-0.319 0.0562 —-0.344 0.053 -0.311 0.0563 —-0.311 0.053
AFP,DKK 0.019 0.019 0.053 0.032 0.053 0.041 0.053 0.041 0.053
AFP,OPN —0.083 —-0.083 0.0563 —-0.171 0.054 -0.186 0.054 —-0.186 0.054
AFP,PIV —1.945 —1.945 0.109 —-1.428 0.099 —-1.345 0.097 —1.345 0.097
log-Lik —2373.492 —2373.492 —2106.183 —2069.909 —5268.329
time (sec) 0.000 0.706 2.523 3.143 24.341

The maximum-likelihood estimates A are similar, as are the corresponding standard errors ob-
tained from the inverse Hessian.

A location-scale version of the above model introduces four additional scale parameters §;.
Again, an improvement in the flow NPN log-likelihood was observed (—2069.909), the computing
time increased only marginally (to median 3.143 seconds).

The four models estimated via minimisation of the convex negative normal or flow NPN
log-likelihood ignored the fact that PIV or AFT biomarker values could not be observed for 17
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Table 2 - Location-scale transformation discriminant analysis (IsSTDA) model for HCC:
simultaneous optimisation of marginal and copula parameters using the mixed NPN log-
likelihood with three approximations: two-step pseudo, alternating, and sequential (Sec-

tion 5).

[STDA
simultaneous pseudo (1.) alternating (2.) sequential (3.)
A by by hy by
OPN,DKK —0.099 —0.094 —0.093 —0.096
PIV,DKK —0.300 —0.276 —0.285 —0.276
PIV,OPN —0.311 —0.301 —0.303 —0.306
AFP,DKK 0.041 0.016 0.028 0.015
AFP,OPN —0.186 —0.207 —0.182 —0.199
AFP,PIV —1.345 —1.036 —1.255 —1.134
log-Lik —5268.320 —5205.388 —5269.009 —5282.360
time (sec) 24.341 0.702 50.392 10.890

subjects because the upper limit-of-detection was reached. Technically, these observations are
right-censored, necessitating a correction of the log-likelihood contributions for these observa-
tions. We implemented such a correction by a mixed NPN log-likelihood combining the flow
NPN log-likelihood for DKK and OPN and a smooth NPN log-likelihood with right-censoring for
AFP and PIV, technically speaking, the maximisation of

Zg\)/'AFp‘DKKYopN("?DKKy Bokk §DKK. - - - Oarp(Iarp), Barp, Earp, A).

The in-sample flow NPN log-likelihood and mixed NPN log-likelihood values are not directly
comparable, however, neither the estimated A parameters nor the corresponding standard errors
are affected by this more elaborate estimation, which took much longer to compute (median
24.341 seconds with Halton sequences of length M = 500). This result, obtained from the much
more elaborate mixed NPN log-likelihood function, is practically important, as it demonstrates
that ignoring limits of detection had negligible influence on the fitted model in this application.

The mixed NPN log-likelihood is not even biconvex and it might be interesting to look at the
results obtained by the convex approximations discussed in Section 5. The results in Table 2 sug-
gest that alternating between the estimation of marginal and copula parameters (2.) provides a
better approximation to the in-sample log-likelihood obtained by simultaneous optimisation of
all model parameters compared to the two-step pseudo (1.) or sequential (3.) approaches. How-
ever, the small mixed standard error 0.097 of S\App,pw (last row and column of Table 1) suggest that
the discrepancies among estimates in rows of Table 2 might be practically relevant. In addition,
the alternation took twice as much time as the simultaneous parameter estimation. Therefore,
one might call into question the practical merits of convex approximations in this setup.

6.2. Polychoric Correlations

For bivariate Gaussian copulas, the semiparametric efficiency bound is known and the per-
formance of several estimators against this theoretical benchmark is studied in this section.
We sample N € {10, 20,50} observations from Y = (Y1,Y2) ~ NPN(h,X(p)) with hi(y1) =
®1(x3(y1)) and hy = hy, thatis, Y; ~ x3 for j = 1,2. The latent correlation between both
variables is given by X(p) = ((1,p)" | (p,1)") for p € {0,0.1,0.2,...,0.9}. Klaassen and Well-
ner, 1997 established the semiparametric efficiency bound (1 — p?)/+/N for the correlation, that
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Figure 2 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.5
(horizontal line) from N bivariate observations measured at different scales: continuous
(Cont.), ordinal (five levels, Ord.), and binary (Bin.). For continuous variables, the two-step
maximum pseudo likelihood approach (“ML" and “MPL” provide identical estimators, but
different standard errors) is shown as competitor, for categorical variables, the composite
maximum likelihood (cML) is presented.

is, the standard error of semiparametric efficient estimators p. It is identical to the standard er-
ror of the Pearson correlation coefficient computed for the transformed bivariate observations
(@ 1(x3(Y1), @ H(x3(Y2))),i = 1,..., N, that is, in the oracle case where the marginal x3 dis-
tribution functions are known.

For both responses being absolutely continuous, we estimate p by the two-step maximum
pseudo likelihood estimator (which is, according to Klaassen and Wellner, 1997, semiparametric
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Figure 3 - Bivariate polychoric correlations: Distribution of 100 standard errors for esti-
mators of p = 0.5 from N bivariate observations measured at different scales: continuous
(Cont.), ordinal (five levels, Ord.), and binary (Bin.). For continuous variables, maximum
likelihood (ML) and two-step maximum pseudo likelihood (MPL) approaches are shown
as competitors, for categorical variables, the composite maximum likelihood (cML) is pre-
sented. The horizontal line indicates the semiparametric efficiency bound and red trian-

gles the standard deviation of 5, . .., p1go-

efficient in this simple case), with two different ways to obtain standard errors (labelled “ML” and

“MPL”’, see Section 9).

We compare the performance of this estimator to maximum likelihood-based estimation of
o using the NPN log-likelihood, smooth NPN log-likelihood, and flow NPN log-likelihood, that is,
by employing the transformation p = —321/,/1+32,. In addition, we also report estimators of the
corresponding standard errors of g, obtained via the A-method for the procedures described in

this paper.

To study the performance for non-continuous data, we transform each variable to binary
and ordinal (five categories) measurements using random empirical quantiles between 20% and
80% as cut-offs. As a competitor for binary or ordinal variables, we use the composite likelihood
(“eML”, Nikoloulopoulos, 2023, which in the binary case is identical to the NPN log-likelihood ). In
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absence of a direct competitor for mixed continuous-discrete responses, we only report the re-
sults obtained via the mixed NPN log-likelihood (that is, a mix of NPN log-likelihood, smooth NPN
log-likelihood, or flow NPN log-likelihood for the continuous variable and NPN log-likelihood for
the categorical variable). For each combination of measurement scales, we repeat the simulation
100 times.

For a true p = 0.5, the distribution of the estimators and their standard errors are given in
Figures 2 and 3. For continuous variables, all three flavours of the NPN log-likelihood attain the
semiparametric efficiency bound for all sample sizes and the corresponding A standard errors
are very close to the theoretical value. In comparison for small sample sizes, the classical two-
step maximum pseudo likelihood copula estimators are slightly more biased, this also applies to
their standard errors. For larger sample sizes, the estimated correlations are identical, unlike the
corresponding standard errors.

When at least one variable is categorical, the NPN estimators are still unbiased but the vari-
ance of the estimators increases slightly. Especially for small sample sizes, the standard errors
by the competing procedures under- or over-estimate the true variation, whereas the standard
errors obtained from inverting the Hessian of some NPN log-likelihood reflect the variability
of the corresponding estimates closer. For larger sample sizes, these differences become very
small. For smaller and larger values of p in the data generating process, results are given in Ap-
pendix B. Especially for very high correlations and when both variables are binary, the estimation
performance as well as the quality of the standard errors degrades.

In the multivariate setup with J = 3, 6,9 ordinal outcomes, we compared the polychoric
correlations estimated by maximising the composite likelihood with nonparanormal estimates.
The data generating process was the same as in the bivariate case, except that we randomly
sampled A from uncorrelated uniform distributions on [—1, 1] for each of the 100 simulation
runs. We report the root mean squared error between the true and estimated J(4—1)/2 polychoric
correlations as well as computing times in Appendix C. With increasing dimension and increasing
sample size, the number of convergence failures increases for cML, whereas optimisation of
the NPN log-likelihood was always possible. In case of successful convergence, the root mean
squared errors were comparable. Availability of the score function for the NPN log-likelihood
resulted in faster computing times compared to optimisation of the composite likelihood relying
on numerically approximated scores.

7. Application Domains

The range of applications of the NPN model, especially with covariate-adjustment, is quite
broad and we sketch possible parameterisations for some interesting applications in this section.
We start with probit models for multivariate binary outcomes (Lesaffre and Kaufmann, 1992),
thatis, Y; € {0,1} forall j = 1,...,J. The marginal distributions are given by h;j(y; | x) =
01 + xTﬁj, where 6, is the intercept term for the jth binary response. This concept was later
generalised to “Copula regression” via a multivariate GLM formulation (Masarotto and Varin,
2012; Song et al., 2009). For example, marginal binary logistic models feature h;(y; | x) =
&~ (expit(9;1 + xTﬁj)) as marginal transformation functions. The notion of “polychoric correla-
tions” (Joreskog, 1994) was extended to multivariate proportional-odds models (e.g. Hirk et al.,
2019). For ordered sample spaces J; = {vj1 < - -+ < vjk(j)}, a marginal proportional-odds model
corresponds to the transformation h;(y; | x) = ®~1(expit(6;x + xTﬁj)). In all these models, the
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NPN log-likelihood £(8, A) can be maximised simultaneously in all model parameters. This also al-
lows likelihood inference for contrasts of marginal parameters, for example when the hypothesis
Bip=0forallj=1,..., J is of interest.

For counts Y; € N, Siegfried and Hothorn, 2020 suggested marginal proportional-odds mod-
els hj(y; | x) = &~ (expit(a;(ly;]) ' 9; + xTﬁj)) which, for multiple count outcomes, can be
estimated jointly by maximising the smooth NPN log-likelihood £(8(3), ) (Graz et al., 2026).
This also generalises the bivariate count models by Niehaus et al., 2024. For continuous out-
comes, Mai and Zou, 2015 and Sewak et al., 2026b studied transformation discriminant analysis
models, where marginal transformations include shift and possibly scale effects differentiating
between two (or more) classes, see also Section 6.1 for a worked example involving both the
flow NPN log-likelihood and mixed NPN log-likelihood. The latter likelihood is relevant for the
estimation of graphical models (Gobler et al., 2024) or structural equation models (Pritikin et
al., 2018) for mixed outcomes, for the generation of synthetic data from such models (e.g. for
missing value imputation, Christoffersen et al., 2021; Zhao and Udell, 2020), and for prognostic
covariate adjustment under non-collapsibility (Dandl and Hothorn, 2026).

In survival analysis, multivariate survival times can be analysed by NPN models with Cox-type
margins. Independent censoring requires the application of the mixed NPN log-likelihood. Such
models have been suggested for the case J = 2 (Ding and Sun, 2022; Marra and Radice, 2020),
NPN models also allow J > 2. A very important topic are recently suggested models for depen-
dent censoring. In addition to some time to event of interest T > 0, one also observes drop-out
times C > 0 and times of administrative independent censoring A > 0. For each subject, only
min(T, C, A) can be observed. Czado and Van Keilegom, 2023 and Deresa and Keilegom, 2023
proved that the parameters of a suitably defined NPN model are identified even under this partial
information. More specifically, with hr(t | x) = ®~!(cloglog™*(ar(t)" 97 4+ x " B+)) and hc(c |
x) = o (cloglog™*(ac(c)"8c+x"Bc)) one can estimate the latent correlation p = —Xa1/, /1733,
if ac(c)" = (1,log(c)), that is, when the marginal drop-out time follows a Weibull model. The
marginal time to event might even follow a Cox proportional hazards model, for example with
marginal log-baseline cumulative hazard function ar(t) " 91 parameterised in terms of a polyno-
mial in Bernstein form. Both marginal distributions ensure that covariate effects are interpretable
as marginal log-hazard ratios. The log-likelihood for an observed event time (i.e. T = t,C > t)
is the mixed NPN log-likelihood ZC|T("9T,9C("9C): A21). For a drop-out (i.e. T > ¢,C = ¢), the
log-likelihood is the mixed NPN log-likelihood £7|c (8¢, 87(¥97), X21). Administratively censored
subjects (i.e. T > a, C > a) further add the NPN log-likelihood £5(87(87), 8c(8¢), X21), an illus-
tration is given by Siegfried et al., 2026.

Finally, all the models above can be coupled with covariate-dependent copula parameters (3)
as explained in Klein et al., 2022 and Barratt and Boyd, 2023, for example when estimating
time-varying graphical models (Lu et al., 2018). Unfortunately, and unlike models with constant
A parameters, such models are in general not invariant to the order in which responses enter the
model.

8. Discussion

Given the plethora of inference procedures for many special cases of the NPN model, one
might wonder in which cases optimisation of the NPN log-likelihood, or any of the approxi-
mations discussed in this paper, is beneficial. From a methodological point of view, the NPN
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log-likelihood provides a benchmark against which other approximations, for example the com-
posite likelihood in multivariate regression models (Nikoloulopoulos, 2023), can be evaluated.
We present a simple version of such a benchmark comparison in Section 6, comparing the two-
step pseudo and composite maximum likelihood approaches to several flavours of the NPN log-
likelihood, both in terms of their estimation accuracy and corresponding variability assessment.
The exercise shows that NPN log-likelihood estimators exhibit the variability of semiparametric
efficient estimators for at least ordered response variables. For small samples, the estimation
accuracy of NPN log-likelihood estimators is better, compared to two-step estimators. Practi-
cally even more relevant is the improved accuracy of standard errors obtained from the NPN
log-likelihood approaches. On these grounds, the application of standard maximum-likelihood
inference procedures to more complex models, for example when one is interested in supple-
menting bootstrap procedures by simple Wald tests and confidence intervals in dependent cen-
soring models (Deresa and Keilegom, 2023), seems promising.

An important contribution is the ability to estimate models when the response types are
mixed, that is, some variables can be considered continuous while others are clearly discrete.
The same applies to missing values in some of the response variables. The NPN log-likelihood
allows a straightforward handling of observations missing at random. We simply use the datum
(—o0, 00) when computing the contribution of the jth, missing, covariate to the likelihood. Im-
precise measurements can be handled via interval-censoring.

From a more theoretical point of view, the consistency of the two-step pseudo maximum like-
lihood approach, based on normal or winsorised scores, in combination with the graphical lasso
was recently demonstrated in ultra-high dimensions by Mai et al., 2023. So far, such a result is
only available when all responses are absolutely continuous and in the absence of any additional
parameters in the marginal or joint distributions. The non-convexity of the negative nonpara-
normal log-likelihoods studied here renders them unattractive for penalisation approaches in
higher dimensions. However, the contribution might still be useful for the estimation of graphi-
cal models for non-normal and potentially discrete responses in high-dimensions. Following Xue
and Zou, 2012 or Suggala et al., 2017, bivariate NPN models could be employed to estimate
the polychoric correlations p;,. The matrix (5;,)1<j<,<s with g;; = 1 can then replace the sam-
ple covariance matrix in a graphical lasso, neighbourhood Dantzig selector, or CLIME. Xue and
Zou, 2012 demonstrated that their “rank-based” versions are consistent with the same rates of
convergence as the original versions based on the sample covariance matrix of normal data.

Efficiency results on such two-step estimators are sparse. Klaassen and Wellner, 1997 demon-
strated efficiency of the correlation parameter in a bivariate Gaussian copula, and we utilised this
ground truth in the simulation experiments in Section 6. Even in this simple case, the two-step
marginal distributions are inefficient. The flow NPN log-likelihood is conceptually very similar to
the semiparametric efficient sieve maximum-likelihood estimators studied by Chen et al., 2006.
The main difference lies in their choice of a sieve approximation for marginal densities whereas
we utilise polynomials in Bernstein form aj(yj)Tﬂj to approximate marginal transformation func-
tions. If one allows the number of basis functions K(j) in a;, and therefore the number of coeffi-
cients 9}, to depend on the same size N, the sieve space proposed and analysed by McLain and
Ghosh, 2013 emerges. Chen et al., 2006 also proved that semiparametric efficiency carries over
to models where some of the marginal distributions are fully parametric. These results make
the NPN model, its smooth parameterisation and the corresponding flow NPN log-likelihood,
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especially when coupled with the ACS optimisation method, promising candidates for future
research.

9. Data, Script and Code Availability

All computations were performed using R version 4.6.1 (R Core Team, 2026). All flavours

of nonparanormal log-likelihoods were computed using infrastructure in package mlt (Hothorn,
2026a) based on algorithms for the evaluation of multivariate normals in mvtnorm (Genz et al.,
2026). The convex parameterisation of the LDA model was estimated by package CVXR (Fu
et al., 2026). Maximum pseudo and composite likelihood estimates of polychoric correlations
in Section 6.2 were computed using packages copula (Hofert et al., 2026), with variant “ML”
corresponding to fitCopula(..., type = "ml") and variant “MPL”’ to fitCopula(..., type

"mp1"), and mvord (Hirk et al., 2026), respectively. A low-level interface to different forms

of the nonparanormal log-likelihoods is available from package mlt (Hothorn, 2026a) via the
mlt: :mmlt function. Package tram provides a high-level interface as tram: : Mmlt.

The location-scale transformation discriminant analysis model for HCC diagnosis under limits-

of-detection was estimated by the following code

V V.V VvV V VvV V V V V + V + + + 4+ V V + + + + V V V Vv VvV

\Y%

library("tram")

### run demo("npn") from tram package for full reproducibility

### marginal location-scale models
mDKK <- BoxCox(

DKK ~ ### probit, h(DKK) via Bernstein
X ### location non-HCC / HCC

| x, ### scale non-HCC / HCC

data = HCC)

mOPN <- BoxCox(OPN ~ x | x, data = HCC)
mPIV <- BoxCox(R(

Surv(PIV, event = PIV < PIVm), ### right censoring
as.R.interval = TRUE) ~ ### empirical likelihood

x | x, ### location-scale

data = HCC)

mAFP <- BoxCox(R(Surv(AFP, event = AFP < AFPm), as.R.interval = TRUE) ~
x | x, data = HCC)

### joint estimation of marginal and Gaussian copula parameters, s = 2

### location-scale transformation discriminant analysis

m <- Mmlt(mDKK, mOPN, mPIV, mAFP, data = HCC)

### marginal parameters

coef(m, type = "marginal")

### copula parameter: Lambda

coef(m, type = "Lambda'")

### standard errors for all parameters

sqrt (diag(vcov(m)))

### convex approximations

## pseudo
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> mm <- Mmlt(mDKK, mOPN, mPIV, mAFP, data
> ## sequential
> ms <- Mmlt(mDKK, mOPN, mPIV, mAFP, data

HCC, domargins = FALSE)

HCC, sequentialfit = TRUE)
The complete R code necessary to reproduce empirical results discussed in Section 6 is pro-
vided in
e mvtnorm: 10.32614/CRAN.package.mvtnorm
e mit: 10.32614/CRAN.package.mlt
e tram: 10.32614/CRAN.package.tram, including data and code for Section 6.1 in
tram/inst/npn_empeval and for Section 6.2 in tram/inst/npn_simulation.

10. Supplementary Information

e Appendix A, Proofs: Proof of Theorem 1 and Theorem 2.

e Appendix B, Polychoric Correlations: Additional simulation results for the bi- and multi-
variate case.

e Supplementary Material, 10.32614/CRAN.package.mvtnorm: Likelihood and Score Func-
tions: A modular re-implementation of Genz, 1992 algorithm tailored to the evaluation
of the different nonparanormal log-likelihoods. Implementation aspects of mixed contin-
uous and discrete normal log-likelihoods are discussed in Chapter 5. Log-likelihoods for
the case s = 2 are described in Chapter 6. The chain-rule to derive scores with respect
to A1 is given in Section 3.2.
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Appendix A. Proofs
Theorem 1.

Proof. As a function of z € R’, || 2(9)(X\)z||3 is convex for s = 1,2 and each fixed A € RV,
The argument is completed noting that z; = a;(y;) T 9, is linear in 9;.

As a function of A € R™™72 | Q(1)(X\)z||3 = ||Az|]3 is convex for each fixed z € R’. For s = 2,
we follow Khare et al., 2019 and write

J

J
1 1
-8 @) = - (29<2><A)z5 +3 log (n}?)) =3 SI2P(); 2] - log (2)
j=1

j=1
as a sum of J independent terms.

Forj =1, Q®(A);; = 1. For j = 2, we add the constraint Q) (A)a = [ X2 [l2= 1/1 + 23
This constraint is convex in X»>; and can be relaxed to the convex inequality constraint

M2, [~ 2B (N)2 < 0.

For j > 3, we write Q@ (X);, = X; Q@ (N),, and note that QP)(X),, only depends on A1,
.. A -1 fory=1,...,j— 1. Thus, the constraint || \;.|[» — ®)(X);; < 0is a convex inequality
constraint. O

Theorem 2.

Proof. The normal density ¢(z | ) is log-concave in z € R for fixed Q and probabilities thereof
are again log-concave (Prékopa, 1973).
In a counter-example with J = 2 and s = 1, we have
01,r(i,1)  02,r(i2)

s 1 1
exp (E(J,,-)(G’ )\)) = / / exp (—2zl2> exp <—2(22 + )\21)2) dzdz;

01,r(i,1)—1 92,,(,2)—1
P(N)

2
aall;g\x) = Z((2+2z1)?> —1)exp (_2212> exp (_1(22 + >‘21)2>

2

The integral of the latter expression is larger than zero for example for A = 0 and 6, ,(j 2)-1 > 1
and thus not concave in X for all configurations of 0. Similar issues have been noted by Lesaffre
and Kaufmann, 1992 in the multivariate probit model. O

Corollary 1 follows from Theorem 1, noting that Q- = 1 and
¢ (eJ,r(i,J) + (At Augm1) Tl | 81), - hy(yu—t | 19#1)) -
& (83,01 + O Aug1) ([ 91), - hy1 | 851))

is log-concave (a probability of a log-concave density and linearity in A1, . . ., A1)
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Appendix B. Bivariate Polychoric Correlations

Additional simulation results for correlations p # 0.5.
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Figure 4 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.
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Figure 5 - Bivariate polychoric correlations: Distribution of 100 standard errors for esti-
mators of p = 0.
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Figure 6 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.1.
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Figure 7 - Bivariate polychoric correlations: Distribution of 100 standard errors for esti-
mators of p = 0.1.
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Figure 8 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.2.
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Figure 9 - Bivariate polychoric correlations: Distribution of 100 standard errors for esti-
mators of p = 0.2.
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Figure 10 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.3.
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Figure 11 - Bivariate polychoric correlations: Distribution of 100 standard errors for es-

timators of p = 0.3.
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Figure 12 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.4.
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Figure 13 - Bivariate polychoric correlations: Distribution of 100 standard errors for es-
timators of p = 0.4.
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Figure 14 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.6.
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Figure 15 - Bivariate polychoric correlations: Distribution of 100 standard errors for es-
timators of p = 0.6.
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Figure 16 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.7.
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Figure 17 - Bivariate polychoric correlations: Distribution of 100 standard errors for es-
timators of p = 0.7.
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Figure 18 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.8.
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Figure 19 - Bivariate polychoric correlations: Distribution of 100 standard errors for es-
timators of p = 0.8.
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Figure 20 - Bivariate polychoric correlations: Distribution of 100 estimators of p = 0.9.
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Figure 21 - Bivariate polychoric correlations: Distribution of 100 standard errors for es-
timators of p = 0.9.
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Appendix C. Multivariate Polychoric Correlations

Simulation results for multivariate (J > 2) polychoric correlations.
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Figure 22 - Multivariate polychoric correlations: Distribution of 100 root-mean squared
standard errors for estimators of polychoric correlations p maximising the compos-
ite (cML, implemented in mvord: :mvord) and nonparanormal (NPN, implemented in
tram: :Mmlt) log-likelihoods. The width of the boxes is proportional to the square root
of the number of successful optimisations out of 100 runs.

Table 3 - Multivariate polychoric correlations: Number of successful optimisations in 100
simulation runs optimising composite (cML, implemented inmvord : :mvord) and nonpara-
normal (NPN, implemented in tram: :Mmlt) log-likelihoods.

N
Method J N=10 N=30 N=50
cML J=9 67 47 31
J=6 79 99 99
J=3 94 99 99
NPN J=9 100 100 100
J=6 100 100 100
J=3 100 100 100
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Figure 23 - Multivariate polychoric correlations: Distribution of running 100 times
when estimating polychoric correlations maximising the composite (cML, implemented in
mvord: :mvord) and nonparanormal (NPN, implemented in tram: :Mmlt) log-likelihoods.
The width of the boxes is proportional to the square root of the number of successful
optimisations out of 100 runs.

Peer Community Journal, Vol. 6 (2026), article e105 https://doi.org/10.24072/pcjournal 814


https://doi.org/10.24072/pcjournal.814

44 Torsten Hothorn

References

Barratt S, Boyd S (2023). Covariance Prediction via Convex Optimization. Optimization and Engi-
neering 24.3, 2045-2078. https://doi.org/10.1007/s11081-022-09765-w.

Chen X, Fan Y, Tsyrennikov V (2006). Efficient Estimation of Semiparametric Multivariate Copula
Models. Journal of the American Statistical Association 101.475, 1228-1240. https://doi.
org/10.1198/016214506000000311.

Chiquet J (2026). Making the Joint Likelihood of Gaussian Copula Models with Flexible Margins
Computable. Peer Community in Statistics and Machine Learning, 100138. https://doi.org/
10.24072/pci.statml.100138.

Christoffersen B, Clements M, Humphreys K, Kjellstréom H (2021). Asymptotically Exact and Fast
Gaussian Copula Models for Imputation of Mixed Data Types. In: Proceedings of The 13th
Asian Conference on Machine Learning. Ed. by Vineeth N. Balasubramanian and Ivor Tsang.
Vol. 157. Proceedings of Machine Learning Research. PMLR, pp. 870-885. URL: https://
proceedings.mlr.press/v157/christoffersen2la.html.

Czado C, Van Keilegom | (2023). Dependent Censoring Based on Parametric Copulas. Biometrika
110.3, 721-738. https://doi.org/10.1093/biomet/asac067.

Dandl S, Hothorn T (2026). Nonparanormal Adjusted Marginal Inference (with Discussion). Bio-
metrics 82.2, ujag065. https://doi.org/10.1093/biomtc/ujag065s.

Deresa NW, Keilegom IV (2023). Copula Based Cox Proportional Hazards Models for Dependent
Censoring. Journal of the American Statistical Association 119.546, 1044-1054. https://doi.
org/10.1080/01621459.2022.2161387.

Ding Y, Sun T (2022). Copula Models and Diagnostics for Multivariate Interval-Censored Data.
In: Emerging Topics in Modeling Interval-Censored Survival Data. Ed. by Jianguo Sun and Ding-
Geng Chen. Cham: Springer International Publishing, pp. 141-165. https://doi.org/10.
1007/978-3-031-12366-5_8.

Fu A, Narasimhan B, Diamond S, Miller J (2026). CVXR: Disciplined Convex Optimization. R package
version 1.9.2. https://doi.org/10.32614/CRAN.package.CVXR.

Genest C, Neslehova J (2007). A Primer on Copulas for Count Data. ASTIN Bulletin 37.2, 475-
515. https://doi.org/10.2143/AST.37.2.2024077.

Genz A (1992). Numerical Computation of Multivariate Normal Probabilities. Journal of Compu-
tational and Graphical Statistics 1.2, 141-149. https://doi.org/10.1080/10618600.1992.
10477010.

Genz A, Bretz F, Miwa T, Mi X, Hothorn T (2026). mvtnorm: Multivariate Normal and t Distributions.
R package version 1.4-2. https://doi.org/10.32614/CRAN.package .mvtnorm.

Gobler K, Drton M, Mukherjee S, Miloschewski A (2024). High-Dimensional Undirected Graphi-
cal Models for Arbitrary Mixed Data. Electronic Journal of Statistics 18.1, 2339-2404. https:
//doi.org/10.1214/24-EJS2254.

Gorski J, Pfeuffer F, Klamroth K (2007). Biconvex Sets and Optimization with Biconvex Func-
tions: A Survey and Extensions. Mathematical Methods of Operations Research 66.3, 373-407.
https://doi.org/10.1007/s00186-007-0161-1.

GrazL, Barbanti L, Brandl R, Hothorn T (2026). Joint Count Transformation Models with Covariate-
dependent Correlations. Ecology. Accepted for publication 2026-07-06. https://doi.org/
10.48550/arXiv.2201.13095.

Peer Community Journal, Vol. 6 (2026), article e105 https://doi.org/10.24072/pcjournal 814


https://doi.org/10.1007/s11081-022-09765-w
https://doi.org/10.1198/016214506000000311
https://doi.org/10.1198/016214506000000311
https://doi.org/10.24072/pci.statml.100138
https://doi.org/10.24072/pci.statml.100138
https://proceedings.mlr.press/v157/christoffersen21a.html
https://proceedings.mlr.press/v157/christoffersen21a.html
https://doi.org/10.1093/biomet/asac067
https://doi.org/10.1093/biomtc/ujag065
https://doi.org/10.1080/01621459.2022.2161387
https://doi.org/10.1080/01621459.2022.2161387
https://doi.org/10.1007/978-3-031-12366-5_8
https://doi.org/10.1007/978-3-031-12366-5_8
https://doi.org/10.32614/CRAN.package.CVXR
https://doi.org/10.2143/AST.37.2.2024077
https://doi.org/10.1080/10618600.1992.10477010
https://doi.org/10.1080/10618600.1992.10477010
https://doi.org/10.32614/CRAN.package.mvtnorm
https://doi.org/10.1214/24-EJS2254
https://doi.org/10.1214/24-EJS2254
https://doi.org/10.1007/s00186-007-0161-1
https://doi.org/10.48550/arXiv.2201.13095
https://doi.org/10.48550/arXiv.2201.13095
https://doi.org/10.24072/pcjournal.814

Torsten Hothorn 45

Hermes S, van Heerwaarden J, Behrouzi P (2024). Copula Graphical Models for Heterogeneous
Mixed Data. Journal of Computational and Graphical Statistics 33.3, 991-1005. https://doi.
org/10.1080/10618600.2023.2289545.

Hirk R, Hornik K, Vana L (2019). Multivariate Ordinal Regression Models: An Analysis of Corpo-
rate Credit Ratings. Statistical Methods & Applications 28.3, 507-539. https://doi.org/10.
1007/s10260-018-00437-7.

Hirk R, Hornik K, Vana L (2026). mvord: Multivariate Ordinal Regression Models. R package version
1.2.7. https://doi.org/10.32614/CRAN.package .mvord.

Hofert M, Kojadinovic |, Maechler M, Yan J (2026). copula: Multivariate Dependence with Copulas.
R package version 1.1-7. https://doi.org/10.32614/CRAN.package. copula.

Hoff PD (2007). Extending the Rank Likelihood for Semiparametric Copula Estimation. The An-
nals of Applied Statistics 1.1, 265-283. https://doi.org/10.1214/07-A0AS107.

Hothorn T (2026a). mit: Most Likely Transformations. R package version 1.8-2. https://doi.org/
10.32614/CRAN. package .mlt.

Hothorn T (2026b). Multivariate Normal Log-likelihoods in the mvtnorm Package. R package vi-
gnette version 1.4-2. https://doi.org/10.32614/CRAN. package .mvtnorm.

Hothorn T, Mést L, Buhlmann P (2018). Most Likely Transformations. Scandinavian Journal of
Statistics 45.1, 110-134. https://doi.org/10.1111/sjos. 12291,

Jang ES, Jeong SH, Kim JW, Choi YS, Leissner P, Brechot C (2016). Diagnostic Performance of
Alpha-Fetoprotein, Protein Induced by Vitamin K Absence, Osteopontin, Dickkopf-1 and Its
Combinations for Hepatocellular Carcinoma. PLOS One 11.3,e0151069. https://doi.org/
10.1371/journal.pone.01510609.

Joe H (1997). Multivariate Models and Multivariate Dependence Concepts. New York, U.S.A.: Chap-
man and Hall/CRC. https://doi.org/10.1201/9780367803896.

Joe H (2005). Asymptotic Efficiency of the Two-stage Estimation Method for Copula-based Mod-
els. Journal of Multivariate Analysis 94.2, 401-419. https://doi.org/10.1016/j . jmva.
2004.06.003.

Joreskog KG (1994). On the Estimation of Polychoric Correlations and Their Asymptotic Covari-
ance Matrix. Psychometrika 59.3, 381-389. https://doi.org/10.1007/BF02296131.

Khare K, Oh SY, Rahman S, Rajaratnam B (2019). A Scalable Sparse Cholesky Based Approach
for Learning High-dimensional Covariance Matrices in Ordered Data. Machine Learning 108,
2061-2086. nhttps://doi.org/10.1007/s10994-019-05810-5.

Klaassen CA, Wellner JA (1997). Efficient Estimation in the Bivariate Normal Copula Model:
Normal Margins are Least Favourable. Bernoulli 3.1, 55-77. https://doi.org/10.2307/
3318652.

Klein N, Hothorn T, Barbanti L, Kneib T (2022). Multivariate Conditional Transformation Models.
Scandinavian Journal of Statistics 49, 116-142. https://doi.org/10.1111/sjos.12501.
Lesaffre E, Kaufmann H (1992). Existence and Uniqueness of the Maximum Likelihood Estimator
for a Multivariate Probit Model. Journal of the American Statistical Association 87.419, 805-

811. https://doi.org/10.2307/2290218.

Lindsey JK (1999). Some Statistical Heresies. Journal of the Royal Statistical Society: Series D (The

Statistician) 48.1, 1-40.

Peer Community Journal, Vol. 6 (2026), article e105 https://doi.org/10.24072/pcjournal 814


https://doi.org/10.1080/10618600.2023.2289545
https://doi.org/10.1080/10618600.2023.2289545
https://doi.org/10.1007/s10260-018-00437-7
https://doi.org/10.1007/s10260-018-00437-7
https://doi.org/10.32614/CRAN.package.mvord
https://doi.org/10.32614/CRAN.package.copula
https://doi.org/10.1214/07-AOAS107
https://doi.org/10.32614/CRAN.package.mlt
https://doi.org/10.32614/CRAN.package.mlt
https://doi.org/10.32614/CRAN.package.mvtnorm
https://doi.org/10.1111/sjos.12291
https://doi.org/10.1371/journal.pone.0151069
https://doi.org/10.1371/journal.pone.0151069
https://doi.org/10.1201/9780367803896
https://doi.org/10.1016/j.jmva.2004.06.003
https://doi.org/10.1016/j.jmva.2004.06.003
https://doi.org/10.1007/BF02296131
https://doi.org/10.1007/s10994-019-05810-5
https://doi.org/10.2307/3318652
https://doi.org/10.2307/3318652
https://doi.org/10.1111/sjos.12501
https://doi.org/10.2307/2290218
https://doi.org/10.24072/pcjournal.814

46 Torsten Hothorn

Liu H, Lafferty J, Wasserman L (2009). The Nonparanormal: Semiparametric Estimation of High
Dimensional Undirected Graphs. Journal of Machine Learning Research 10.80, 2295-2328.
URL: http://jmlr.org/papers/v10/1iul09a.html.

Lu J, Kolar M, Liu H (2018). Post-Regularization Inference for Time-Varying Nonparanormal
Graphical Models. Journal of Machine Learning Research 18.203, 1-78. URL: http:// jmlr.
org/papers/v18/17-145.html.

Mai Q, He D, Zou H (2023). Coordinatewise Gaussianization: Theories and Applications. Journal
of the American Statistical Association 118.544, 2329-2343. https://doi.org/10.1080/
01621459.2022.2044825.

Mai Q, Zou H (2015). Sparse Semiparametric Discriminant Analysis. Journal of Multivariate Anal-
ysis 135, 175-188. https://doi.org/10.1016/j. jmva.2014.12.009.

Marra G, Radice R (2020). Copula Link-Based Additive Models for Right-Censored Event Time
Data. Journal of the American Statistical Association 115.530, 886-895. https://doi.org/
10.1080/01621459.2019.1593178.

Masarotto G, Varin C (2012). Gaussian Copula Marginal Regression. Electronic Journal of Statistics
6,1517-1549. https://doi.org/10.1214/12-EJS721.

McLain AC, Ghosh SK (2013). Efficient Sieve Maximum Likelihood Estimation of Time-Trans-
formation Models. Journal of Statistical Theory and Practice 7.2, 285-303. https://doi.org/
10.1080/15598608.2013.772835.

Niehaus JM, Zhu L, Cook SJ, Jun M (2024). bizicount: Bivariate Zero-Inflated Count Copula Re-
gression Using R. Journal of Statistical Software 109.1, 1-42. https://doi.org/10.18637/
jss.v109.101.

Nikoloulopoulos AK (2023). Efficient and Feasible Inference for High-dimensional Normal Cop-
ula Regression Models. Computational Statistics & Data Analysis 179, 107654. https://doi.
org/10.1016/j.csda.2022.107654.

Owen AB (2001). Empirical Likelihood. New York, U.S.A.: Chapman and Hall/CRC. https://doi.
org/10.1201/9781420036152.

Papamakarios G, Nalisnick E, Rezende DJ, Mohamed S, Lakshminarayanan B (2021). Normalizing
Flows for Probabilistic Modeling and Inference. Journal of Machine Learning Research 22.57,
1-64. URL: http://jmlr.org/papers/v22/19-1028 . html.

Popovic GC, Hui FK, Warton DI (2018). A General Algorithm for Covariance Modeling of Discrete
Data. Journal of Multivariate Analysis 165, 86-100. https://doi.org/10.1016/j . jmva.
2017.12.002.

Prékopa A (1973). On Logarithmic Concave Measures and Functions. Acta Scientiarum Mathe-
maticarum 34, 335-343.

Pritikin JN, Brick TR, Neale MC (2018). Multivariate Normal Maximum Likelihood with Both
Ordinal and Continuous Variables, and Data Missing at Random. Behavior Research Methods
50.2,490-500. https://doi.org/10.3758/s13428-017-1011-6.

R Core Team (2026). R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing. Vienna, Austria. https://doi.org/10.32614/R.manuals.

Sewak A, Inacio V, Wuu J, Benatar M, Hothorn T (2026a). Likelihood-based Modeling of Covariate-
Specific Time-Dependent ROC Curves. Statistical Methods in Medical Research 35.6, 1325-
1346. https://doi.org/10.1177/09622802261445416.

Peer Community Journal, Vol. 6 (2026), article e105 https://doi.org/10.24072/pcjournal 814


http://jmlr.org/papers/v10/liu09a.html
http://jmlr.org/papers/v18/17-145.html
http://jmlr.org/papers/v18/17-145.html
https://doi.org/10.1080/01621459.2022.2044825
https://doi.org/10.1080/01621459.2022.2044825
https://doi.org/10.1016/j.jmva.2014.12.009
https://doi.org/10.1080/01621459.2019.1593178
https://doi.org/10.1080/01621459.2019.1593178
https://doi.org/10.1214/12-EJS721
https://doi.org/10.1080/15598608.2013.772835
https://doi.org/10.1080/15598608.2013.772835
https://doi.org/10.18637/jss.v109.i01
https://doi.org/10.18637/jss.v109.i01
https://doi.org/10.1016/j.csda.2022.107654
https://doi.org/10.1016/j.csda.2022.107654
https://doi.org/10.1201/9781420036152
https://doi.org/10.1201/9781420036152
http://jmlr.org/papers/v22/19-1028.html
https://doi.org/10.1016/j.jmva.2017.12.002
https://doi.org/10.1016/j.jmva.2017.12.002
https://doi.org/10.3758/s13428-017-1011-6
https://doi.org/10.32614/R.manuals
https://doi.org/10.1177/09622802261445416
https://doi.org/10.24072/pcjournal.814

Torsten Hothorn 47

Sewak A, Siegfried S, Hothorn T (2026b). Transformation Discriminant Analysis for Constructing
Optimal Biomarker Combinations. Statistics in Medicine 45.15-17, e70665. https: //doi .
org/10.1002/sim.70665.

Siegfried S, Hothorn T (2020). Count Transformation Models. Methods in Ecology and Evolution
11.7,818-827. https://doi.org/10.1111/2041-210X.13383.

Siegfried S, Kook L, Hothorn T (2023). Distribution-Free Location-Scale Regression. The American
Statistician 77.4, 345-356. https://doi.org/10.1080/00031305.2023.2203177.

Siegfried S, Tamasi B, Hothorn T (2026). Smooth Transformation Models for Survival Analysis: A
Tutorial Using R. Statistical Methods in Medical Research 35.5, 980-997. https://doi.org/
10.1177/09622802251414595.

Song PXK, Li M, Yuan Y (2009). Joint Regression Analysis of Correlated Data Using Gaussian
Copulas. Biometrics 65.1, 60-68. https://doi.org/10.1111/j.1541-0420.2008.01058. x.

Suggala AS, Yang E, Ravikumar P (2017). Ordinal Graphical Models: A Tale of Two Approaches. In:
Proceedings of the 34th International Conference on Machine Learning. Ed. by Doina Precup and
Yee Whye Teh. Vol. 70. Proceedings of Machine Learning Research. PMLR, pp. 3260-3269.
URL: https://proceedings.mlr.press/v70/suggalal7a.html.

Xue L, Zou H (2012). Regularized Rank-based Estimation of High-dimensional Nonparanormal
Graphical Models. The Annals of Statistics 40.5, 2541-2571. https://doi.org/10.1214/12~
A0S1041.

Zhao Y, Udell M (2020). Missing Value Imputation for Mixed Data via Gaussian Copula. In: Pro-
ceedings of the 26th ACM SIGKDD International Conference on Knowledge Discovery & Data
Mining. New York, NY, USA: Association for Computing Machinery, pp. 636-646. https :
//doi.org/10.1145/3394486.3403106.

Peer Community Journal, Vol. 6 (2026), article e105 https://doi.org/10.24072/pcjournal 814


https://doi.org/10.1002/sim.70665
https://doi.org/10.1002/sim.70665
https://doi.org/10.1111/2041-210X.13383
https://doi.org/10.1080/00031305.2023.2203177
https://doi.org/10.1177/09622802251414595
https://doi.org/10.1177/09622802251414595
https://doi.org/10.1111/j.1541-0420.2008.01058.x
https://proceedings.mlr.press/v70/suggala17a.html
https://doi.org/10.1214/12-AOS1041
https://doi.org/10.1214/12-AOS1041
https://doi.org/10.1145/3394486.3403106
https://doi.org/10.1145/3394486.3403106
https://doi.org/10.24072/pcjournal.814

