N

N

Estimation with informative missing data in the
low-rank model with random effects

Aude Sportisse, Claire Boyer, Julie Josse

» To cite this version:

Aude Sportisse, Claire Boyer, Julie Josse. Estimation with informative missing data in the low-rank
model with random effects. 2019. hal-02146983v1

HAL Id: hal-02146983
https://hal.science/hal-02146983v1

Preprint submitted on 4 Jun 2019 (v1), last revised 4 Jun 2020 (v3)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02146983v1
https://hal.archives-ouvertes.fr

Estimation with informative missing data in the low-rank model with
random effects

Aude Sportisse, Claire Boyer, Julie Josse

June 4, 2019

Abstract

Matrix completion based on low-rank models is very popular and comes with powerful algo-
rithms and theoretical guarantees. However, existing methods do not consider the case of values
missing not at random (MNAR) which are widely encountered in practice. Considering a data ma-
trix generated from a probabilistic principal component analysis (PPCA) model containing several
MNAR variables, we propose estimators for the means, variances and covariances related to the
MNAR missing variables and study their consistency. The proposed estimators present the ad-
vantage of being computed without explicitly modeling the MNAR mechanism and by only using
observed data. In addition, we propose an imputation method of the data matrix and an estimation
of the PPCA loading matrix. We compare our proposal with the classical methods used in low-rank
models, as iterative methods based on singular value decomposition.

Keywords— graphical models, probabilistic principal component analysis, informative missing
values, matrix completion, latent variables.

1 Introduction

The problem of missing data is ubiquitous in the practice of data analysis. Theoretical guarantees of
estimation strategies or imputation methods rely on assumptions regarding the missing-data mecha-
nism, i.e. the cause of the lack of data. Rubin [18] introduced three missing-data mechanisms. The
data are said (i) Missing Completely At Random (MCAR) if the probability of being missing for
one observation is the same for all observations, (ii) Missing At Random (MAR) if the probability of
being missing only depends on the value of observed variables, (iii) Missing Not At Random if the
unavailability of the data depends on the values of other variables and its value itself. We focus on
this later case, which is extremely frequent in practice. A classic example of MNAR data is surveys
where rich people would be less willing to disclose their income.

When the data are MCAR or MAR, statistical inference is realized by ignoring the missing-data
mechanism [12]. In the MNAR case, the observed variables are not representative of the population
which leads to bias in the estimation. Consequently, it is usually necessary to take into account
the specific distribution of the missing data. Often, the missing values mechanism distribution is
assumed to be logistic (see for instance [7] in the case of parametric generalized linear models but also
[7, 16, 20]). This is often associated with an important computational burden to perform inference.
Recently, for the specific case of linear model, Mohan et al. [15] proposed an approach based on
graphical models to handle self-masked MNAR, variable, i.e. where the unavailability of data only



depends on the value of the variable itself. In this context, they proved that the mean of the variable
with missing values can be consistently estimated by only using the observed information and without
explicitly modeling the missing values mechanism. In addition, they also proposed a method for
estimating the variance of the variable.

In this work, we focus on low-rank models with MNAR data. Low-rank models has become very
popular in recent years [11, 6], known as a very powerful solution for dealing with missing values [9]
but their theoretical guarantees are only valid if the data are MCAR or MAR [10, 1]. [19] suggested
a parametric approach for handling MNAR data in the low-rank fixed effect model also modeling
the missing values mechanism with a logistic regression. Although this approach leads to accurate
recovery of the low-rank structure and missing entries, it can be computationally expensive and relies
on strong parametric assumptions.

Contributions. Assuming a probabilistic PCA (PPCA) model [21], we prove that the mean, the
variance and the covariance of the missing variables can be consistently estimated in the MNAR case,
without modeling the missing-data mechanism and by only using observed data. To our knowledge,
this result is the first one to ensure a consistent estimate on the informative missing data in a low-rank
model with random effects. In order to prove the consistency, two strategies are proposed: (i) the first
one is made of algebraic arguments based on the linear models obtained from PPCA; (ii) the second
one is inspired by Mohan et al. [15] using the graphical model associated with PPCA. Furthermore,
in this same setting of MNAR missingness, we also suggest a strategy to estimate the coefficient
matrix (loadings) of the PPCA model, still without any additional modelisation. This allows to apply
PPCA even in this difficult setting. Finally, the estimated coefficient matrix can be used to impute
the missing values. We compare our proposal (estimation of the mean/covariances and imputation)
with classical methods, such as the iterative singular value decomposition algorithms which ignore
the missing values mechanism [13], and the method based on modelling the MNAR mechanism by a
logistic regression model in [19].

Model. A low-rank model is considered via the formalism of the PPCA with latent variables. Sup-
pose that before the introduction of missing values, the data matrix Y € R™*P is generated under a
random effects model, i.e. it can be obtained by the factorization of the coefficients matrix B € R"*P
and r latent variables grouped in the matrix W € R™*",

W =W|...|W,)T, with W; ~ N(0,,1d,x,) of dimension 7,

. B of rank r,
Y =la+WB+e with a€RPand1=(1...1)T e R", (1)
€= (€1]...|en)T, with €. ~ N(0p,0%Idpxyp) of dimension p,

for 02 and r known. In the following, Y; and Y; respectively denote the column j and the row 7 of
Y. Let us remark that the rows of Y are identically distributed,

Vie{l,...,n}, Yi ~N(a, BTB+0*1d,x,)

Let € € {0,1}™*P denote the missing-data pattern as

Vie{l,...,n},Vie{l,...,p}, Q=

0 if Y;; is missing,
1 otherwise.



Whether for theoretical results or numerical experiments, we focus only on the hard setting of infor-
mative missing values under a self-masked MNAR mechanism, which definition is given hereafter.

Definition 1. (Self-masked MNAR mechanism) Let Y = (Y_1 Yy ... Y_p) be a matrixz of size
nxp. Forje{1,...,p}, avariable Y  is subject to a self-masked MNAR mechanism if the probability
for an observation of being missing only depends on its value itself

Organization of the paper. For the sake of clarity, Section 2 is dedicated to present the detailed
methodology and results in small dimension with a data matrix containing only one self-masked MNAR
missing variable: the consistency results of the mean, variance and covariances estimators are studiedn
and used in a new method to impute the data matrix and to estimate the PPCA loading matrix. In
Section 3, we present results in the general case for data matrices containing several MNAR missing
variables for an arbitrary dimension. Section 4 is devoted to numerical experiments, illustrating the
efficiency and robustness of the proposed estimators and the imputation method in practice.

2 A toy example in small dimension

For the sake of clarity, the proposed approach is detailed and illustrated in a small dimensional setting,
in which p = 3, r = 2 and in which only one variable can be missing, fixed to be Y1, under a self-masked
MNAR mechanism. The model then reads as

(Y1 Yy Y3)=1(a1 oy a3)+ (W1 Wz)B+e, (3)

with B € R?*3 and € € R™*3. Its graphical representation is given in Figure 1(a).
The goal is four-fold: (i) to estimate the mean of Y, (ii) its variance and covariances, (iii) the
coefficient matrix B and (iv) to impute missing entries of Y.

2.1 Mean estimation

The purpose of this part is to estimate the mean E[Y;] of the missing variable Y1, denoted by «a.
Using two different approaches (algebraic and graphical), an estimator &; is derived, and proven to
be consistent under self-masked MNAR mechanism.

2.1.1 Algebraic approach

In this section, the details on an algebraic approach to derive a consistent estimator of the mean are
given. In the interest of understanding, all the intermediate results are concisely proved. The starting
point is to exploit the linear links between variables, as described in the following lemma.

Lemma 2. Assume that the reduced matrix (B,l B,3) of B has an inverse matrix denoted as B 13 ¢
R2%2. The PPCA model (3) leads to the following linear equation,

Yo =By s130) + Bas1,3 Y1 + Bas1,331Y3 — Basigpjen — Basigpies + €2, (4)



where By_,1 310, Ba—1.31] and Ba_3.1[3) stand for the coefficients depending on B,

By 1310 = — (B’ Bia + B3 Ba)1lay — (By,"* Bia + By, * Ba)1las + 1as,

By_s1301) := B Biz + B,* Boa,

By,1303 = By’ Bia + By, * Bao.
Proof. Equation (3) can be restricted to Y5 as

Yo=1laz+ (W1 Ws)Ba+ea, (5)
and to Y7 and Y3 as
(Y1 Y3)=1(q a3)+ (Wi Ws)(B1 Bgs)+(e1 €3).

Then, since the reduced matrix (B,l B.g) is invertible, one has

-1
(W1 Wa)=((Y1 Y3)—1(m1 a3)—(e1 €3))(B1 Bs) . (6)
Using (5) and (6), it gives
Yo =(By**Bia + B33 Bag)Y 1 + (By"* Bia + By B2a) Y3
— (Bl_ll3312 + Bl_213322)(1011 +e1)— (32_113312 + 32_213322)(1013 +e€3)
+eo+ 10[2,

which leads to the desired solution. O

Let us introduce some definitions specifying the coefficients of Y on Y; and Y3 when Q1 = 1, i.e.
keeping only the observations ¢ such as Y;; is observed. It is referred to as the complete case in the
following.

Definition 3 (Coefficients in the complete case). Let Bj ., 30’ Bs ., 3[1] and B5_,, 303] be the coeffi-

cients standing for the effects of Yo on Y1 and Y3 in the complete case, when Q1 =1, i.e.
(Yal21=1) := Bgal,:a[o} + B§a1,3[1}Y-1 + B§H1,3[3]Y3 - Bgal,i’)[l]e-l - B§a1,3[3}6-3 +€a2. (7)

Using Equation (7), an expression for the mean of the missing variable Y; can be derived as given in
the following proposition.

Proposition 4 (Mean formula in the toy example). Under the PPCA model (3), assume that:
Al. (B.l B.3) is an invertible matriz,
A2. Yy L Q4]Y4,Y5.

C

Assuming also that B is mon-zero, one can derive that

2—1,3[1]
ag — B3 g0 — B33
a1 = _>B70[ | —1,3[3] ’ (8)
2—1,3[1]
where B§_>173[0], 85*173[1] and 85%173[3] are given in Definition 3.



Proof. Given that E[Ys] = E[E[Y2|Y1,Y3]], Assumption A2. implies
E[Y2|Y1,Y3] = E[Y2|Y1,Y3,Q1 = 1].

Then, by Definition 3,
ElY2|Y1,Ys, Q1 =1] = E[B5_; 300 + B5_1 g Y + Boyi a3 Y3 — By spjen — Booyy gpap€s + €2V, Y]

= B5_1 510) + Bor s EYa 1Y, Yis] + BS54 55 E[Vs|Ya, Y]

= B5_q s Elea|Ya, Y] — By, g3 Eles|Ya, Yis] + Elea|Y, Y]
Thus, by taking the mean and given that E[e ;] = 0 for i = 1,2, 3, one has

E[Yo] = B5_,1 3p0) + B s EYa] + B3y 55 E[Vs],

leading to Equation (8), provided that BS a) 7 0- O

Note that Assumption A2. is verified under the self-masked MNAR mechanism, given in Definition
1. Equation (8) suggests a natural estimator of o as given in the following definition.

Definition 5 (Mean estimator in the toy example). Denote o and és the empirical means of Yo

and Y3, estimators of as and as obtained using all the observations. Denote B¢ B and

C
2-1,3[0]7 P2-1,3[1]

| some estimators of BS B5_., 31 and B | computed in the complete case. A natural

C
21,33 2-+1,3[0)? 21,33

estimator & of v is

~ N

Qg — BS — BS a3
Gy = 2%113[0] 2—1,3[3] . (9)

Bg—>1,3[1}

Proposition 6 (Consistency for the missing variable mean in the toy example). Assume that:

A3. «as and as are recoverable, i.e. there exist consistent estimators for both quantities,

AY4. the coefficients BS BS_ ., 3[1] and BS are recoverable.

2-51,30]” 2-51,3(3]
Then, the estimator & of ay defined in Equation (9) is consistent.

The proof trivially follows from Equation (9) under A3. and A4.. Note that Equation (8), derived for
PPCA, matches [15, Equation (8)], the latter being established for a linear model. To our knowledge,
Equation (9) is the first proposition of a consistent estimator in a low-rank model under MNAR

missing data (provided consistent estimators of the (Bgﬁl’?’[k})ke{o 1 3}73).

Remark 7. In Lemma 2, an arbitrary choice has been made to derive an expression for Yo according
to Y1 and Y3. Since Yo and Y3 are interchangeable, an expression of Y given Yo and Y1 can also
been obtained, and following a similar proof as in Proposition /, another formula for ay can be derived
as
ag — B,y pp) — B51 g2

B .

Q) = .
3—1,2[1]

However, it is not possible to use an expression of Y1 given Yo and Y3 inasmuch as Y1 has self-
masked MNAR missing values and therefore it does not comply with Assumption A2.. In Section 4,
i practice, one will see that these formulae may lead to slightly different mean estimators; that is why
an approach using aggregation between all possible mean estimators will be proposed.



(b) Graphical model where the bidirected edges

(a) Graphical model for PPCA. encode the latent variables.
Ba1,3(3] B3s1,202)
) Reduced graphlcal model. ) Reduced graphlcal model.

Figure 1: Graphical models for the toy example with one missing variable Y1, p = 3 and r = 2. (a)
gives the graphical model associated with the PPCA model of Equation (3). In (b), the corresponding
graphical model to the one in (a) is represented, in which latent variables have been replaced by bi-
directed edges; six reduced graphical models can be derived from it, for all possible arrow combinations.
Only two of them are represented in (c) and (d). Therefore, one could derive the following implications
between these graphical models (without the coefficients): 1(a) = 1(b) = (1(c) and 1(d)).

Estimation of the mean in practice from the algebraic approach. In practice, B¢

Bg—u,sm and B2—>1 3[8]
Y5 on Y and Y3 using the fully-observed data only. Even if exogeneity does not hold in Equation (7),
since E[e3|Y1,Y3] # 0 and E[e1]Y1,Y3] # 0, it still leads to accurate estimation of «; in numerical

experiments, as shown in Section 4.

2-+1,3[0]
are estimated with the intercept and the coefficients of the linear regression of

2.1.2 Graphical approach

The graphical approach to construct an estimator of o is based on the transformation illustrated in
Figure 1 of the graphical model of PPCA as structural causal graphs, whose context is introduced in
[17]. This latter framework allows to directly apply the results of Mohan et al. [15] who consider the
associated (linear) structural causal equations under the exogeneity assumption with MNAR missing
values for one variable.

More precisely, starting from Figure 1(a) one gets Figure 1(b) as Y1 < W — Y, is equivalent to
Y1 < Ys. Indeed, since W1 and W are latent variables, following the notation of Pearl [17, page
52], both unidirected edges Y1 < W1 — Y5 can be replaced by a bidirected edge Y1 <+ Y. Then,



six reduced graphical models can be derived from Figure 1(b). Indeed, according to the rule proposed
by Pearl [17, rule 1, page 147], a bidirected edge Y1 <> Y2 can be interchanged with an oriented edge
Y1 — Y, if each neighbor of Yo (i.e. Y1 or Y3) is inseparable of Y; (by the d-criterion separation,
see [17, page 17]). Figures 1(c) and 1(d) (without the coefficients) are two instances of the six possible
graphs.

Then, assuming exogeneity, one can associate to Figure 1(c) the structural equation model given in
the following lemma.

Lemma 8. Assuming Eley,|Y1,Y 3] = 0, the structural equation model associated with the graphical
model in Figure 1(c) is

Yo = Bas130 + Bos1,3 Y1 + Bas1331Y3 + €y (10)

where Ba_1 3(0), Ba—1,311] and Ba_s1 33 are the intercept and the coefficients of the linear regression of
Yo onYy and V3.

Assuming A2. and using Figure 1(c) and Equation (10) allow to apply the results of Mohan et al.
[15], that are summarized in Appendix II, to get an estimator for the mean of the first variable, i.e.

. a2 — ﬁg—u,s[o] - 5§—>1,3[3] a3
aq = e 5 (11)
52—>1,3[1]

where 55%173[0], 65%1,3[1] and 65%1’3[3} denote some estimators of 55%173[0], 65%1’3[1} and 65%1’3[3], the
coefficients standing for the effects of Y5 on Y] and Y3 in the complete case, when 1 = 1.

Remark 9. Note that the graphical approach can be developed with another arbitrary choice of vari-
ables, for instance using Figure 1(d) instead of Figure 1(c). This other choice would have led to an
expression of Y3 given Yo and Y1 and by again applying the results of Mohan et al. [15], one could
have derived that . .

a3 — ﬁ?c)—>1,2[0] - Bg—n,zmé‘?

G =
BC
3—1,2[1]

Algebraic vs. graphical approach. In both approaches, the PPCA model is translated into a
linear model. However, both estimators in Equations (9) and (11) theoretically differ. The exogeneity
assumption and approximation is not made at the same step. In the algebraic approach, the results
are first derived without using any approximation. It gives linear models that do not comply with
the standard exogeneity assumption. Consequently, an approximation is done at the estimation step

since the parameters 55 B and [3’5 1,33 Are estimated with the standard linear regression

2-1,3[0]’ 5%1,3[1]
coefficients. In the graphical approach, an approximation is made at the first step when a structural
equation model is associated with the graphical model by assuming the exogeneity. In practice, for

both approaches, the same coefficients are naturally computed, i.e. 35 _, 30 = B5_., 30" B5 1 s =

B§—>173[1] and 35%1’3[3] = 5’5%1’3[3] which leads to the same computed estimators for the mean of Y.



2.2 Variance and covariances estimation

In this section, we suggest estimators for the variance of Y1, for the covariance between Y; and Y5 and
for the covariance between Y; and Y 3. Their consistency can also be obtained using two arguments:
algebraic and graphical ones.

2.2.1 Algebraic approach

Whereas only one linear equation between Y, Yo and Y3 was required to construct an estimator of
the mean of Y1, two linearly independent equations between Y1, Y5 and Y3 are required to construct
a variance and covariances estimator when the rank r is to 2. Therefore, the algebraic approach is
based on the linear equation between Y, and (Y;,Y 3), given in Lemma 2, and on the one given
hereafter between Y3 and (Y1,Y 2).

Lemma 10. Assume that the reduced matriz (B,l B,g) of B has an inverse matriz denoted by
B712 ¢ R?*2. The PPCA model (3) leads to the following linear equation,

Y3 = Bs 100 + Baos12 Y1 + Bssi2p9Y2 — Basiopjen — Basigpje2 + €3, (12)
where B3_.1 9[0], B3—1,211] and Bs_,1 2] stand for the linear coefficients depending on B,

Bs_100) = —(B1,"*Bis + By ?Bag)lay — (By;* Bis + By, * Bas) 1 + 1as,

Bs_120) == By Bi3 + Biy” Bas,

B3_122) = By " Bi3 + Byy* Bas.

Let us introduce some definitions specifying the coefficients of Y on Y and Y3 when Q1 =1, i.e. in
the complete case setting.

Definition 11 (Coefficients in the complete case). Let BS_, 2[0] B, o[1] and B§_, 202] be the coeffi-

cients standing for the effects of Y3 on Y1 and Yo in the complete case, when Q1 =1, i.e.
(Y3|Q1=1):= B?c,—>1,2[o] + B§—>1,2[1]Y~1 + B§—>1,2[2]Y.2 - B?c,—>1,2[1]€-1 - B§—>1,2[2]€-2 + €3 (13)

Combining (7) and (13), the following proposition gives formulae for the variance and the covariances
of Y_l.

Proposition 12 (Variance and covariances formulae in the toy example). Assume A1., A2. and
that

A6. (B,l B.g) 18 an invertible matriz,
A7 Y3 L Qq|Y,,Ys.

The following matriz system holds,

M X + o(0?) = My, (14)
with
Var(Yl)
X =[Cov(Ya,Y1) |,
COV(Y37 Yl)



(B§—>1,3[1])2 0 23541,3[1][55%1,3[3]
M, = _Bgel,?)[l} 1 _B§a1,3[3} )
- ?C>—>1,2[1} _B?c,—>1,2[2]
Var(Ys) — Q° — (85%173[3})2Var(Y_3)
My = 85»1,3[1]E[Y-1]Q + BEHI,S[O]E[YJ] + 85%173[3}E[Y3]E[Y1] —E[Y,JE[Y4] |,
B§—>1,3[1]E[Y-1]2 + B§—>1,2[0]E[Y-1] + B§—>172[2}E[Y2]E[Y1] — E[Y5]E[Y4]

where B§—>1,3[0]7 B§—>173[1}’ 85%1’3[3}, Bg—>1,2[0]7 B§_>1’2[1] and 85%1’2[2} are giwen in Definitions 3 and
11, and
Q° := (Var(Yz) — Cov([Ya, Y], Ya) Var([Ya, Ya])Cov([Y, V3], Vo) |1 = 1), (15)

with (.|21 = 1) meaning that the quantities are computed for Q1 = 1.
Up to an o(c?)-term, the variance and the covariances of Y1 can be obtained by solving the matriz
system in (14).

Proof. About the variance. The law of total variance reads as
Var(Ys) = E[Var(Ys|Z)] + Var(E[Y,|2]), (16)
with Z = (Y1,Y3,€e1,€3). As for the first term, using Assumption A2., one has
Var(Yz|Z) = Var(Y2|Z,Q21 = 1).

As the conditional variance for a Gaussian vector gives

Var(Ys|Z) = Var(Ys) — Cov(Z, Ya)Var(Z) " 1Cov(Z,Ys)T,
it implies that

Var(Y|Z, Q1 = 1) = (Var(Y) — Cov(Z,Ys)Var(Z) 'Cov(Z,Y2)" |1 = 1)
and then, as deterministic quantity,
E[Var(Y2|Z)] = (Var(Y2) — Cov(Z,Ya)Var(Z) 'Cov(Z,Y2)" |21 =1).
Noting that Cov(e1,Ys) = Cov(es, Ys) =0, one has
Cov(Z,Ya)Var(Z) ' Cov(Z,Ya)" = Cov([V1,Ys], Ya)Var([Y.1, Ys]) "' Cov([Y.1, Y], Y2) "

leading to
E[Var(Y2|Z)] = Q°, (17)

where Q° is defined in (15). As for the second term of (16), remark that A2. implies that

Var(E[Y|Z]) = Var(E[Y2|Z, Q1 = 1]),



and by Definition 3,

Var(E[Y2|Z,Q1 =1]) = Var(]E[Bgﬁm[O} + B§a1,3[1]Y-1 + B§a1,3[3]Y-3 - B§a1,3[1}5-1 - B§a1,3[3]€-3 + €2|Z]
= Var(By_,; 310 + By1 s Y + By z3Ys = By 1 apen — Bas gz1€3)-

Using Var(e;) = o2, Cov(e;, Y;) = 02,i € {1,3} and Cov(e;,Y;) = 0,i # j € {1,3}?, one has

Var(E[Y2|Z,Q. =1]) = (B§—>1,3[1])2V3r(y.1) + (55—>1,3[3])2VM(Y.3) + 2B§—>1,3[1]B§—>1,3[3]COV(Y.h Ys)
(18)
Combining (17) with (18), one get the following expression for the variance

Var(Yz) = Q° + ( §—>1,3[1])2var(y.1) + (BS_,173[3])2Var(Y,3) + 285 1 3m)B31,33Cov(Ya, Yiz) - (19)
About the covariances. Consider

Cov(Ys,Y;) =E[Y Y] — E[Y2]E[Y;] = E[E[Y2Y:|Z]] — E[Y2]E[Y],
— B[Y,E[Y;|2]] - EY5]E[Y,)]. (20)

As for the first term in (20), one has
E[Y;E[Y3|Z]] =E[Y;E[Y3]Z,Q1 = 1]] (using A2.)
=E[Y3 <B§—>1,3[01 + B3 1 a3 Y1 + Bo a3 Y3 — Bog gpj€n — B§—>173[3]€.3>]
=B3_1 510 E[Ya] + Bgﬁl,B[l}E[Y.%] + B3 55 EY1Ys] - UQBS%LB[H?
where in the last equality we used E[Y1e 1] = Cov(Y1,€e1) = 0 and E[Y1e3] = 0. By (20), one has
Cov(Ya,Ya) = BS .y 30 BIYa] + B5_, 5 (Var(Ya) + E[Y4]?) (21)
+ B5_,y 35(Cov(Ya,Y3) + E[Y]E[Y4]) — E[Y2]E[Y] + o(0?).
Similarly, by Assumption A7.,
Cov(Yis, Y1) = By o E[Ya] + B5_,q oy (Var(Ya) + E[Y.]?) (22)
+ B5_y1 o) (Cov(Y1, Ya) + E[Y2]E[Ya]) — E[Y3]E[Y4] + o(0?).
Combining Equations (19), (21) and (22) forms the desired matrix system (14). O

By ignoring the o(c?)-term in (14), one can define estimators of the variance and covariances of the
missing variable, as follows.

Definition 13 (Variance and covariances estimators in the toy example). Denote

° @(Y.g), @(Y_g), 6(;7(}/.2,)/3) and Q°, some estimators of Var(Ys), Var(Ys), Cov(Ya,Ys)
and Q°,

) B?C)—>1,2[0]7 §_>172[1] and B§—>1,2[2]’ some estimators of B§_>172[0], B§—>1,2[1] and B

in the complete case.

C

51,22 computed

10



Let @(Y,l), 60\\7(Y2,Y_1) and @(Yg,Yl) be estimators of Var(Y1), Cov(Ys, Y1) and Cov(Y3s, Y1),
defined as follows

@(Yﬂ
Cov(Ys, Y1) | = (23)
Cov(Y3, Y1)
(BgA—)LS[l})Q 0 235—)1@[1}35—)1,3[3] o . @(YQ)A_ QC - (35%%3[3})2@(1(3)
_ngﬁl,S[l] . 1 _B§a1,3[3} ?5%1,3[1]@% + Bgal,ii[o]dl + ?5%1,3[3}5‘3641 — Qo
_B§H1,2[1] _Bgam[z] 1 B§~>1,2[1]@% + B§a1,2[0]d1 + B§a1,2[2}d2é‘1 — 3t

provided that in the last expression, this matrix inverse exists.

Proposition 14 (Consistency for the variance and covariances in the toy example). Assume AS3.,
AY. and that

A9. Var(Ys), Var(Ys), Cov(Ya,Ys) and Q° are recoverable,

A10. the coefficients BS_ 2[0]’ B and B§_, 202

Then, the estimators @(Y,l), C/.O\V(YQ,Yl) and C/(;/(Yg, Y;) of Var(Y1), Cov(Ya,Y ) and Cov(Y3,Y1)
defined by Equation (23) are consistent, when o2 tends to zero.

The proof trivially follows from (23) under A3., A4., A9. and A10..

C
3—1,2[1] | are recoverable.

Variance estimation in practice for the algebraic approach. On the one hand, as for the

mean estimation, the non-exogeneity in (7) and (13) is ignored to provide the (Bg ) 3[k]> nd

a
ke{0,1,3}

C . : : : A
(63 %172[’“})%{0,1,2}' Indeed, they are computed using the coefficients of the linear regression of Y,

on (Y;,Y}) in the complete case. On the other hand, \//'3}(}/,2), \//'z;“(Yg), C/(RI(YQ,Y:g) and Q° are
computed as empirical quantities, using all data for estimating the variances and the covariance and
considering the complete case for Q. In addition, &; is given by (11).

2.2.2 Graphical approach

Whereas only one simplified graphical model between Y, Y and Y3, displayed in Figure 1(c), was
required to construct an estimator of the mean of Y, two simplified graphical model between Y, Yo
and Y3 are required to construct an estimator of the variance and covariances when the rank r is 2.
Therefore, the graphical approach is based on the linear equation between Y and (Y1,Y.3), given in
Equation (10) and based on Figure 1(c), and on the one given hereafter between Y3 and (Y;,Y 2),
based on Figure 1(d).

Lemma 15. Assuming Eley,|Y1,Y2] =0, the structural equation model associated with the graphical
model in Figure 1(d) is

Y3 = B35120 + B35121yY1 + B3s12p) Y2 + €vy, (24)

where B3_,1 2(0), B3—1,211] and B3_1 22 are the intercept and the coefficients of the linear regression of
Y3 on Y1 and Yo in the complete case.
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Under the two equations (10) and (24), supposing that Assumptions A2. and A7. hold allows to
apply the results of Mohan et al. [15] summarized in Appendix II which give the following estimates
for the variance and the covariances of the first variable:

. Var(Y. 1 Cov(Ys,Y .
Var(Y) := AC( 3) =~ ( /(\ 2Ys) 52%1,3[3]) ) (25)
B5a 52—>1,3[1] Var(Y3)
— 1 (Cov(YyYs) o
COV(Yl, YQ) = = — - ﬁc Var(Y2)7 (26)
B o ( Var(yy)
_ 1 Cov(Y,Ys) &, —
Cov(Y, Y3) = = ( X(\ 2, ¥3) - 62H173[3}> VaI'(Y_g), (27)
B2—>1,3[1] Var(Y3)

where B§H1 o[1] B§a1 2[2] and B§_>1 are some estimators of 5, o[1] B5_1 2[2] and f35_,; standing for
the effects of Y3 on Y; and Yo and Y3 on Y in the complete case, when 27 = 1.

Algebraic vs. graphical approach. As for the mean, the exogeneity assumption is required in
the last step of the algebraic approach to estimate coefficients and in the first step of the graphical
approach to obtain structural equation models. However, contrary to the estimator suggested for
the mean, the estimators in both graphical and algebraic approaches here differ (compare Equation
(23) with Equations (25), (26) and (27)). Indeed, the algebraic approach is based on the use of
conditionality, whereas the graphical one relies on graphical results standing for the linear models
when exogeneity holds. Moreover, one will see in Section 4 that the graphical approach is more stable
(less variance in the results), probably as there is no matrix inversion but only standard divisions.

Remark 16. As with the mean (see Remark 9), one could derived another expression of the variance
of Y1 for instance using 1(d) instead of 1(c).

2.3 Estimation of the loading matrix

Let us denote the covariance matrix estimator obtained with the algebraic approach by 3, Le.

@(Y.l) 6&(3/.1,3/.2) éa’(Y.l;YB)
Y =1Cov(Yo,Y:)  Var(Ya) Cov(Y2,Y3) |, (28)
Cov(Y3,Y1) Cov(Y3s,Ys)  Var(Ys)

which entries in the first column and row are determined by Equation (23), and where estimated
covariances and variances of fully observed variables are based on the regular empirical estimators.
Note that a similar expression of 3 could be obtained with the graphical approach, using Equations
(25), (26) and (27) instead.

Assuming that the level of noise o? is known and that the rank r of the loading matrix is known,
an estimator of the coefficient matrix can be derived based on the estimated covariance matrice 3.
Indeed, note that by the intrinsic PPCA model,

aq
Y ~N | [a]|,B"B+01dsys |, (29)
a3
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so that the matrix 3 — 02Idsy3 is an estimate of BT B. An estimator of B can be thus defined using
the singular value decomposition of > — 62Idsy3, this is the purpose of the following definition.

Definition 17 (Estimation of the loading matrix in the toy example). Given S in Equation (28), let
the orthogonal matriz U € R3*3 and the diagonal matriz D = diag(dy, da,ds) € R3*3 with di > dy >
ds > 0, form the singular value decomposition of the following matriz

3 — 21dgys =: UﬁUT,

and denote by Uy, Uz, U3 the singular vectors of 3 — 021dsys, so U = (U1 |tag|ag). Assuming that r = 2,
an estimator B of B can be defined as follows

s a1/an Vidi 0 af
B:D|2/U72’:<01 f) = (30)
2

2.4 Imputation of the data matrix

In the previous sections, estimators for the mean, variance and covariances related to the missing
variable have been proposed, as well as for the loading matrix B. All these estimators can be reused
to impute missing values in the data matrix Y, using their estimated conditional expectation. Indeed,
denoting A = BT B + 02Id3xs3, for i € {1,...,n}, one has

-1
Ay A Y;
Evalva vl —an+ (e an) (52 42) ((32) - (2)-

Assuming that the level of noise o2 is known, an imputation method dealing with MNAR missing
values is described in the following algorithm.

Algorithm 1 Proposed method to impute missing values in the data matrix in the toy example
setting, namely when p = 3, r = 2, and only one variable Y is likely to be missing.

Require: r = 2 and o2 known.
1: Evaluate &; an estimator of the missing variable mean given in (9).
2: Evaluate 3 an estimator of the covariance matrix using (28).
3: Compute the estimator B of the loading matrix, given in (30), with r = 2.
4: Compute
A = BTB + O'2Id3><3.

5: Impute the missing values (Y;1) for i € {1,...,n} such that ©;; = 0 as follows

-1

o A i 1 Agy  Ags Y Qo
Yii = d1+ (A2 Asg) (A?Q Ass vis) \as) )
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Figure 2: Graphical model for PPCA with p covariates, r latent variables and one self-masked MNAR
missing variable Y.

3 Estimation and imputation under MNAR mechanism
In this section, still under the PPCA model given in (1) and recalled here
Y =1a+WBDB+e,

the methodology presented in Section 2 is extended to the general case, for any data with p covariates,
r latent variables and d missing variables denoted by Yj,,,...,Yy, (with d < p). As visible in its
corresponding graphical representation in Figure 2, we assume a “dense” or “fully-connected” PPCA
model, meaning that all the latent variables are connected to each missing/observed variable.

In this section, for this general setting, the means of the MNAR variables of Y, their variances and
associated covariances, are shown to be possibly consistently estimated, using a generalization of the
method described for the toy example. In the same way, the loading matrix B is proposed to be
estimated, and the data matrix Y can be imputed.

Since this section is a direct extension of the approach described in Section 2, we only present the
final estimators in the general case, and intermediate steps to get them are enclosed in Appendix III.

Remark 18. This section is only presented from the algebraic point of view. Indeed, in practice in the
graphical point of view, the toy erxample with two latent variables is always considered, as the general
setting can be reduced to it. This amounts to only using two observed variables to construct the mean,
variance and covariances estimators of the missing variables, regardless of the data matriz dimensions
and rank. This choice is explained in [15], the results being based on graphical models.

3.1 Mean estimation

Based on a direct extension of Proposition 6, mean estimators of all MNAR missing variables can be
obtained handling any value of  and p. In the toy example of Section 2, in order to estimate the mean
of the missing variable Y1, two other (observed) variables Yo and Y3 with recoverable means were
needed. Dealing with arbitrary rank r and dimension p, the missing variables means can be estimated
one by one, using r other variables with means that can be recovered (i.e. a fully observed variable or
a MCAR missing variable for instance). That is why in the following definition, the mean estimator is
made explicit for a particular missing variable. Note that this definition is a byproduct of Proposition
30 derived in the general case, being the counterpart of Proposition 6 in the toy example.

14



Definition 19 (Mean estimator). Consider the PPCA model given in (1). An estimator of the mean

of a MNAR variable Y., is constructed using r variables Y, ,...,Y ;. with means that can be recovered
as A A
AL _ JRC - c A
R A Bj1—>m,~7—j1 [0] Zkej_h Bj1—>mv~7—j1 (k] Xk
Gy 1= e , (31)

J1—=m,J—j, [m]

with J = {j1,J2, ..., jr} and T—j, := T \{j1} = {j2,.. ., jr}, and

® &j,...,Q4j, , some estimators of aj,,...,a; ., computed with the empirical mean,
. L B 3c 3¢ ' ¢
For ke J_j,, Bﬂl—>m7~7—j1 0]’ BJ1—>mJ—j1 im] and Bﬂ_m’j_jl[k] some estimators of Bﬂ_m’j_]_l[o],

B¢ and B¢

J1—m,J—j, Im] —=m,J_j
regression of Y, on (Y, (Y[)lej_].l).

k] computed in the complete case, being the coefficients of the

Consistency of the mean estimator directly follows, provided consistent estimators of the (Bf_, j i)’s.

Note that with d MNAR variables, the mean of each one can be estimated using Definition 19, implying
that the number d of MNAR variables should at most satisfy

d<p-—r.

Note also that the need of r variables which means are recoverable can be restricted to a stronger
assumption, such as the existence of r variables of Y completely observed. The choice of these r
variables in practice is discussed in Section 4.

3.2 Variance and covariances estimation

Estimators of the variances and covariances of all MNAR missing variables are directly obtained by
following the proof steps of the toy example and extending them to arbitrary dimension and rank. It
is worth noting that two scenarios are possible: evaluating the covariance between a MNAR missing
variable and a variable with recoverable mean/variance, or evaluating the covariance between two
MNAR missing variables.

Variance and covariances between missing variables and recoverable-mean/variance ones.
Despite the possibility of several MNAR missing variables, the study is conducted for a missing variable
at once. For a given missing variable Y,,, select r variables Y; ,...,Y; with recoverable mean and
variance. As previously, the starting point is to derive equations linking the variance and associated
covariances between Y, and these r selected variables. This is addressed in Proposition 31 of Appendix
I1I dealing with general r and p (being the homologous result in Proposition 14, leading to the following
estimators.

Definition 20 (Variance and covariances estimators). Consider the PPCA model given in (1). An
estimator of the variance and the covariances of a MNAR variable Y, is constructed using r variables
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Y, ..., Y  with means and variances that can be recovered as

Var(Y.,,)
COV(YWH j1)

Cov(Yom, Yiz) | 1= (My) ' Mg, (32)

Cov(Ym, Y,,)

(provided that (M})~" exists) with

2c 2 2c 2c 2c 2c
(BSy m.7_ s ml) 0 285 sy Biiom gl 2Biiomg i Bhom,a, )
c __R¢ —R¢
J1—=m,J—j; Im] le—ﬂn,J—jl [52] e Bj1—>m7‘77j1 [57]
it -
_ fc _ Ac _ fc
Bjr—wnyj—jr [m] Bjr%m,j—jr []1} Bjr%myj—jr []2} e 1

— N ~ o= A
Var(Yﬁz - Q- (B‘?l—)m,j—jl [J_jl]) Var(yj*jaﬂ)lg]ql%m’j_jl (T3]

R (Bjc'l—ﬂn,‘fﬁjl)T (1 A 5&,]'1 é\é-jr) _d.j1d.m

5 N N N T ~ N
(Bjc'r—nn,j,jr )T (1 Gm Qg ... oz,jr) — G, 0m
where

. \//z;(Yk),k € {ji,.--,jr} and C/(RI(Y_k,Y_Z),k € {ji,...,jr} are the empirical variances and
covariances of the r selected variables Y ,...,Y.

s Lgrs

® &j,...,0j are the empirical means of Y ,...,Y;,

T

® Gy, the estimator of the MNAR missing variable mean o, given in Definition 19,

o Forj € {ji,...,jr} Bjﬁm,f,j[op and B‘?Hm,j,j[m] are respectively estimators of B‘?*)m,ij[O]7
and B]cqm,J,j[m] being the coefficients of the regression of Yj on (Y, (Yi)ies_;), computed in
the complete case. Moreover, B, 7_; denotes the entire estimated vector of coefficients of the
regression of Y.j on (Y, (Yi)ies_;)-

Consistency of the variance and covariances estimators in X directly follows from the consistency of

the estimators (Bf_,; ;)’s, when o2 tends to zero.

Remark 21 (About the covariances between the missing variable and all recoverable-mean /variance
variables). Note that to estimate the variance of the missing variable, only r extra variables indexed by
{J1,.--,Jr} in Definition 20, are required to solve (32). Howewver, in order to evaluate Cov(Y.,,,Y ;)
for all j such that' Y is a variable with recoverable mean and variance and such that j & {j1,...,jr},
one could simply loop on the other variables by applying Definition 20 to groups of variables of size r.
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Variance and covariances between two MINAR missing variables. In this part, the emphasis
is put on estimating Cov (Y, Y.m,) for Y,,, and Y,,, two MNAR missing variables (not necessarily
under the same missing mechanism). To do so, r — 1 recoverable-mean/variance variables are needed
(contrary to r as previously). Nevertheless, similar techniques are used based on regressions over r + 1
variables, including the r — 1 selected recoverable-mean/variance variables and the two MNAR missing
variables. Note that the regressions are performed in the complete case for both missing variables, i.e.
for individuals ¢ such that €;,,, =1 and ;,, = 1.

Definition 22 (Covariance estimator between two missing variables). Let us denote H = J U
{m1,ma}. Under the PPCA model given in (1), an estimator of the covariance between two MNAR
missing variables, denoted Y,,, and Y,,,, is constructed using v — 1 variables Y, ,..., Y  , with
means and variances that can be recovered as

KCOV(le ) Ym2) = Var(Y-]i) - QA*7C - Z (Bjc'la?[,jl [k])2var(y-k)
kGH_jl

B Z 28;1‘>H7J1[k]Bjclﬁ/}-[,Jl[l]Cov(Yk7Yl)7
k#l

kE'H,jl JE'H?(J-LlemQ)

(provided K # 0) with K = 215¢

Ac
ot ] B, [ma) A

Q*C = (\//'EE"(YJJ — 60\V(Z*,le)@(Z*)C/&I(Z*,le)T‘Q.ml =1,Qm, = 1) )
where Z* = [YmmeQa Yj27 A er]

Then, this estimator is consistent, provided consistent estimators of the (B %j,k)’s, the variance and

covariances of the missing variables, i.e. Var(Y.,,,), Var(Y,,,) and Cov(Y;,Y,,,) for l € H_j k €

{1,2}.

Covariance matrix estimator. Compiling all the previous estimators, one can form an estimator
Y. for the covariance matrix as follows

5 = (Cov(v;,Y)) (33)

Jke{l,....p}

where

e when Y; is a MNAR missing variable and Y, is a recoverable-mean /variance variable, (j(;/(Y,j, Yi)
is given in Equation (32),

e when Y; and Y, are both MNAR missing variables, @(Yg, Y) is given in Equation (49),

e when Y; and Y, are both recoverable-mean/variance variables, C/JI(Y,]-,Y,k) can be evaluated
by the standard empirical covariance estimator.
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3.3 Estimation of the loading matrix

Methods for the estimation of the PPCA loading matrix, presented for the toy example in Section 2,
can be extended to arbitrary rank r and dimension p. Once the variances and covariances estimated,
Assuming that the level of noise o2 is known and that the rank r of B is known, the following
definition can be used to derive an estimator B of the loading matrix B: it is based on the singular
value decomposition of the matrix 3 Idyxp-

Definition 23 (Estimation of the loading matrix). Given the estimator S of the covariance matriz
n (33), let the orthogonal matriz U € RP*P and the diagonal matriz D = diag(di, ds, . .., dy) € RP*P
with dy > do > ... > d, > 0 form the singular value decomposition of the following matriz

I JQIdep =: UﬁUT,

and denote by Uy, ..., U, the singular vectors of & — 021dpxp, s0 U= (1|...|up). An estimator B of
B can be defined using the r first singular vectors of the previous decomposition, such as

dy 0 al
B=D/0T = : . (34)

=

0 d, al

In practice, one will see in Section 4 that the proposed estimator B leads to a good estimation of the
coefficient matrix B. The method presented here thus makes it possible to empirically estimate the
loading matrix within the MNAR setting, which is, to our knowledge, the first proposed approach to
do so. For MCAR and MAR data, an Expectation-Maximization algorithm extended to the missing
data case is usually applied to recover B [3, 2].

3.4 Imputation of the data matrix

In the previous sections, estimators for the mean, variance and covariances related to missing variables
have been proposed, as well as for the loading matrix B. All these estimators can be reused to
impute missing values in the data matrix Y, using their estimated conditional expectation, extending
Algorithm 1 to arbitrary rank r and dimension p. For the sake of clarity, let us consider that the
observed variables are Y1,...,Y,_q and the MNAR missing variables are Y ,_441,...,Y,. Denoting
A= BB + 0®1dyxyp, for i € {1,...,n} and j € {p —d +1,...p}, one has
-1

An oo Apea Yil ai

E[Yi[Ya, ..., Ypdl = cj+ (A1 - Ajp-a) : ol

Ap-an - Ap-ap-a) Yi-a) Wp—d
Assuming that the level of noise o2 is known, an imputation method dealing with MNAR missing
values is described in Algorithm 2.

In practice, one will see in Section 4 that this imputation method gives good results and allows to
impute a matrix under the PPCA model, which contains MNAR missing values.
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Algorithm 2 Proposed method to impute missing values in the data matrix with d MNAR missing
variables, denoted by Y, _4y1,...,Y,.

Require: r and ¢ known.
. for the MNAR missing variables indexed by j € {p —d+1,...,p} do
2. Evaluate &; the estimator of the missing variable mean given in (31) using 7 observed variables.

—

3:  Evaluate Va/r(?,j), and @(Yj,Yk) with & € {1,...,d — p} using (32) based on r observed

variables.

4:  Evaluate Cov(Y;,Y}) with k € {p—d+1,...,7—1} using Proposition 32 based on r —1 observed
variables.

5: end for

6: Form 3 the estimator of the covariance matrix using the previous estimations and standard em-
pirical estimators for variances and covariances between fully observed variables.
7. Compute the estimator B of the loading matrix, given in (34).
8: Compute
A = BTB 4 0%1d,x,.

9: Impute the missing values (Y;;) for i € {1,...,n} such that Q;; =0and j€ {p—d+1,...,p} as
follows

N ~ —1 N
Ay .. Al(pfd) Y (631

~ A~
~

Ap-ayr -+ Ap-d)(p-d) Yi(p—a) Gp—d
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4 Numerical experiments

The data matrix Y is generated from a PPCA model given in Equation (1). The MNAR missing
values are introduced using a logistic regression given by

p(Qijlyij; ) = [(1 + e~ P Wi —025))y == [ _ (1 4 o= @19 (Wi —925)) =11

for all i € {1...,n} and where for j indexing a missing variable, ¢; = (¢1;, ¢2;) denotes a parameter
vector of the missingness distribution. The means, the variances, and covariances of the variables with
missing values are estimated from the incomplete data. The PPCA loading matrix is also estimated
and the data matrix is imputed. To do so, the following methods are compared, denoted by the
following keywords:

(a) MNAR: both graphical and algebraic methods, developed in this paper which consider the
MNAR feature of the missing mechanism but do not assume a parametric model for it,

e Graphical: refers to the graphical approach, in Equations (11), (25), and (26),
o Algebraic: refers to the algebraic approach, in Equations (9),(23) and (27);

(b) MAR: application to the PPCA model of the method suggested in [14, Theorems 1, 2, 3|, the
latter being designed to handle MAR missing values in linear models. See Appendix III for
details;

(¢) Mean: the imputation by the mean which consists in imputing the missing values by the mean
of the variables computed over the observed entries. This can serve as a benchmark;

(d) Del: the listwise deletion method with consists in estimating the parameters with the fully-
observed rows only.

In addition, two methods are also implemented, which are designed to handle fixed effects model, i.e.
where the data Y € R™*P is generated as a sum of a low-rank matrix ©® € R™*P (the rank r of ©
satisfies r < min{n, p}) and a Gaussian noise matrix, i.e.

Y=0+c¢ (35)
These two methods are called

(e) SoftMAR: which minimizes the weighted least squares penalized by the nuclear norm [13] using
the algorithm softImpute [5] which is appropriate under the MCAR or MAR assumption;

(f) Param: the parametric method suggested in [19] which parameterizes the MNAR mechanism
using a logistic model. More particularly, in order to estimate ©, this method minimizes the
penalized negative joint-likelihood as follows

~

(0, ¢) € argming 4(, ¢;y, Q) + A|O)..

where ||.||x is the nuclear norm, known to be a convex relaxation of the rank penalty. It is
achieved using a Monte-Carlo Expectation Maximization algorithm, which can be computation-
ally expensive.

The results are presented for different numbers of observations and variables, percentages of missing
values, ranks and noise levels.

20



Measuring the performance The methods are compared in terms of quality of estimation and
imputation. For the loading matrix, the RV coefficient [8] between the estimate B and the true B is
computed, being an extension of the correlation coefficient for random vectors, particularly well fitted
to compare spanned subspaces. An RV coefficient close to one means high correlation between the
image spaces of B and B. The quality of imputation is measured with the normalized prediction error
given by

IE[H(Y—Y)@(l—Q)Hi] /E[HY@a—Q)H% .

Selection of the hyperparameters In the parametric method (f), the level of noise o2 is known.
Note also that both methods (e) and (f) require the regularization parameter A\ to be tuned. The
complete matrix Y is thus used to choose the optimal A\ among some fixed grid G = {A1,..., Ay}
by minimizing the true prediction error. On the other hand, Methods (a) and (b) assume the rank r
and the level of noise o2 to be known to estimate the loading matrix and to impute the data matrix.
However, note that only the knowledge of the rank r is required to estimate the means, the variances
and the covariances of the missing variables.

Besides, Method (a) involves the selection of observed variables on which the regression will be per-
formed. Two approaches are then proposed:

e aggregation: in which the final estimator is provided by computing the median of intermedi-
ate mean or variance estimators corresponding to every possible combinations of the observed
variables; this kind of method will be denoted in light blue in the following boxplots.

e random: the final estimator is built upon only one choice of fully observed variables, uniformly
randomly drawn among all combinations of observed variables. This method will be denoted in
dark blue in the following boxplots.

4.1 Numerical experiments for the PPCA model

PPCA model generated from two latent variables. In this section, a data matrix of size
n = 1000 and p = 10 is generated from two latent variables (r = 2) and with a noise level ¢ = 0.1.
Seven MNAR missing variables Y;,j € {1,2,3,4,5,9,10} are introduced and the logistic parameters
choice leads to 35% of missing values in total.

For instance, for the first missing variable (without lack of generality for other missing variables),
Figure 3 and 4 show that our approach (a) is the only one which gives unbiased estimators of the
mean and variances of Y ;. Recall that estimators of the mean in both graphical and algebraic methods
(Equation (11) on the one hand, and Equation (9) on the other hand) are the same but estimators of
the variance (Equations (25) and (26) versus Equation (23)) differ. Figure 3 shows that the dispersion
of the boxplots for the algebraic method is slightly larger than the one of the boxplots for the graphical
approach, which can be due to the instability of the matrix inversion in (23) to get an estimator of
the variance. In addition, as expected, the aggregation option on Method (a) for both graphical and
algebraic approaches improves on the random option, i.e. when only one random combination of
variables is used to compute estimators. However, this latter, computationally faster, still provides an
unbiased estimate for the mean and the variance and proves to outperform the MAR method (b), which
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Figure 3: Mean and variance estimations of the missing variable Y; when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.

is the most competitive method ignoring the MNAR mechanism. As expected, Method (d) discarding
individuals with missing variables provides biased estimate inasmuch as the observed sample is not
representative of the population with MNAR data. The results obtained with the parametric method
(f) are improved upon the benchmark mean imputation (c), and on Methods (d) and (e) as well, as it
explicitly takes into account the MNAR nature of the missing entries. However, it still leads to biased
estimates which can be explained by the fact that this method is developed under the fixed effect
model given in (35), different from the random effects model of the PPCA. Note that similar results
hold for the other six missing variables (see in Appendix IV, Figures 15, 16, 17, 18, 19 and 20).

In Figure 4, covariance estimations of Cov(Y1,Y;),j € {2,3,4} are displayed. The MNAR method (a)
combined with the algebraic approach provides unbiased estimates for all quantities. On the contrary,
Method (a) combined with the graphical approach provides biased estimates of Cov(Y1,Y;),j € {3,4}
and is in this particular case no longer competitive compared to the MAR method (b). As a matter
of fact, the latter may be efficient, as it does not involve division by coefficients possibly close to 0 or
matrix inversion.

Figure 5 shows that our method (a) considering the algebraic approach and the aggregation gives the
best estimate of the loading matrix and the smallest imputation error. The graphical approach and
the algebraic approach with a random choice of variables combination are no longer competitive, since
outliers in estimates of means, variances and covariances have a significant impact in the estimation
of B and the imputation.

PPCA model generated from three latent variables. Similar conclusions can be drawn when
the rank is increased. A data matrix of size n = 1000 and p = 10 is generated from three latent
variables (r = 3) with the same noise level o = 0.1 and still seven MNAR missing variables Y ;,j €
{1,2,3,4,5,9,10} introduced using a logistic model. Figures 6 and 7 show that our approach (a)
remains the only one which gives unbiased estimators of the mean and variances of the first missing
variable (and for the other ones as well, see Figures 21, 22, 23, 24, 25, 26 in Appendix [V). Moreover, in
Figure 8, our method (a) considering the algebraic approach combined with aggregation still gives the
best estimate of the loading matrix and the smallest imputation error, despite a larger dispersion in
the boxplots compared to MAR and other methods. Nevertheless, the proposed method (a) combined
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Figure 4: Covariances estimations of Cov(Y1,Y),j € {2,3,4} when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 5: Prediction error in imputation and RV coefficient for the loading matrix when r = 2,
n = 1000, p = 10, 0 = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light
blue boxplots stand for the aggregation approach which chooses the observed variables on which the
regression will be formed by aggregating every possible combination, dark blue boxplots represent the
random approach which randomly selects a combination.
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Figure 6: Mean and variance estimations of the missing variable Y; when r = 3, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.

with the random choice performs poorly (either with the algebraic or the graphical approach) in terms
of estimation of B and imputation, compared to the MAR (b) and the Soft MAR (e) methods.

4.2 Robustness to noise

Using the same setting as in PPCA model generated from three latent variables, the results are now
presented for different noise levels o = {0.1,0.3,0.5,0.7,1}. Four methods are compared:

e Method (a) combined with the aggregation approach (i.e. aggregating estimators provided by
all combinations of observed variables on which the regression will be performed), either relying
on algebraic arguments, or graphical ones,

e Method (e) using softImpute and ignoring the MNAR mechanism and
e the naive one with mean imputation (c).

For instance, for the first missing variable, when increasing the noise level, the proposed estimators
for Method (a) still considerably improve on the others in terms of quality of estimation for the mean
in Figure 9 and the variance in Figure 10. As expected, the boxplots dispersion tends to increase with
noise level. For all the other missing variables, the results are similar but not shown here due to space
constraints.

Figure 11 and 12 show the correlation between the estimation of the loading matrix and the true one,
as well as the prediction error. When the noise level increases, it is expected that the linear equations
used at the start of the analysis, such as (4) for the toy example, will be less and less exogenous and
that ignoring it in practice can be made to the detriment of performance. As expected, estimation
deteriorates as the data gets noisier and then the loading matrix estimation and the prediction error
get closer to the results of mean imputation. The proposed method yet remains competitive in regards
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Figure 8: Prediction error for imputation and RV coefficient for the loading matrix when r = 3,
n = 1000, p = 10, 0 = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light
blue boxplots stand for the aggregation approach which chooses the observed variables on which the
regression will be formed by aggregating every possible combination, dark blue boxplots represent the
random approach which randomly selects a combination.
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Figure 9: Mean estimation for different values of the level of noise when r = 3, n = 1000, p = 10 and 7
variables are missing leading to 35 % of MNAR values. The aggregation approach, which chooses the

observed variables on which the regression will be formed by aggregating every possible combination,
is used here for both graphical and algebraic methods. The red lines indicate the true values.

of the approach (e) until the level of noise reaches o = 1 for the prediction error and until o = 0.5
for the loading matrix estimation. Remark also that the graphical approach seems to have a smaller
prediction error than the algebraic one (for o = 0.7 and o = 1) when the noise increases; it could be
due to the growing impact of the matrix inversion in the algebraic approach.

4.3 Misspecification to the PPCA model

In this section, the methods stability to a wrong model specification is evaluated. The data matrix Y
of size n = 200 and p = 10 is generated under the fixed effects model as (35) with a rank r = 3 (for ©)
and a noise level 0 = 0.1. There again, seven MNAR missing variables Y ;,j € {1,2,3,4,5,9,10} are
introduced, resulting in 35% missing data in the whole matrix. For instance, for Y; (similar results
are obtained for the other missing variables), Figure 13 shows that, regarding the mean and variance
estimations, our method (a) provides less biased estimates than the parametric one (f), while precisely
dedicated to this specific setting.

Note that Method (f) based on the fixed effects model provides accurate estimation of the mean but
the variance is slightly under-estimated, which is expected as the method imputes missing entries with
O and consequently the variability in the imputed data is smaller than the one in the observed data.
As for the prediction performance, Figure 14 shows that our approach (a), using the aggregation
option, does not remain competitive with Method (f). However, despite the model misspecification,
it gives similar results as Method (e), which ignores the MNAR mechanism but is specially designed
to handle fixed effect models. Our approach (a) with the random option is not competitive regarding
to the prediction performance.
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Figure 10: Variance estimations for different values of the level of noise when r = 3, n = 1000,
p = 10 and 7 variables are missing leading to 35 % of MNAR values. The aggregation approach,
which chooses the observed variables on which the regression will be formed by aggregating every
possible combination, is used here for both graphical and algebraic methods. The red lines indicate
the true values.
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Figure 11: Correlation for different values of the level of noise when r = 3, n = 1000, p = 10 and 7
variables are missing leading to 35 % of MNAR values. The aggregation approach, which chooses the
observed variables on which the regression will be formed by aggregating every possible combination,
is used here for both graphical and algebraic methods.
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Figure 12: Prediction error for different values of the level of noise when r = 3, n = 1000, p = 10 and
7 variables are missing leading to 35 % of MNAR values. The aggregation approach, which chooses the
observed variables on which the regression will be formed by aggregating every possible combination,
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Figure 13: Mean and variance estimations for two different variables when data are generated under
the fixed effects model given in (35), 7 = 3, n = 200, p = 10, 0 = 0.1 and 7 variables are missing leading
to 35 % of MNAR values. Light blue boxplots stand for the aggregation approach which chooses the
observed variables on which the regression will be formed by aggregating every possible combination,

dark blue boxplots represent the random approach which randomly selects a combination. The red
lines indicate the true values.
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Figure 14: Prediction error when data are generated under the fixed effects model given in (35)
r =3, n =200, p=10, c = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light
blue boxplots stand for the aggregation approach which chooses the observed variables on which the

regression will be formed by aggregating every possible combination, dark blue boxplots represent the
random approach which randomly selects a combination.
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Conclusion

In this paper, we study estimation of mean, variance and covariances related to a self-masked MNAR
missing variable in the context of the PPCA model. Despite the common belief of hardness for such
MNAR missing values, information of interest can be retrieved by exploiting linear links between
variables, which is particularly allowed by the PPCA model. This is at the core of the proposed
estimators, enabled by a relatively simple technicality based only on linear regressions. As a matter of
fact, the strength of such estimators is to be free from a specific modelling of the missing mechanism.
In practice, the proposed estimators outperform standard estimators, generally designed for the MAR
setting and by ignoring the MNAR missing mechanism.

The constructed estimators of the variances and covariances can be in turn used to estimate the loading
matrix of the PPCA model and to impute missing entries in the data matrix. In simulations, this new
method of imputation handling MNAR missing variables proves to be competitive in comparison to
more involved techniques, such that parametric methods explicitly modelling the missing mechanism,
which entails a computational burden.

Despite the non-exogeneity assumption in the theoretical framework, it seems that this assumption can
be overlooked when it comes to numerical experiments. This is yet a clear limitation of the proposed
method, that to our knowledge, is more tangible with the algebraic approach than the graphical one.
Hence, it suggests some lines for theoretical improvement, specially when the noise level increases.

It should also be noted that the proposed method requires solving linear systems, which can be
numerically instable: in simulation, one can see the presence of outliers in imputation generally due
to outliers already present in the variance and covariances estimation. The robustification of the
proposed approach is beyond the scope of this paper, that we think is already innovative enough,
providing the first consistency results in presence of informative missing values in low-rank models.
As promising perspectives, this work could be extended to other variants of PPCA, such that the
probabilistic Poisson PCA [4] covering the exponential family framework instead of the Gaussian one.
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I MAR formulae

The formulae are given in the toy example case (Section 2) for p = 3 and r = 2 with one missing at
random variable Y; and can be directly extended to any p and r. The following proposition is an
extension of the results of Mohan et al. [15] (Theorem 1, 2, 3).

Proposition 24 (Expectation, variance and covariances formulae for a missing at random variable
when p = 3 and r = 2). Under the PPCA model (3), assume that:

° (B,Q B,g) is an invertible matriz,
o Vi L Q4]Y2, V5.

One can derive
— the mean of the missing variable

Q1 = Bfaz,:a[o} + 35%2,3[2]0‘2 + Bfa2,3[3]0‘37

— the variance of the missing variable
Var(Y1) = Quar + (Bfﬁ273[2])2Var(Y2) + (Bfﬁ2’3[3])2Var(Y3) + 28%%2,3[2&5%2,3[3] Cov(Y2,Y3),
with QS ar = (Var(Y1) — Cov([Y, Y], Y1) Var([Ys, Y3])Cov([Va, Y.3],Y.1)T}QJ =1),
— the covariances associated to the missing variable
Cov(Ya, Y1) = Bf g BV 2l+B5 o g0 (Var(Ya) +E[Y2]?)+ 555 53 (Cov(Ya, Y3)+E[Y 3]E[Y o)) ~E[YA]E[Y 2] +0(0”
Cov(Y3, Y1) = BS g g1 BlY 3457 g 53 (Var (Va)+E[Y3]*) 4555 5107 (Cov(Y3, Vo) +E[Y o E[Y 3]) —E[Y1|E[Y 3] +0(0?

where Bf_>2y3[0], B§_>2’3[2] and B‘lj_>273[3] stand for the coefficients of Y1 on Y1 and Y3 when 1 =1,
associated with By_,9 310, Bi2,312) and Bi_,z 33] depending on B,

Bl—>2,3[0] = —(B1_123BH + B1_223321)1a2 — (32_123311 + 35223321)1043 + 1laq,
Bi 9319 := By’ Bi1 + By Ba,
By = By Bii + By, Boy.

In the same way as in the MNAR case detailed in Section 2, the formulae lead to natural estimates
for the mean, the variance and the covariances of the missing at random variable.

IT Results of Mohan et al. [15] for graphical approach in Section 2

The results and the proofs of Mohan et al. [15] are presented here for p = 3 and r = 2. Recall the
preliminaries results.
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Lemma 25 (Lemma 2 [15]). Let us consider the m-graph G. The coefficient of the linear regression
of Yj on Yy, k#j, denoted as [k k-5 is recoverable if Y; 1L Q|Yy, k # j and one has
Biskkti = Bj—k k-

Lemma 26 (Lemma 1). [15]/](Graphical approach for computing the covariance) Let G be a m-graph
with k unblocked paths p1, ..., py between two variables Y. and Ys. Let Ay, be the ancestor of all notes
on path p;. Let the number of notes on p; be n,,. One can derive that

np; —1

Cov(Y,,Yys) = ZVar i) H a

where H AZ is the product of all causal parameters on path p;.
In addition, let us recall the basic formula,

Cov(X,Y)

~Nar(X) (36)

By sx =

where Y and X are two variables of a linear model.
A formula for the mean of the missing variable Y is derived as follows.

Proposition 27 (Expectation formula resulting from the graphical approach when p = 3 and r = 2).
The probabilistic model (3) is considered. Assuming A2. and B5_,, 5 # 0, one has

a2 = B3 1 a0 — Pin 3[3]‘3‘3

"o B3 130 BT
Proof. Indeed, one has:
E[Y2] = E[E[Y2|Y1,Y3]
=E[E[Y2|Y1,Y3,Q1 =1]] (by using A2.)
= E[E[ﬁgﬁl,?)[m + /85%1,3[1]}/?1 + B§e3,1[3}Y.3 + €y, |V, V]|
= B3 1300 T BomsramBIYal + 85,513 E V3],
which leads to the desired Equation (37), provided that 35 13[1] £ 0. O

The following proposition gives formulae for the variance and the covariances of the missing variable
Y. It is a slightly modification of the one in Mohan et al. [15], since one presents here a result whereas
in Mohan et al. [15] only a method is given.

Proposition 28 (Variance and covariances formulae resulting from the graphical approach when
p =3 and r = 2). Under the two equations (10) and (24), suppose that A2. and A7. hold. Assuming
also that 85,1 # 0, BS_,, 3[1] # 0 and Var(Y3) # 0, one can derive that

Var(Y;) = Var(Ys) 1 (COV(YQ, Ys)

— P 7 38
Bss1 PBiism \ Var(Ya) B2_>1’3[3]> (38)
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with B5 1 the coefficient standing for the effects of Y3 on Yy in the complete case and B5_,, 3[1] and
B5 1 3[3] introduced in Section 2.1.2. In addition, assuming 35, o[1] # 0 and Var(Ys) # 0, one has

1 Cov(Ya,Y3) )
Cov(Y1,Ys) = — 55 Var(Ys,), 39
YY) f6§—>1,2[1}< Var(Ys) Pz () (39)

1 Cov(Ys,Y3) >
Cov(Y1,Y3) = _ 88 Var(Ys). 40
YY) 5§—>1,3[1}( Var(Y3) Vil (¥s) 40

Proof. Using Equation (36),
Cov(Y1,Y3) = Var(Y1)B3-1,

Cov(Y3,Y1) = Var(Y3)B1-3,

so
Y
Var(Yy) = Var( .3)51—>3‘
63—>1
Considering the graphical model in Figure 1(c),
Cov(Y2,Y3) = o1 3nPr1s3Var(Ys) + Basq 33 Var(Ys) (by Lemma 26)
1 Cov(Y2,Y3) )
= = _
P13 Baovo < Var(Ys) Ba—1,3(3]
1 COV(YZa Y3) >
= = - B 41
ﬁl—)?) ﬂg_>173[1] < Var(Yg) 2—1,3[3] ( )

where the last implication is given by Lemma 25 and Assumption A2., giving also

P31 = P51,

which concludes on Equation (38).
By (36), the covariances can be expressed in two different ways,

Cov(Y1,Ys) = faiVar(Yy) and  Cov(Y,,Y3) = B3 Var(Y;), (42)
Cov(Y1,Ys) = f152Var(Ya) and  Cov(Yq,Y3) = fi3Var(Ys). (43)

In (42), the coefficients B2—,1 and B3_,1 can be estimated on the complete case using Lemma 25, but
the variance of Y} has still to be taken care of. Instead of potentially propagate error from (38), we
propose to favor the expressions given in (43) to evaluate the covariances.

Focusing on (43), the coefficient (1,3 is given in (41) and (12 can be obtained using the same
method, based on the reduced graphical model in Figure 1(d) (by Assumption A7.), so

/8 o 1 <COV(Y27 Y3) _ BC >
T o \ Var(Ya) L2l )
Therefore, by plugging it in (43), Equations (39) and (40) are obtained. O
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IIT Detailed results for Section 3

Consider any data matrix with p covariates and generated with a PPCA model with r latent variables
Y,,...,Y  containing one variable missing not at random, denoted as Y,,,.
In the sequel, let us denote J := {j1,...,jr} and J_ := {j1, ..., 7r t\{k}.

About the mean. Result on the consistency of a constructed mean estimator is first derived, by
exploiting the linear links between variables, given in the following lemma.

Lemma 29. Consider the model (1) and assume that (B,m Bj;, Bj, ... B,jT) has an inverse
matriz denoted as B~1 € R™". One has

Y.jl :BBjI‘)mvjfjl[O]—’_ Z leﬁm,J,jl[k}Y.k_{'le%m,j,jl[m]Ym_ Z leﬁm,(],jl[k]e‘k_leﬁm,j,jl[m]e.m+6.j17

ked_j, keJ_j,
(44)
with:
Bjy—sm,g, 6] = Bk Bjvm + -+ + B Bjuj,. (45)
Bj1—>m,J,j1 [m] = Br_n}nlem +eee Bj::nlejrv (46)
By om0 = Larst = > B, gl = By g )10 (47)
keJ-j,

Proof of Lemma 29. Without loss of generality, let us consider that Y; has missing values (m = 1).
Arbitrarily choosing j, = r+ 1 and j; = 2,j2 = 3,j3 = 4,...,j,—1 = 7, let us prove that Y, is a
linear combination of Y1,Y,,...,Y,. Starting from (1) and the matrix B € R"*P being of full rank
r, solving this linear system is the same as solving the following reduced system

(Y1 ... Yy)=1la,+ (W1 ... W,)B,+e,,

where B, € R™" denotes the reduced matrix of B in (1) keeping the first r variables of B. Similarly,

aj, € R" and ¢, € R™" denote the reduced matrices of a and e. B™" denotes the inverse B‘;l of By,
which exists since B, has a full rank by assumption.
Then, one can derive that

Wi oo Wo)=((Ya ... Yy)—1lap—¢,) B

The expression of Y, 1 as a function of the latent variables is

Y11 =1ap 41+ Brya. (Wl s Wr) +€rp1 = lagq1 + By, ((Yl cee Yr) - ]-Oé\r - f\r) B™" + €r+l,
so that
T T
Yor1 = (B Byyit - +B, By ) Y=Y (B Byt -+B,7 By (Lajte ) +erii+lam.
j=1 j=1
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Using the notations introduced in (45), (46) and (47), one has

Vie{2,...,r}, B(r+1)ﬁl’j_(r+l)m = Bl_jTB(T+1)1 + -+ BT_jTB(TJrl)r,
B(r1)51,7_ 1] = Bl Barsin + -+ B By

T
B(T—i_l)_)lrjf('r#»l)[o] = 1@7‘_1,_1 B ZBT'i'l)_)l:Jf(r#»l)[]]la] - B(T—‘rl)_)lvjf(vukl)[l]lal
Jj=2

One obtain then the desired solution

.
Y1 = Bty 51,7 0] + D B )s1,0_ 1Yo T By 51,7 1Y
j=2
.

- Z B(T+1)—>17J7<T+1)[j]€-j - B(r+1)—>1,J,(T+1>[1]€.1 + €rt1.
Jj=2

O]

An expression for the mean of the missing variable Y., is given in the following proposition.

Proposition 30 (Mean formula). Under the PPCA model (1), assume that it exists v variables
Yj,...,Y;  such that:

Al1l. (B.m B; By, ... B~jr—1) 1s an invertible matrix,
A12. Y L QY Yj,....Y;.

Assuming also that B;? is mon-zero, one can derive that

1_>m7*7—]'1[m]

. C _ C

Ay le—Ym,J_jl[O} Zkej_h le—rm,J_jl[k]ak
B¢

Ji—=m,J—j [m]

(48)

Ay = )

where for k € J_j,, leHmJijl[O], 851%m,J,j1 m] and B]C.lﬁm’jih (5 are the coefficients standing for
the effects of the regression of Yj, on (Y., (Yk)kej_jl) in the complete case, when Q , = 1.

The expression for the mean of the missing variable given by (48) leads to a natural estimator of the
mean of Y, given in Definition 19.

Proof of Proposition 30. Without loss of generality, let us consider that Y; has missing values (m = 1).
Arbitrarily choosing j; = r + 1 and that jo = 2,43 =3,754 = 4,...,j, = 7, let us prove that Y, is a
linear combination of Y1,Ys,..., Y.

Given that E[Y, 1] = E[E[Y,41|Y1,...,Y,]], Assumption A12. leads to

E[Yl’Yla s 7YT] = E[YI‘YL .. '7YT79.1 - 1]
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Then, by definition of (B¢, . ,)’s,

i—j,k

E[YT+1‘Y17 e ,YryQJ = 1}

=E B$+1a1,‘7,(,,.+1)[0] + B:+1a1,‘7,(,.+1)[k](Yk - 6-k) +ery1|Ya,..., Yo
k=1
T T
=Bri151,7 0] T D Briisng ik Ye — ZB$+1—>1,J_(T+1)[k]E[6.k‘Yly e Y|V, YL
k=1 k=1

Thus, by taking the mean and given that E[e ;] =0 for i = 1,...,r, one has

E[YT+1] = Bﬁ+1—>1,j_(r+l)[0] + Z B$+1—>1,J_(T+1)[k]E[Yk] + B:+1_>1’j_(r+1)[1}E[Y1]7
k=2

implying Equation (48), provided that By LT [1] £ 0. O
About the variance and covariances. One construct now estimators of the variance and co-
variances, by exploiting all links between the variables Y;,,...,Y; and Y,, i.e. to write the r linear
equations expressed Y;,j € J := {ji,...,Jr} according to the others variables. For j € J, the coef-
ficients Y; are expressed according to Y., and (Y});c T_i» which implies thus r linear equations. This
leads to the following proposition which gives the variance and covariances formulae.

Proposition 31 (Variance and covariances formulae). Under the PPCA model (1), assume that it
exists r variables Y, , ..., Y  such that Assumptions A11., A12. are verified, as well as the following
ones:

A13.V5e€ T, Y; LOIY,,, Y ke T,
A14. V€ J, (B,m (B,l)le‘yfj) has an inverse matriz.

One can derive that
M;X* +o(0?) = M3, with:

c 2 c c c c
(Bj1—>m7~7—j1 [m]) 0 28j1—>m,~7—j1 [j1]Bj1—>m,~7—j1 [j2] 28j1—>m,57—j1 j1]Bj1—>mw7—j1 [5r]
c __ k¢ —R¢
J1—=m,J—j; [m] le—WLJ—jl [52] T Bj1—>m7~7—j1 [r]
—R¢ _ Rc _ Rc
B g seim "B om,a B s 1) = 1
Var(Y.,)

Cov(Yim,Yj)
x* = | Cov(Ym,Y,)

i

COV(Ym’ Y]r )
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c c T
Var(Yy;,) — @™ — (Bj1—>m7~7—j1 [»7—1'1]) Var(yj*h)BJCi%mJ—n[J—jﬂ

. T
M= B mg, )T (1 ElVim] ENG] ... E[]) —EN,]E[Yo]
C ' T
(BS g, )" (1 EYi] E[Yy] ... E[Y]) —E[Y,]E[Y,]
where the coefficients for k € J_j, B;_m 7,00 7 B;_m s and Bjc._m g,k are the coefficients

standing for the effects of Y; on (Y, (Y,l)lejﬂ,) when Q ,, =1 and
Q* = (Var(Y;,) — Cov(Z*,Y;,)Var(Z*)Cov(Z*,Y,;,)" |Qm = 1),
with Z* = Y, Yy, ..., Y]
As precised in Definition 20, a natural estimators for the variance and covariances are then
X = (00,
provided that (M7)~! exists.

About covariance between two missing variables. To calculate the covariances between two
missing variables, one uses the following proposition.

Proposition 32 (Covariance formula between two missing variables). Under the PPCA model given
in (1), assume that it exists r — 1 variables Y ,...,Y; | such that A11. and A12. are verified. Let
us den ote H = J U{mi,ma}. A formula of the covariance between two MNAR missing variables is

KCov(Y,,Ym,) = Var(Y;,) — Q"¢ — Z ( ;1—>H—j1 [k})2Var(Y,k)
k‘G'H_]'l

- > 2851, By, OOV Yk Ya), - (49)
REH 1 JEH (i) iy o KL

with K = 2B¢

Ji—=>H_j [ml]B]c'l*)Hfjl [mo2] and
Q' = (Var(Y.5,) — Cov(Z, Y5 Var(Z")Cov(Z*, Y3, [, = 1. Dy = 1).

where Z* = Yo, Yoo, Yo, .., Y]
If K # 0, one derive the expression of Cov(Ymy, Ym,)-
Equation (49) is at the origin of the covariance estimator between two missing variables proposed in

Definition 22.

IV Complementary figures

38



0.1-

0.5
o_o# ; 0.4-
N Tl $ S b *
. !
s -0.1- . . % T $ T
Q =
= 50.2- B $
-0.2- =
0.3 $| $| ot S
0.0-

MNAR MAR  SoftMAR  Mean Del Param Graphical Algebraic MAR  SoftMAR Mean Del

Param

Figure 15: Mean and variance estimations of the missing variable Yo when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed

by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 16: Mean and variance estimations of the missing variable Y3 when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed

by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 17: Mean and variance estimations of the missing variable Y4 when r» = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed

by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 18: Mean and variance estimations of the missing variable Y5 when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 19: Mean and variance estimations of the missing variable Y9 when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 20: Mean and variance estimations of the missing variable Y19 when » = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed

by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 21: Mean and variance estimations of the missing variable Yo when r = 3, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 22: Mean and variance estimations of the missing variable Y3 when r = 3, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 23: Mean and variance estimations of the missing variable Y4 when r» = 3, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 24: Mean and variance estimations of the missing variable Y5 when r = 3, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed

by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 25: Mean and variance estimations of the missing variable Y9 when r = 3, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed

by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 26: Mean and variance estimations of the missing variable Y19 when » = 3, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed

by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 27: Covariances estimations of Cov(Y1,Y;),j € {5,6,7} when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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Figure 28: Covariances estimations of Cov(Y1,Y;),j € {8,9,10} when r = 2, n = 1000, p = 10,
o = 0.1 and 7 variables are missing leading to 35 % of MNAR values. Light blue boxplots stand for
the aggregation approach which chooses the observed variables on which the regression will be formed
by aggregating every possible combination, dark blue boxplots represent the random approach which
randomly selects a combination. The red lines indicate the true values.
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