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1. INTRODUCTION

When releasing microdata to the public, methods of statistical disclosure
control (SDC) are used to protect confidential data, that is “data which allow
statistical units to be identified, either directly or indirectly, thereby disclosing
individual information” [7], while enabling valid statistical inference to be drawn
on the relevant population. SDC methods include data swapping, additive and
multiplicative noise, top and bottom coding, and also the creation of synthetic
data. In this paper, the authors provide inferential tools for the statistical analysis
of a singly imputed synthetic dataset when the real dataset cannot be released.
The multiple imputation case is also addressed, using a new adapted method
of generating synthetic data, which the authors call Fixed-Posterior Predictive
Sampling (FPPS).

The use of synthetic data for SDC started with Little [4] and Rubin [10] us-
ing multiple imputation [9]. Reiter [8] was the first to present methods for drawing
inference based on partially synthetic data. Moura et al. [5] complemented this
work with the development of likelihood-based exact inference methods for both
single and multiple imputation, that is, inferential procedures developed based
on exact distributions, and not on asymptotic results, in the case where synthetic
datasets were generated via Plug-in Sampling. The procedures of Reiter [8] are
general in that they can be applied to a variety of estimators and statistical mod-
els, but these procedures are only applicable in the multiple imputation case, and
are based on large sample approximations.

There are two major objectives in the present research. First, to make
available likelihood-based exact inference for singly imputed synthetic data via
Posterior Predictive Sampling (PPS) where the usual available procedures are
not applicable, therefore extending the work of Klein and Sinha [2], under the
multivariate linear regression (MLR) model. Second, to propose a different ap-
proach for release of multiple synthetic datasets, FPPS, which can use a similar
way of gathering information from the synthetic datasets to that used in [5], when
these synthetic datasets are generated via the Plug-in Sampling method. This
second objective arises from the fact that when using the classical PPS it is too
hard to construct an exact joint probability density function (pdf) for the esti-
mators, under the MLR model, since one would face the problem of deriving the
distribution of a sum of variables that follow Wishart distributions with different
parameter matrices. It is with this problem in mind, that we propose an adapted
method that we will call the FPPS method. We show that this method offers
a higher level of confidentiality than the Plug-in Sampling method, and it still
allows one to draw inference for the unknown parameters using a joint pdf of the
proposed estimators.

A brief description of the PPS and FPPS methods follows. Suppose that
Y = (y1,...,¥n) are the original data which are jointly distributed according to
the pdf fo(Y), where 0 is the unknown (scalar, vector or matrix) parameter. A
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prior 7(6@) for 0 is assumed and then the posterior distribution of @ is obtained as
m(0]Y) o 7(0) fo(s), and used to draw a replication 6% of 6, when applying the
FPPS, or draw M > 1 independent replications 67, ...,0%, of €, when applying
the PPS. In the case of FPPS, we generate M replicates of Y, namely, W; =
(Wj1,...sWjp), j = 1,..., M drawn all independently from the same fg}, where fg}
is the joint pdf of the original Y with 6% replacing the unknown 6. In the case
of the usual PPS method for each j-th generated synthetic dataset we would use
the corresponding j-th posterior draw 0; and corresponding j-th joint pdf’s fg]!,
for j =1,..., M. In either case, these synthetic datasets W1, ..., W s will be the
datasets available to the general public. One may observe that, for M = 1, the
Posterior Predictive Sampling and Fixed-Posterior Predictive Sampling methods
concur.

Regarding the MLR model, in our context, we consider the sensitive re-
sponse variables y; (j = 1,...,m) forming the vector of response variables y =
(Y1, .-, Ym)’, and a set of p non-sensitive explanatory variables x = (x1, ..., zp) . It
is assumed that y|x ~ N,,(B’x, X), with B and ¥ unknown, and the original data
consist of y =
{(1is -, Ymi, T1iy o, Tpi), @ = 1,...,n}, where n will be the sample size. Let us
consider Y = (yi1,...,yn) with y; = (Y14, .-, Yms)’ and X = (xq,...,%,) with
x; = (Z14,...,xp;i). We assume rank(X : pxn) = p < n and n > m + p.
Therefore the following regression model is considered
(11) men - B, prn + merm

mxp

where E,,,, is distributed as N, (0,1, ® 3). Based on the original data,
(1.2) B = (XX')"1XY’

is the Maximum Likelihood Estimator (MLE) and the Uniformly Minimum-
Variance Unbiased Estimator (UMVUE) of B, distributed as Ny, (B, Z@(XX')™1),
independent of 3 = 1(Y — B'X)(Y — B’X)’ which is the MLE of ¥, with
n3 ~ Wy (2,n — p). Therefore

(1.3) S =

will be the UMVUE of X.

The organization of the paper is as follows. In Section 2, based on singly
and multiply imputed synthetic datasets generated via Fixed-Posterior Predic-
tive Sampling, two procedures are proposed to draw inference for the matrix
of regression coefficients. Under the single imputation case, we recall that the
FPPS and the PPS methods coincide. The test statistics proposed will be pivot
statistics, different from the classical test statistics for B under the MLR model
(see [1, Secs 8.3 and 8.6]) since it is shown that these classical test statistics are
not pivotal in the present context. Section 3 presents some simulations in order
to check the accuracy of theoretically derived results. Also in this section, the
authors use a measure for the radius (distance between the center and the edge)
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of the confidence sets for the regression coefficients adapted from [5], computed
for the original data and also for the synthetic data generated via FPPS. These
radius measures are compared with the ones obtained when synthetic datasets
are generated via Plug-in Sampling. Section 4 presents data analyses under the
proposed methods in the context of public use data from the U.S. Current Pop-
ulation Survey comparing with the same data analysis given by [5] under the
Plug-in Sampling method. In Section 5, we compare the level of privacy protec-
tion obtained via our FPPS method and via Plug-in Sampling method. Some
concluding remarks are added in Section 6. Proofs of the theorems, and other
technical derivations are presented in Appendices A and B.

2.  ANALYSIS FOR SINGLE AND MULTIPLE IMPUTATION

In this section, we present two new exact likelihood-based procedures for the
analysis of synthetic data generated using Fixed-Posterior Predictive Sampling
method, under the MLR model in (1.1). For the single imputation case, the
two new procedures developed also offer the possibility of drawing inference for
a single synthetic dataset generated via Posterior Predictive Sampling.

2.1. A First New Procedure

In this subsection, the synthetic data will consist of M synthetic versions
of Y generated based on the FPPS method.

Consider the joint prior distribution 7(B,X) o« |2|7%/2, leading to the
posterior distributions for ¥ and B

(2.1) Zlys ~ Wy ((n—p)S,n+a—p)
and
(2.2) Blys ~ Npn(B, T @ (XX')71),

where we assume that n + a > p +m + 1 (see proof in Appendix B.1). Con-
sequently, we draw ¥ from (2.1) and B from (2.2), upon replacing ¥ by ¥ in
this latter expression. We then generate the M synthetic datasets, denoted as
W, = (Wj1,...,Wjp), for j =1,..., M, where wj; = (w1ji, ..., Wmji) , are indepen-
dently distributed as

(2.3) wiilg 5 ~ Nn(B'x1, %), i=1,..,n,5=1,.., M.

For/ i=1,...,n a/ndj =1,...,M, let B} = (XX')"'XW/ and S} = (W, —
BY X)(W; — B§ X)' be the estimators of B and X, based on the synthetic



6 Ricardo Moura, Martin Klein, Carlos A. Coelho and Bimal Sinha

data (wijs, ooy Winjiy Ti ..., &pi), which by Lemma 1.1 in [5] are jointly sufficient.
Conditional on (B, X), for every j = 1,..., M, B? is independent of S} and
{(BY,8Y),...,(B3},,S%,)} are jointly sufficient estimators for B and X. Define
then

- 1 M . 1 M
(2.4) BM:MZB; and sM:MZs;,
j=1

which are also mutually independent, given Band . For p > mand n+ a >
p + 2m + 2, we derive the following main results.

1. The MLE of B is Bj;, which is unbiased for B, with Var(B},)
_ 2M (n+5—p—m—1)+n—
= Nitnmpa® @ XX) !, where Nujnmpa = - gridar g8 (se

Theorem 2.1 and Appendix B.3).

2. An unbiased estimator (UE) of X will be Sy, = %;WQS (see The-

orem 2.1 and Appendix B.3); for a = 2m + 2, SM will also be an UE for
3,

3. In Theorem 2.2 (see below), we prove that

(B — B)(XX')(Bj, — B)|
|[M(n —p)Shy|

a statistic somewhat related with the Hotelling 72, this one built to make
inference on a matrix parameter, is a pivotal quantity, and that for A; ~
Wm(Ima n+a—p—m—1), A2 ~ Wm(Im’ n_p) and E ~ Fp—i+1,M(n—p)—i+1
(¢ =1,...,m), all independent random variables,

—i+1 M+1
T ~ ; I Q
M‘Q {HMn p)—i+1 Z}' M m

)

1 1
where  has the same distribution as A7 A, lAf and where 2 means
‘stochastic equivalent to’.

4.  If one wants to test a linear combination of the parameters in B, namely,
C = AB where A is a k x p matrix with rank(A) =k < p and k > m, one

defines
T8 o= (AB}, — C)'(A(XX')'A")"'(AB}, - O)|
’ [M(n —p)Sy|
and proceeds by noting that
(2.6) Ty olw & ﬁ hoitl g VUMAL g
. M,CIW al M(n—p)—i+1 ki M m ;

with Fy i ~ Fj._i 11, M(n—p)—i+1 Deing independent random variables and €2
defined as in the previous item.
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(i) Test for the significance of C: in order to test Hy : C = Cy versus
Hy : C # Cy, we reject Hy whenever Ty c, exceeds OM km,pn;y Where
OM k,m,pn:y Satisfies (1 —~) = Pr(TMC < 5Mkm7p7n ~) when Hj is true.
To perform a test for B = Bg one has to take A =I,,.

(ii) Confidence set for C: a (1 — ) level confidence set for C is given by

(2.7) Ap(C) ={C: Ty ¢ < M kmmpiv}s

where the value of dps k. m,npy can be obtained by simulating the distribu-
tion in (2.6).

Results in 1-4 are derived based on Theorems 2.1 and 2.2 below.

Theorem 2.1.  The joint pdf of B};,S}, and >-1 for B}, and S,
defined in (2.4), is proportional to

—%”’{(%24‘2)_1(E;w—B)/XX'(EIM—B)"FM(”—P)i*lg;w}
_e M(n—p)—m-1

IS arl 2 -5
X 3
|-|M(n*p2)+n+oa 1 | | |M+1

e

2n+a—2p—m-—1

D> A e >

so that E;M and §;\4, given 3, are independent, with
e M+1- _
Blls ~ Npm <B, ( i by +2> ® (XX) 1)
and .

Proof:  See Appendix A. O

Theorem 2.2.  The distribution of the statistic T}, defined in (2.5) can
be obtained from the decomposition

t+1 M+1
T ~ ; I Q
ik {HMn p)—i+1 Z}‘ M mt ‘

where Fj ~ Fj ;1 py(n—p)—it1 are independent random variables, themselves

1 1
independent of €2, which has the same distribution as A7 A5 1A12 with A, ~
Wpn(Ip,n+a—p—m—1) and Ay ~ Wy, (I,,,n — p), two independent random
variables.

Proof:  See Appendix A. O
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Remark 2.1. When m =1 and M = 1, the statistic in (2.5) reduces to
the statistic 72 used in [2] whose pdf is obtained by noting that

n+a—p—4
w 2
2n+a—2p—2 °
2

T?|qew ~ L(2 +w)F, n—p where fo(w) o
n—p (1+w)

Remark 2.2.  We remark that the statistic T, in (2.5) degenerates to-
wards zero when n — oo or M — o0, but

m
o d M+1
(M(n ~p))" Tirla —s {ng_m} Al
=1

and

m
. d
(M(n—p)" Tyl BV {H X127—i+1} L + €2,
i=1

where —%— represents convergence in distribution. Consequently, if instead of

using T3, one uses Ty, = (M(n —p))" Ty = |(§1‘47B)/(‘)§(.X‘/)(§M*B)‘ one would
M

have

m

o d M+1
Tirale T ood {HX;%—Z‘-H} ‘Tlm —I—Q‘

i=1

and

m
° d 2
Trsle o {1_[1 Xpi+1} I + €,
1=

which corresponds to the use of a simple scale change.

In Table 1, we list the simulated 0.05 cut-off points for Ty, for M =1 for
some values of p, m and n.

Table 1: Cut-off points of the 95% confidence set for the regression coefficient B

p=3
n m=1 m =3
a=2 a=14 a=14 a=2~6
10 | 6.568 7.433 20.11 29.08
50 | 5.502E-01 | 5.581E-01 | 9.277E-03 | 9.691E-03
100 | 2.518E-01 | 2.542E-01 | 9.212E-04 | 9.443E-04
200 | 1.207E-01 | 1.208E-01 | 1.049E-04 | 1.064E-04
p=4
n m=1 m =3
a=2 a=4 a=4 a=26
10 | 11.08 12.69 239.2 372.7
50 | 6.884E-01 | 6.984E-01 | 3.550E-02 | 3.697E-02
100 | 3.108E-01 | 3.128E-01 | 3.487E-03 | 3.564E-03
200 | 1.487E-01 | 1.490E-01 | 3.674E-04 | 3.723E-04

Similar to what was done in [5], one could suggest the following adaptations
of the classical test criterion for the multivariate regression model (see [1, Secs
8.3 and 8.6] for the classical criteria):
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(a) Ty = [Syl[Sy + By —B)(XX')(B), — B)|~! (Wilks’ Lambda Crite-

rion),
(b) T3y =tr [(E@ ~ BY(XX')(B® - B)(§;4)—1] (Pillai’s Trace Criterion),
(€ Tgy =tr [(E;w_B)/(XX/)(E;W_B)[(E;\/[_B),(XX/)(E;\/[_B) + Sy
(Hotelling-Lawley Trace Criterion),

(d) T}, = A1 where Ay denotes the largest eigenvalue of (B}, —B) (XX')(B},—
B)(S},) ! (Roy’s Largest Root Criterion).

However, these statistics are non-pivotal, since their distributions are func-
tion of 3 (see Appendix B.3).

2.2. A Second New Procedure

We propose yet another likelihood-based approach for exact inference about
B where one may gather more information from the released synthetic data,
following a somewhat similar procedure to the one used in [5]. Let us start
by recalling that Wj (j = 1,..., M) are m x n matrices formed by the vectors
(Wj1, ..., Wjn) as columns, generated from wi|g 5 ~ Np(B'x,2) (i = 1,...,n).
Note that, conditionally on B and f], (W14, ..., Wpy;) is a random sample from
Nm(]f%’xi, 5)), fori=1,...,n. Consider w; = ﬁ Z;‘il w;; and Sy, = Zj]‘/il(wji_
W;)(wj; —W;) which are sufficient statistics for 3, based on the i-th covariate
vector. Defining Sy, = > | Sw;, we have (W1, ..., Wy, Sw) as the joint sufficient
statistics for (B,33). Conditionally on B and ¥, we have W; ~ Ny, (B'x;, ﬁi})
and Sy ~ Wi (2, M —1).

From the M released synthetic data matrices W; (j = 1,..., M), we may
define Wy = & Z]J\i 1 W; and define for B its estimator

(2.8) B}, = (XX)1XW,,,
and for X its estimator

. Sw+ M xS;
(29) comb — . Mn — pmean’

where we define S®,..., = (W — E;\;X)(WM - E;\;IX)’.

In fact, if the M synthetic datasets are treated as a single synthetic dataset
of size nM, the estimators obtained for B and X will be exactly the same as
the ones obtained in (2.8) and (2.9). The proof of this fact may be analyzed in
Appendix C.

Analogous to what was done in the previous subsection, one can derive the
following inferential results, for p > m and n 4+ a > p + 2m + 2.
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1.  An UE of ¥ will be Sy = %}nggmb (see Corollary 2.3 Appendix

B.4), and for o =2m +2, S? . will also be an UE for 3.

2. In Corollary 2.3 (see below), we prove that

o0 . 1B}~ B)(XX')(B}, - B)
o [(Mn —p)Sg,,.]

is a pivotal quantity, and that for Ay ~ W, (I,,n+a—p—m—1), Ay ~
Win(Ipm,n — p) and F; ~ Fp_iy1 Mn—p—i+1 (0 = 1,...,m), all independent
random variables,

141 M+1
COmb|QN{HMn— —z—i—lFZ}' A T8

1 1
where 2 has the same distribution as A7 A5 1Af.

3. If one wants to test a linear combination of the parameters in B, namely,
C = AB where A is a k x p matrix with rank(A) = k < p and k > m, one
may define

(AB}, - CO)(A(XX))~'A)"(AB), — O)|
|(Mn —p)S

comb,C —

b
comb’

and proceed by noting that

—i+1 M+1
! kz}‘ Im+ﬂv

2.11 T, w F
( ) combC’ {HMTL p—i+1 " M

with Fy; ~ Fr_it1 Mn—p—i+1 being independent random variables and 2
defined as in the previous item.

(i) Test for the significance of C: in order to test Hy : C = Cg versus

H, : C # Cy, we reject Hy whenever T® exceeds deomb,k,m.pny Where

comb,Co
5comb,k,m,p,n;'y satisfies (1 - ) PT(Tcomb Co < 5comb,k,m,p,n;'y) when HO 18

true. To perform a test for B = By one has to take A = L.
(i) Confidence set for C: a (1 — ) level confidence set for C is given by

(2.12) Acomp(C) ={C: Tc.omb,C < 600mb,k,mm,pw}’
where the value of dcomp,k,m,npy can be obtained by simulating the distri-

bution in (2.11).

Results in 1-3 are derived based on the following Corollaries 2.3 and 2.4, of
Theorems 2.1 and 2.2, respectively.
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Corollary 2.3.  The joint pdf of B}, S, , and -1, for B}, and S®, .
defined in (2.8) and (2.9), is proportional to

~ —1 — J— = _
e str{(ME+3) (BYy ~B)XX/(By, —B)+(Mn-—p)E~'S?, .}

. Mn—p—m—1
‘Scomb|
~ ]Mnfzgkn«ka_

1%

2]_%‘ M 271+271’7p/2‘271+271’_w

X M1

m—l‘ )

so that E;M and S? ., given f], are independent, with

—e M+1c ~
BM|2NNpm<B,( i E+2>®(XX’) 1)

and
S o~ W 72,M — .
COmb|z <Mn —-p (n p)>

Proof:  See Appendix A. O

Corollary 2.4.  The distribution of the statistic 73 . defined in (2.10)
can be obtained from the decomposition

m .
o t p—1t+1 M+1
Twmb’“i{HMn—p—HlE}‘ A TR
=1

where F; ~ F,_;11 Mn—p—i+1 are independent random variables, themselves in-
1 1

dependent of €2, which has the same distribution as A{A; 1A12 with Aq ~

Wpn(Ip,n +a—p—m—1) and Ay ~ W, (I,,n — p), two independent ran-

dom variables.

Proof:  See Appendix A. O

Remark 2.3.  Similar to what happens with the statistic T}, in (2.5),
the statistic 775, in (2.10) also degenerates towards zero when n — oo or M —
oo, and similarly to what happens with T3/,

(Mn - p) Tcomb|ﬂ n~>oo- > H Xp—i+1 7M Im +Q
=1

and
d i 2
(Mn = p)" Toppler —— {H xpm} L+ 9.
i=1
. . o . By, —B) (XX')(By—B
Using the simple scale change T3 .o = (Mn—p)™Ts ., = (B —B) (XX1)(By —B)]

|Scomb‘
one would have

m
. d M+1
Tcome‘Q m {HX;%—HJ} 'Tlm + Q'
=1
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and
m
) d
Tcome‘Q M%oo; {1—[1)(127—1‘—}—1} ‘Im + Q’ ’
1=

similar to what happens with T},.

3. SIMULATION STUDIES

In order to compare the PPS and the FPPS methods with the Plug-in Sam-
pling method we present the results of some simulations analogous to the ones
presented in [5]. The objectives of these simulations are: (i) to show that the in-
ference methods developed in Section 2 perform as predicted, and (ii) to compare
the measures (radius) obtained from our methods with the ones from the Plug-in
method. All simulations were carried out using the software Mathematica®. To
conduct the simulation, we take the population distribution as a multivariate
normal distribution with expected value given by the right hand side of (1.1), for
m = 2 and p = 3, with matrix of regressor coefficients

12
B=1[32
11

1 05
2_(0.5 1)'

We set a = 6 in order to have both S;\/[ and S? . as the unbiased estimators of 3.
The regressor variables x1;, x9;, x3;,7 = 1,...,n are generated as i.i.d. N(1,1) and
held fixed for the entire simulation. Based on Monte Carlo simulation with 10°
iterations, we compute an estimate of the coverage probability of the confidence
regions for B and C = AB given by (2.7) and (2.12), defined as percentage of
observed values of the statistics smaller than the respective theoretical cut-off
points, with A = (§§7), using the methodologies described in Section 2. For
M =1, M =2 and M = 5, the estimated coverage probabilities of the confidence
sets are shown in Table 2 under the columns B(1) and AB(1) for the first new
procedure in Subsection 2.1, and under the columns B(2) and AB(2) for the
second new procedure in Subsection 2.2. For M = 1, a single column is shown
for each confidence region since the two new procedures are the same.

and covariance matrix

Table 2: Average coverage for B and AB

M=1 M =2 M =5

1st Approach 2nd Approach 1st Approach 2nd Approach

B(1) | AB(1) | B(2) | AB(2) | B(1) | AB(1) | B(2) | AB(2)
10 | 0.949 | 0.951 | 0.949 | 0.949 | 0.951 | 0.949 | 0.951 | 0.950 | 0.949 | 0.951
50 | 0.949 | 0.950 | 0.951 | 0.951 | 0.950 | 0.951 | 0.951 | 0.950 | 0.949 | 0.948

100 | 0.949 | 0.949 | 0.951 | 0.950 | 0.949 | 0.951 | 0.949 | 0.951 | 0.951 | 0.950

200 | 0.951 | 0.951 | 0.949 | 0.951 | 0.951 | 0.949 | 0.950 | 0.951 | 0.950 | 0.951
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The results reported in Table 2 for samples of size n = 10, 50, 100, 200, show
that, based on singly and multiply imputed synthetic data, the 0.95 confidence
sets for B and AB have an estimated coverage probability approximately equal
to 0.95, confirming that the confidence sets perform as predicted.

In order to measure the radius (distance between the center and the edge)
of the confidence sets, we use the same measure proposed in [5], which is

Ty = d}g\/l,m,n,pw X |S;\4|’

where dj, ., ., is the cut-off point in (2.7) or (2.12). Here we take M = 0 for the

original data, with S§ = (n — p)S, M = 1 for the singly imputed synthetic data
and M = 2,5 for the multiply imputed synthetic data, with S;\/[ = M(n—p)S}, for
the first new procedure, and é;w = (Mn—-p)S for the second new procedure.
The expected value of this measure will be

[ ]
comb

n—p)!

E(u) =d (n—p—m)!

E3
M,m,n,p,y

where Kq,,,m = 1 for the original data,

(—2+ knpam—m)!  (Mn — Mp)!
(—2+ knpam) (Mn—Mp—m)!

KM,n,p,m -

for the procedure in Subsection 2.1 and

(=2 4+ Bnpam—m)  (Mn—p)!
(=24 Bnpam)! (Mn—p—m)!

KM7n7p7m =

for the procedure in Subsection 2.2, where xy o pm = n+oa—p—m —1, assuming
n+ a > p—+ 2m + 2. For more details about these expected values we refer to
Appendix B.5.

We present in Table 3 the average of the simulated values of the radius
Ty and its expected value E(Y /) for the confidence sets Aps(B) (first proce-
dure) and A ynp(B) (second procedure), and in Table 4 the same values for the
confidence sets Ar(C) (first procedure) and A ymp(C) (second procedure), for
M =0,1,2,5 and n = 10, 50, 200. These values may be compared with the values
obtained in [5] for the Plug-in Sampling.

Observing Tables 3 and 4 and comparing the entries in these tables with
the results in [5] for Plug-in Sampling, we may see that when synthetic data are
generated under FPPS, larger radius are obtained. In the singly imputed case,
one can observe that the PPS synthetic datasets will lead to a radius that is
approximately two and half times that of the radius under Plug-in Sampling.
As the number M of released synthetic datasets increases, T slowly decreases,
increasing however the difference of the radius between the FPPS and the Plug-
in methods. Eventually, one may need very large values of M, in order to have
values of Ty close to the value of Y. As in [5] we also observe that the values of
Yy (M > 1), for both new FPPS procedures become identical for larger sample
sizes.
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Table 3: Average values of Tas and the values of E(Yas) for the confidence set for B.

M=1 M=2
n | Orig av ox 1st Procedure 2nd Procedure
& P avg exp avg exp

10 | 36.97 || 507.25 | 512.19 || 251.55 | 252.55 | 237.64 | 238.68
50 | 19.11 || 176.36 | 176.53 || 121.23 | 121.52 | 121.23 | 121.48
200 | 17.52 || 154.93 | 156.06 || 105.81 | 106.61 | 105.90 | 106.72

M=5
n 1st Procedure 2nd Procedure
avg exp avg exp

10 | 175.34 | 176.18 | 163.82 | 168.92
50 92.25 92.80 92.28 92.84
200 81.89 82.39 81.91 82.40

Table 4: Average values of T and the values of E(Y ) for the confidence set for C = AB.

M=1 M =2
n | Orig av oxc 1st Procedure | 2nd Procedure
& p avg exp avg exp

10 | 13.43 || 172.64 | 172.32 || 92.23 | 92.44 | 86.24 86.61
50 7.33 68.93 68.99 || 47.75 | 47.86 | 47.45 47.55
200 7.10 60.65 61.09 || 41.74 | 42.05 | 41.74 42.05

M=5
n | 1st Procedure | 2nd Procedure

avg exp avg exp
10 | 63.07 | 63.38 | 61.34 | 61.74
50 | 35.32 | 35.52 | 35.08 | 35.27
200 | 32.47 | 32.51 | 32.54 | 32.53

4. AN APPLICATION USING CURRENT POPULATION
SURVEY DATA

In this section, we provide an application based on the same real data used
in [5] to compare the original data inference with the one obtained via PPS, for
the single imputation case, and via FPPS, for the multiple imputation case. The
data are from the U.S. 2000 Current Population Survey (CPS) March supplement,
available online at http://www.census.gov.cps/. Further details on the data may
be found in [5].

In this application, x, the vector of regressor variables, is defined as

where N, L, A, are respectively, the number of people in household, the number
of people in the household who are less than 18 years old and the age for the head
of household, E, M, R and S, are respectively, the education level for the head of
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the household (coded to take values 31, 34-37, 39-46), the marital status for the
head of the household (coded to take values 1,3-7), the race of the head of the
household (coded to take values 1,2,4) and the sex of the head of the household
(coded to take values 1,2). I(E = 34) is the indicator variable for £ = 34,
I(E = 35) is the indicator variable for E = 35, and so on, and where the indicator
variable for the first code present in the sample for each variable is taken out in
order to make the model matrix full rank. The vector y of response variables
will be formed by the same three numerical variables used in [5], namely, total
household income, household alimony payment and household property tax. After
deleting all entries where at least one of these variables are reported as 0, we
were left with a sample size of 141, and as such the model matrix X = [x; - - - x;,]
has thus p = 24 rows, n = 141 columns, with rank equal to 24. Throughout
this section we will assume o = 8 in order to have S}, and S? . as unbiased
estimators of 3. Via PPS method we generate a single synthetic dataset and
show in expression (4.1) the realizations of the unbiased estimator S® for 3 and
of the estimator S for the original data, respectively denoted by S} and S

(4.1)

1.58572 —0.20443 0.27981
—0.20443 1.61395 0.16089 |,
0.27981 0.16089 0.34648

1.1980 —0.0375 0.2970
—0.0375 1.0699 0.1175
0.2970  0.1175 0.4045

St = S =

In Table 5 we show the realizations of the unbiased estimator B} of B and of the

estimator B of the original data, respectively denoted by ]§I and B.

Table 5: Estimates of the regressor coefficients from the FPPS synthetic data (B*), Plug-in
synthetic data (B*) and from the original data.

FPPS Plug —in ~
regressor SyntheticData (B®) SyntheticData (B*) Original Data (B)
I AP PT I AP PT I AP PT

Intercept || 11.4996 3.3381 8.1713 (| 10.1829 3.7094 10.9787 9.8339 4.6663 10.1095
N 0.2801 —0.2562 0.6317 || —0.0938 0.1435 0.6189 0.0457  0.0375  0.4585
L —0.3996 0.4960 —0.6017| 0.0812 0.0163 —0.5932 0.0186  0.1310 —0.3851
A —0.0061 0.0223 0.0018|f 0.0075 0.0285 —0.0097 0.0118  0.0181 —0.0020
I[(E=34) || —4.7732 0.3476 —0.4662 || —6.6680 1.2055 —2.0664 ||| —4.4348 0.5944 —1.2291
I(E=35) || -5.5990 2.8081 1.9914|—1.2231 —0.0154 —0.7091 ||| —1.4060 0.9188 —0.1468
I(E=36) || —4.2467 2.2712  0.6907 | —0.4478 2.1718 —0.9172 || —2.3100 1.0416 —0.5002
I[(E=37) || —3.56281 0.7339  1.4653 | —1.1547 1.3009 —1.0659 ||| —2.0490 0.7410 0.2335
I(E=39) || —3.3369 1.5590 1.0109|—2.5737 0.7234 —1.1346 (|| —2.2208 0.4054 —0.4136
I[(E=40) || —2.8766 1.7608 1.2350|—1.8032 1.0617 —0.6940 ||| —1.8834 0.8519  0.0852
I[(E=41) || —2.8266 2.7954 2.3165| —1.5615 1.6881 —0.0291 ||| —1.9468 1.4222 0.1094
I[(E=42) || —3.5901 2.3990 0.7908 || —2.4543 2.0378 —1.1494 || —2.3381  1.3840 —0.0808
I[(E=43) || —1.9852 2.1149 1.9765| —1.7090 1.1722 —0.4341 ||| —1.5057 1.0766  0.5309
I[(E=44) || —3.2012 2.0495 1.7665| —2.2668 1.5629 —0.2140(||—1.8082 1.1301  0.4936
I(E=45) 0.1813 1.1103 1.7535(| —1.8984 2.1024 —0.4636 || —0.9893 0.7958 0.3057
I(E=46) 0.5791  2.3091 3.5534| 0.4558 1.4836 1.1497||| —0.6198 1.0766 1.0624
I(M=3) || —2.3691 0.8545 —0.3594 || —1.9077 —0.4988 —0.4836 ||| —2.7258 0.0964 —0.2156
I(M=4) ||—4.4234 2.2640 —1.2282|—0.0088 0.5609 —0.2349 ||| —0.0134 0.5887 0.3864
I(M=5) ||—1.0787 1.5611 0.1170| 0.3767 0.6729 0.1184 0.1455 0.4770  0.1558
I(M=6) ||—0.8300 —0.2358 —0.2713|| 0.3948 —0.3092 —0.1046 ||| —0.7122 —0.4448 —0.4025
I(M=7) || —2.8242 2.9533 0.5456 1.0576 0.5476 0.5187||| —0.1990 1.1750 0.6685
I(R=2) 0.3378  3.8443 1.4196 (| —1.0805 3.0078 —0.1619|| —0.9205 1.3432 0.4696
I(R=4) 0.0340 1.9168 —0.4519(| 0.6883 —0.3211 0.3639 ||| —0.7040  0.0975 —0.1618
I(S=2) 1.3582 —0.4793 —0.1588| 0.0564 —0.2309 —0.2849 0.1236 —0.1355 —0.4025

At a first glance the estimates originated via Plug-in Sampling (see [5]) seem
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to be more in agreement with the original data estimates than the ones drawn
from PPS. Nevertheless, this is only one draw and it could be a question of chance
to originate ‘better’ or ‘worse’ data. Therefore, one must conduct inferences on
the regression coefficients based on multiple draws.

Inferences on regression coefficients are obtained by applying the method-
ologies in Subsections 2.1 and 2.2, to analyze the singly imputed synthetic dataset
and multiply imputed synthetic datasets, considering M =1, M =2 and M =5,
using the statistics T}, and T, . and their empirical distributions based on sim-
ulations with 10* iterations, to test the fit of the model and the significance of
some regressors for v = 0.05. Regarding the test of fit of the model one will find,
for all values of M, results equivalent to the ones obtained for the case when
synthetic data are generated via Plug-in Sampling, i.e., concluding that the ex-
planatory variables in x have a significant role in determining the values of the
response variables in y since the obtained p-values, computed as the fraction of
values of the empirical distribution of the corresponding statistic that are larger
than the computed value of the statistic, were all approximately zero. The cut-off
points obtained from the empirical distributions of T3, and T ., (respectively
associated with the first and second procedures in Subsections 2.1 and 2.2) are
approximately equal to 0.50357, for M = 1 (where first and second procedures
coincide), to 0.03460 and 0.02569, for M = 2, and to 0.00149 and 0.00094, for
M =5.

In order to test the significance of some regressors, we propose to study two
different cases, using in each case the same sets of regressors as in [5]. Therefore,
we will test the significance of regressor variables R and S, for the first case, and
regressor variables A and E, for the second case. As such, in the first case, we
will consider a 3 X 24 matrix

A = (0559 |I3)

and we will be interested in testing the hypothesis Hy : AB = Cg, where Cy is
a 3 x 3 matrix consisting of only zeros. We now generate 100 draws of M = 1,
M =2 and M = 5 synthetic datasets and gather the different p-values obtained
when using the statistics in (2.5) and (2.10). In Figure 1, one may analyze
the box-plots of the p-values obtained for each procedure together with the ones
obtained in [5] for the same sets of variables, where under Single, 1st and 2nd, one
has the box-plots associated with the new procedures developed in this paper and
under SingleP, 1stP and 2ndP, the box-plots associated to the Plug-in Sampling
method. The existing line in the box-plots marks the original data p-value 0.249,
obtained using the Tp ¢ statistic in (3) of [5]. It is important to note that in the
case of single imputation (M = 1) the FPPS method reduces to the usual PPS
method.

In general, from Figure 1, we may note in both new procedures a larger
spread of the p-values when compared with the p-values gathered from Plug-in
Sampling, presenting a distribution of p-values with larger values than the origi-
nal, nonetheless with the majority of these p-values leading to similar conclusions
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1st A — 1st — —

2nd — — 2nd — ——

1stP L e 1stP L D

2nd | -
0.0 0.2

0.0 0.2 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
(a) M =2 (b) M =5
Singlef F—— —
SingleP -—{
0.0 0.2 0.4 0.6 0.8 1.0
(c) M =1

Figure 1: Box-plots of p-values obtained, when testing the joint significance of [(R=2), I(R=4)
and I(S=2), from 100 draws of synthetic datasets using procedures in Section 2 and using Plug-in
Sampling method from [5], for M =1, M =2and M =5 .

as those obtained from the original data for v = 0.05, that is, to not reject the
null hypothesis that variables R and S do not have significant influence on the
response variables.

We may note that in general, in cases where the p-value obtained from the
original data is rather low, we expect to obtain larger p-values for the synthetic
data, given the inherent variability of these synthetic data and the “need” of the
inferential exact methods to preserve the 1 — « coverage level, and impossibility
of compressing the synthetic data p-values towards zero.

For the second case, we are interested in testing the hypothesis Hy :
AB = Cg, where Cg is a 13 x 13 matrix consisting of only zeros, with

A= (013x3‘113‘013x8 ) )

corresponding to the test of joint significance of variables A and E. The p-value
obtained for the original data, based on (3) in [5], was 0.033, thus rejecting their
non-significance for v = 0.05. In Figure 2, we can compare the box-plots obtained
for the FPPS and Plug-in Sampling methods obtained by generating 100 draws
of synthetic datasets, for M = 1, M = 2 and M = 5. The vertical line represents
again the original data’s p-value.

From Figure 2, we note that the spread of p-values is again larger for our
new procedures based on FPPS than the ones from the Plug-in method, majorly
leading to a different conclusion from the inference obtained from the original
data.

For the single imputation case, even if the spread of the p-values gathered
from the PPS is larger than the ones from the Plug-in Sampling, the distributions
of p-values are not that different for the two methods.

For the two cases studied, the two new FPPS multiple imputation proce-
dures presented have very similar p-values. As M increases the spread of the
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1st —— 1st H —
2nd F—m 2nd H A
1stP - 1stP I
2ndP - 2napt

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) M =2 (b) M =5
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SingleP -—{
0.0 0.2 0.4 0.6 0.8 1.0
(c) M =1

Figure 2: Box-plots of p-values obtained, when testing the joint significance of A and E, from 100
draws of synthetic datasets using procedures in Section 2 and using Plug-in Sampling method
from [5], for M =1, M =2and M =5 .

p-values from FPPS becomes smaller and closer to the original data’s p-value
but at a smaller rate than the p-values from the Plug-in Sampling.

Nevertheless, this larger spread of the p-values from FPPS will be compen-
sated by an increase of the level of confidentiality, as it can be seen in the next
section.

Next, we present the power for the tests

(42) HQIBZB()(#O)’US H1:B=B1 and
) H()IAB:CO(#O)’US H1:AB:C1

for Bg equal to B, rounded to two decimal places,

A = (01244 |112|012xs) .

a 12 x 12 matrix defined appropriately in order to isolate the indicator variables
associated with the variable E, and C; = AB; where B takes different values,
found in Table 6, with D a p x m matrix of 1’s.

The power for the synthetic data obtained via FPPS was then simulated
as well as the power for the case when these synthetic datasets are treated as if
they were the original data. We also simulated the power from the original data
and refer to [5] for the power values for the synthetic data generated via Plug-in
Sampling.

From the power values in Table 6 we may see that tests based on the
synthetic data via FPPS show lower values for its power than the ones based in
Plug-in generation, as expected, since we are using a method which is supposed
to give more confidentiality by generating more perturbed datasets. We may
see that these values increase along with the value of M, but with a smaller
rate than that for Plug-in Sampling, leading to the conclusion that one will need
larger values of M to obtain a closer power value to the one registered when
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Table 6: Power for the tests to the hypothesis (4.2), with B(1), C(1) and B(2) and C(2) denoting
the first and second procedures proposed by the authors in Subsections 2.1 and 2.2 for FPPS
and in [5] for Plug-in method.

golwzer for origP()iata Methods M];l B(1;\/1|:2B(2) B(1§\/[|:5B(2) synt%sorig
Bo+0005D | 0537 | bt | oo | oaee | oaes | 0art | oar2 | oo
Bov09s | 0985 | pt | ooro | oo | 0stt | 006 | 0509 | 1000
lzjfiwir for orig(éiata Methods Mgl C(li\dré@) C(1§\/I|=5C(2) syntf(ijsorig
A, +3D) | 0465 | bt | gons | 0aan | 0aas | 0t6 | 018 | oors
A®B,+05) | 039 | bt | gaor | 0zmt | 02m | 0am | 0azr | osss

testing using the original data. If synthetic data is treated as original, we obtain
a larger power than the one obtained for the original data, which is obviously
misleading, since the estimated coverage probability will be in fact much smaller
than the desired 0.95.

5. PRIVACY PROTECTION OF SINGLY VERSUS MULTIPLY
IMPUTED SYNTHETIC DATA

In order to evaluate the level of protection and at the same time compare
it with the level obtained from synthetic data generated via Plug-in Sampling,
we perform, in this section, a similar evaluation as in [5] using CPS data. Let
us consider W; = (wy,...,wy), | = 1,..., M, M synthetic datasets generated
via FPPS, where w;; = (w141, ..., wmi)',i = 1,...,n. The estimate of the original
values y; = (Y14, -, Ymi) will be y; = ﬁ Zl]‘i 1 Wi. Let us recall the three criteria
used in [5] as measures of the level of privacy protection:

1 &2 N
(5.1) M= S Y| |22 <oy
mn = Yii
1 ¢ 1 <~ (W5 — 1)
(5.2) Poe== S Pr| > < (Y :
i=1 j=1 ji
I x4y
5.3 D= Pr|— Ji — Yji ‘Y
(53) se=Pricn 2 u |
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Let us also consider, from I'1 , the following quantity, for i = 1,...n and

i7=1..m,
Y

Yii — Yji
Yji

<€

Dyeji = Pr [

and, from I's,

1 m n
Dy=—md )

j=1i=1

Yii — Yji
Yji

We use a Monte Carlo simulation with 10 iterations to estimate all three mea-
sures in (5.1)—(5.3) based on the n = 141 households in the CPS data. In Table 7,
we show the values of I'1 9,01, ['2,0.01 and the minimum, 1st quartile (Q1), median,
3rd quartile (Q3) and maximum of D ., displaying also the values gathered when
using Plug-in Sampling. In Table 8, we show the values of I'3 g1 and the mini-
mum, ()1, median, ()3 and maximum of D3 also displaying the values gathered
when using Plug-in Sampling.

Table 7: Values of I'1,0.01, I'2,0.01 and a summary of the distribution of Di,0.01.
| M ] Method | Ti001 [ T2001 | Min [ Qi [ Median | Qs [ Max |

M=1 FPPS 0.0602 | 0.0005 0 0.0385 | 0.0507 | 0.0784 | 0.1455
Plug-in | 0.0631 | 0.0006 0 0.0398 | 0.0552 | 0.0854 | 0.1491
M =29 FPPS 0.0702 | 0.0009 0 0.0357 | 0.0624 | 0.0910 | 0.1945
Plug-in | 0.0754 | 0.0010 0 0.0331 | 0.0697 | 0.0954 | 0.2134
M=—5 FPPS 0.0797 | 0.0012 0 0.0214 | 0.0711 | 0.1136 | 0.2785
Plug-in | 0.0879 | 0.0018 0 0.0110 | 0.0792 | 0.1284 | 0.3279

Table 8: Values of I'3 g.1 and a summary of the distribution of Dj.
| M | Method | I'30.1 | Min | Q1 | Median | Qs | Max |

M=1 FPPS 0.0000 | 0.1091 | 0.1248 | 0.1287 | 0.1325 | 0.1544
Plug-in | 0.0000 | 0.1050 | 0.1202 | 0.1233 | 0.1264 | 0.1379
M =2 FPPS 0.0021 | 0.0960 | 0.1088 | 0.1116 | 0.1145 | 0.1324
Plug-in | 0.0694 | 0.0948 | 0.1026 | 0.1051 | 0.1072 | 0.1159
M=5 FPPS 0.5008 | 0.0896 | 0.0980 | 0.1000 | 0.1020 | 0.1131
Plug-in | 1.0000 | 0.0846 | 0.0905 | 0.0920 | 0.0936 | 0.0992

Looking at Tables 7 and 8, we observe that the values of the privacy mea-
sures in (5.1)—(5.3) increase for increasing values of M for both procedures devel-
oped in Subsections 2.1 and 2.2, showing that the disclosure risk increases with
the increase in the number of released synthetic datasets. Compared with the
measures obtained under Plug-in Sampling, we may observe a smaller disclosure
risk in all cases, leading to the conclusion that the proposed FPPS procedures
have an overall higher level of confidentiality. Regarding measures I'y . and I'z
this increase reaches in some cases an increase of 50% or more in confidential-
ity. In the single imputation case, under the PPS we also register an increase
of confidentiality when comparing the same measure under Plug-in Sampling,
nevertheless this increase is relatively small.
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6. CONCLUDING REMARKS

In this paper the authors derive likelihood-based exact inference for sin-
gle and multiple imputation cases where synthetic datasets are generated via
Fixed-Posterior Predictive Sampling (FPPS). If only one synthetic dataset is re-
leased, then FPPS is equivalent to the usual Posterior Predictive Sampling (PPS)
method. Thus the proposed methodology can be used to analyze a singly im-
puted synthetic data set generated via PPS under the multivariate linear regres-
sion (MLR) model. Therefore this work fills a gap in the literature because the
state of the art methods apply only to multiply imputed synthetic data. Under
the MLR model, the authors derived two different exact inference procedures for
the matrix of regression coefficients, when multiply imputed synthetic datasets
are released. It is shown that the methodologies proposed lead to confidence
sets matching the expected level of confidence, for all sample sizes. Further-
more, while the second proposed procedure displays a better precision for smaller
samples and/or smaller values of M by yielding smaller confidence sets, the two
procedures concur for larger sample sizes and larger values of M, as it is cor-
roborated in theory by remarks 2.2 and 2.3. When compared with inference
procedures for Plug-in Sampling, the procedures proposed based on FPPS lead
to synthetic datasets that give respondents a higher level of confidentiality, that
is, a reduced disclosure risk, nevertheless at the expense of accuracy, since the
confidence sets are larger, as illustrated in the application with the CPS data.
Once likelihood-based exact inferential methods are now made available both for
FPPS/PPS and Plug-in Sampling, it is therefore the responsibility of those in
charge of releasing the data to decide which method to use in order to better
respect the demands and objectives of their institution.
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A. Proof of Theorems 2.1 and 2.2 and Corollaries 2.3 and 2.4

Proof of Theorem 2.1:  Given (B,X), from (2.3) we have that, for
every j=1,..., M,

Wilg s~ Nun(X'B, £ ©1,) = Bjlg g~ Npn(B, E® (XX')™)

and _
(n —p)SSlg ~ Win(X,n —p).

Therefore, we have for B}, and S}, in (2.4),

and

Since EJ.W and §;\4 are independent, the conditional joint pdf of (E;w, §;\4), given
B and X, is

/(B3 83B, 5) T
(A.1) o~ 3tr{ME1[(BY,—B) XX/ (B}, ~B)+M(n—p)Sy, |} | ] S —

- Mm—p)t+p
122

while, due to the independence of -1 and B, generated from (2.1) and (2.2),
respectively, the joint pdf of (B,X~1), given S, is

(A2) f(B,=7YS) x ]i\_p/Qe*%tr{i_l[(ﬁfB)/XX’(Bfﬁ)Jr(n,p)s]

On the other hand, given the independence of B and S, defined in (1.2) and (1.3),
the joint pdf of (B,S) is given by

n—p—m=—1
(A3) f(B, S) o e—%tr{E_l[(E—B)/XX’(E—B)+(n—p)S]} |S| i
%[z

Thus, by multiplying the three pdf’s in (A.1), (A.2) and (A.3), we obtain
the joint pdf of (B}, Sy, B, =71, B,S).

Since

tr{M(B}; — B)XX'(B}, — B)} = tr{M (B — B},)'XX'(B — B},)},
and since from Appendix B.2 we may write

M(B - B},)XX'(B-B},)+ (B -B/XX'(B-B) =
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- 1 .1 - R
=(M+1)B— B*+B)| XX |[B— B*+B
( +) M—i—l( + )] [ M—i—l( * )

M A A~

B*-B)XX'(B*-B

+57 (B —B)XX/(B*-B),

by integrating out B, we obtain the joint pdf of (E;W, §;\4, >-1 B, S) proportional
to

o~ 3t {E 7 57 (B —B) XX/ (B}, —B)+(n—p)(MS},+8)|+ 27 [(B-B)Y XX/ (B-B)+(n—p)S]}

|§?\4IM |S|”+%*p’m*1

X n
P
Since
M -1/ S\/ G = 2 A —1/f
tr M+1E (B}, - B)(XX)(B}, - B)+ X }(B-B)(XX)(B-B)} =

tr {XX’ M]\i : By -BE 1By, -B/+B-B)X 1B - B)’] }

and since from the identities in 1.-3. in Appendix B1 in [5] we may write

M — L~ 1 — .
By, -B)X 1B}, -B)+B-B)x }(B-B)
M+1(M )X By )+ ( )=
. M —. = M
= B-(—B),>1+BxY!
(M+1 M )<M > ]
M -1’
s lyiy1) B B, > 14+B2~ DI s
<M+1 * ) (M+1 wE >(M+1 *
— M+1 -1,
+ @8- (7 (B}, - BY.

integrating out B we will have the joint pdf of (B, Sy s S) proportional to

e~ tr{(MHEJFE) (BM B)'XX'(B}—B)+(n—p)E~1(MS},+8)+(n—p)S~'S}

M(n— p) m—1 M _p/2

M+1

’S‘n-l—%—p—m—l
—m—1 ’2‘%

S|
~ M(n—p)+n—a
2

b
Consequently, if we integrate out S we will end up with the joint pdf of
(B, S3, =7 1) proportional to

(A4)

X »-1 +3x!

**tr{(MHEJFz) (BI\I B)'XX' (B}, —B)+M(n—p)E~1S),}

‘E;\/[’% 2 _n M 2_1 2_1 _p/2 2_1 2_1 _ 2nt+a—2p—m-—1
X~w,m,1‘ ™2 M+1 T | T | ?

3]

as we wanted to prove. It is easy to see that in (A.4), S}, and B}, given X1,
are separable, with the distributions in the body of the Theorem. ]
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Proof of Theorem 2.2:  From the distributions of §;M and E;M in The-
orem 2.1, and by Theorem 2.4.1 in [3] we have that, for p > m,

M+1,
M

(B}, — BY(XX)(BY} — B)lgs ~ Wi ( Sis p> .

From Theorem 2.4.2 in [3] and Subsection 7.3.3 in [1] we have

(A.5)

H= <M]; 12+E)_§(E;M—B)’(XX’)(E;W—B) (M]\; 12+E>_5 ~ Wp(I,p)
and
(A.6) G=Mn-—pE 28,57 ~ Wyy(L M(n —p)).

We may thus write T3, in (2.5) as
— —e M+1¥
By, - By (xx) By - |EE
M (n — p)Sy| 3] Gl

T =

where, |G| ~ T[Z x2_, ;41 and [H| ~ T2 x2_;,;, with independent chi-
square random variables in each product, we end up with a product of indepen-
dent F-distributions, due to the independence of H and G, inherited from the
independence of B}, and S};. So, conditionally on -1, we have

. —i+1 - M+1
TM‘i:—lN{HM _,L+1Fp—i+1,n—p—z‘+1}>< X ( M 2+2>
where

~ M+1 M+1 ~ M+1
21( A}r E+E>‘: A}r I+212‘ ‘ Tl Lyt
_ ‘21/2‘ M—i—lz 1§51 ‘21/2 ‘M+1I+21/22 131/2(
M

_ As such, from (A.4), integrating out B}, and S}, we end up with the pdf
of 37! proportional to

P
~ Mmn-p) | M+ 1=~ 1 n
|2:|M2 ’ . 2+E = M(n—p)tn—a |E|75
D
~. 7p/2 ~ n+oa—2p—m—
X1M+121+21 D
~ n+a—2m— M+1 _n
— B SR Y D >lis-
= 5+ o
~ _p/2 ~ n+a—2p—m—
R IR R
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Making the transformation 2= )>LH 12'; which implies - 1—2 59271
with the Jacobian of the transformation from £~ to € being || "2, we have
the pdf of € proportional to

’Q‘ n+a—2m—2 M + 19_1 I g _p/2 ’Q + I ‘_2n+a72p7'm71
2 2
M M+1 m
Since |%Q_1+Im|g = (%)p/2|Mﬂﬂ+Im| 2|92 we end up with
n+a— p 2m _ 2nta— 2p m—1
f(82) o< |£2] X |2 + I

independent of ¥. Therefore, we may conclude that

p—i+1 M+1
Tirle ~ {Hme M) z+1} I + 9

1 1
where from [6, Theorem 8.2.8.] € has the same distribution as A? A;'A? with
A ~Wy(Ip,n+a—p—m—1) and Ay ~ Wy, (I,,n — p), two independent
random variables. O

Proof of Corollary 2.3:  The proof is identical to the proof of Theorem

2.1 replacing the joint pdf of (B};,S},) by the joint pdf of (B}, Se ..p), noting
that we have _

(Mn—p)SZomb|i] ~ Wm(E,Mn—p). U

Proof of Corollary 2.4:  The proof is identical to that of Theorem 2.2
replacing S} M by S, mp» Doting that from Corollary 2.3, conditional on 3, E;\/[ is
Npm (B, (3 + £3) @ (XX/)~1) and (Mn —p)S®,,., is Wi (Z, Mn —p), indepen-
dent of BY};. O

B. Details on several results

B.1. The posterior distributions for ¥ and B

Let us start by observing that Y|g,x ~ Nyn(B'X,I, ® X) and that the
likelihood function for Y will be

I(B,X]y) ‘2’fn/Qef%tr{zfl(YfB’X)(YfB’X)’}.
We may then get the joint posterior distribution of (B, X) from the product of

the prior and likelihood functions as

(B.1) (B, S|y) o |82 e 2r (BT (Y -BX)(Y-B'X)}
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The exponent in (B.1) may be written as
tr{S7H(Y - B'X)(Y - B'X)'} = tr{Z7(Y - B'’X + B'X - B'X)
x (Y -B'X +B'X - B'X)'}
= tr {2—1 {(Y “BX)(Y - B’X)’} }
+ tr{zﬁ (Y - B'X)(B'X - B'X)' + (B'X - B'X)(Y - B'X)/
+ (B'X - B'X)(B'X - B'X)'] }
— tr {2—1 [(Y “BX)(Y - B’X)'] +(B-BY(XX')(B - B)}
+2tr {2*1 {(Y ~B'X)(B'X - B’X)’] } :
where, using B’ = [(XX/)"'XY’"]" = YX/(XX')" 1,
(Y -B'X)(B'X -B'X) = YX'B-YXB+BXXB+BXX'B
— YX'B - YX'B+ YX/(XX') 'XX'B
+YX/(XX)'XX'B
—YX'B-YXB-YXB+YXB=0.
Therefore, the joint posterior distribution of (B, 3) is proportional to

|2|7W67%tr{2_18} % |2|7gef%tr{Z_l(BfB)/(XX/)(BfB)}
In conclusion, by Corollary 2.4.6.2. in [3], the posterior distribution for %
is
Sls ~ W, (n—p)S;n+a—p) = T g~ W, <%_p81,n—|—a—p—m—l>
and the posterior distribution for B is
B‘B,E ~ Npm(Bv Y® (XX/)il)v

assuming n +a > p+m + 1.

B.2. Matrix calculations required in the proof of Theorem 2.1

For B, B and X defined as in Section 2 we have
M(B - B},)XX'(B-By)+ (B-B/XX'(B-B)=
— (M + 1)B'XX'B - MB},XX'B - MB'XX'B}, + MB},XX'B,
- B'XX'B - B'XX'B + B'XX'B
= (M +1)B'’XX'B - B'XX'(MB}, + B) — (MB}, + B)XX'B
+ MB,XX'B}, + B'XX'B
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~ 1 —e L1’ ~ 1 —e A
=(M+1)|B-— MB B)| XX’ |B - MB B
(O +1) [B - (MBS + B)| XX B - L (B, 4 B)
—e —e ~ ~ 1 —e A — e N
+ MB}XXBY, + BXX'B - .~ (MB}, + BYXX'(MBj, + B).
Since,

—o’ —e ~ ~ 1 —e ~ —e ~
MB},XXBj, + BXX'B - = (MBY, + B)XX'(MBj, + B)
— MB},XX'B}, + B'XX'B

M e XXB? L pxx'B
M+1 M M4
M —o N M . .
— B, XX'B- — _B'XX'B
M+1 M M+ 1 M
M —o —=e ~ ~ M —o ~
= B, XX'B B'XX'B-—B,,XX'B
M+1 M Mt M+1 M
M . —e
— B'XX'B
M+1 M
M

=T (B}, - B/XX'(B}, — B)
we may write
M(B - B},)XX'(B-B},)+ (B -B/XX'(B-B) =

- 1 e .1
= (M +1) B—M+1(MBM+B)] XX/’

1

B— MBS, +B
M+1( u+B)

1

M

B, - B)/XX'(B), - B
+M+1( M ) (B, )

B.3. Details about the derivations of results 1, 2 and 5 in Section 2.1

Details on Result 1

From (A.4) we may immediately conclude that the MLE of B based on the
synthetic data will be B}, with

Jj=1
and

(B.2) Var(B},) = Var[E(B},|B, Z)] + E[Var(B},|B, Z)].
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For the first term in (B.2), we have
Var[E(B3;|B,X)] = Var[B] = Var[E(B|B, X)] + E[Var(B|B,X)] =

n—p
n+a—p—2m—2

= Var(B)+EZ ® (XX) =2 o (XX) 1+ ¥ e (XXt

and for the second term, we have

a1 n—p

=— T e XX) !
Mn+a—p—2m—2 2 )

ElVar(By|B, %) = E %i ® (XX')

so that

2M(n—p—m—1)4+n—p+ M«

By =
Var(By) Mn+a—p—2m-—2)

> e (XXt

under the condition that n + a > p + 2m + 2.

Details on Result 2

e ~ n—p n—p
ES,y) =EX)=F S| =
(Sar) (%) <n+a—p—2m—2 > n+o—p—2m-—2

Details on Result 5

Let us consider H and G given by (A.5) and (A.6). We will begin by
rewriting all four classical statistics 7 v Iopps 15y and 177 in Subsection 2.1,
in order to make them assume the same kind of form and then we will prove why
all of them are non-pivotal, without loss of generality considering M = 1. The
first statistic, 77 j, may be rewritten as

_ G|
G + (n— p)£-1/2(25 + £)1/2H(2S + X)1/25-1/2|

174

while T3 ,, and 773 ;, may be rewritten as

T3, = (n—p)tr [H(2Z + £)1/2E" 1271871228 + )12,

T3, = tr{H x [H+ (22 + ) Y2EY2 x (n - p)G x V(2% + x)" Y271}
Concerning Ty, we have T}, = A; where A; denotes the largest eigenvalue of

(n—pHx (22 +X)/2871/2 x g1 x 71228 4+ =)1/2,

We can observe that a term in the denominator of the expression 77, is
12028 + 2)V2H(2E + )28 7V2 |4 ~ W, (21 + ETY2EEY2) ),

while in the expressions for the other statistics there are similar terms. These
terms involve a product similar to £~/2(23 + X)/2 that cannot be simplified
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to an expression which is not a function of 3, therefore making these statistics
non-pivotal.

Thus, in order to illustrate how these statistics are dependent on 3, we can
analyze in Figure 3 the empirical distributions of 17, T3,, T3, and T}, when

we consider a simple case where m =2, p =3, a =4, n = 100 and ¥ = (/1) ’1’)
with p = {0.2,0.4,0.6,0.8} for a simulation size of 1000.

0 1 2

(c) Pillai

Figure 3: Smoothed empirical distributions and cut-off points (y=0.05) of 171, T51, T35, and
T2, for p ={0.2,0.4,0.6,0.8}.

B.4. Details about the derivation of result 1 in Subsection 2.2

Recalling that (Mn — p)S?, s ~ W (2, Mn — p) and that 71g ~
Wm(%_ps_l, n+a—p—m— 1) we immediately obtain

. -~ n—7p n—p
(comb) ( ) <n+a_p—2m—2 ) n+a—p-—2m—2

B.5. Details about the derivations of the results in Section 3

Details on the Fxpected Values in Section 3

Recall that (n — p)S ~ W,,,(2,n — p), thus implying that

B0~ pS) = IRIEQ] i) = oo 2015
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and recall that

Sls ~ W ((n—p)S,n+a—p) = 2—1|s~wm( s—l,n+a—p—m—1)

n—p

thus implying that, making K, o pm =n+a —p—m — 1, given S,

E(\i\):E(!il\1)=\(n—p)S\E< " 21 )

| Xen,a,p,m—it1
(=2 4+ En,apm —m)!
(=2 + Fnapm)!
since [, Xin,a,p,m_i 41 is a product of independent x? variables. Also recalling
that, given X, we have M(n —p)S.M ~ Wm(i,M(n —p)) and (Mn —p)S? .., ~
W (2, Mn — p), we may conclude that, given 3,
(Mn — Mp)!

= [(n—p)S|

B(M(n = p)Shl) = ey e % 151
and
E((Mn = p)Stmi) = s 5]

Combining the results for E(|(n — p)S|) and E(|%|)|s with each of the
expected values for |M(n — p)SY,| and |(Mn — p)S we end up with the
expression for E(Y ) found in Section 3.

comb|
comb!?

C. Joining multiple datasets into a single dataset

Let us consider the M synthetic datasets as one only dataset of size nM
Wo\ _ [ Wi[Wa|... Wy
X, X[X[..] X )’
where W, = (W1]...[|W),) is the m x nM matrix of the synthesized data under

FPPS and X, = (X|...|X) the p x nM matrix of the M repeated ‘fixed’ sets of
covariates, from the original data.

Let
B, = (X, X)X, W/,

be the estimator for B, based on the dataset of size nM, obtained by joining the
M synthetic datasets in one only dataset. Consequently one has that

B, = (X, X)) "X, W/ = (M(XX'))"'X,W! = %(Xx’)*lxawg

1

M(XX’)’l(X| |X)W;: %((XX’)’lXW1+...+(XX’)*1XWM)

M times

1 — —e
- M(XX’)_1X(W1 + ..+ Wy) = (XX)'XWy, =B,
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which is same estimator for B as in (2.8).

Now let
1

Sy v
be the estimator for 3, based on the dataset of size nM, obtained by joining the
M synthetic datasets in one only dataset.

S (W, — B, X,)(W, — B/ X,)

Observe that Wy, = ﬁ Z]]Vil W, defined before expression (2.8), can be
written as

— 1
Wy = MWGR

— —
with R = (1 MR In) where 1 js is a vector of 1’s of size M.

Now let us consider the estimator Sy, of X, defined in the text, before
expression (2.8). This estimator may be written as

n M
Sw=>_ > (wji—Wi)(Wji = W)/,
i=1 j=1

where wj; is the i-th column of W; (i =1,...,n;5 = 1,...,M). We may thus
write

e =, = \/
Sw = (Wa— 1’M®WM) (Wa— 1’M®WM)
1 1 !
- (Wa ~ MT’M ® (WaR)> (Wa - MTM ® (WaR)>
1

and the estimator S,,cqn of 3, defined right after expression (2.9) as

1 1 1 1 !
mean — | 75 atl — _B/ Xa o atl — _B/ Xa .
S (MWR B, R)(MWR —B, R>

We may therefore write the combination estimator S, defined in (2.9)
as

1 1 1 !
Scomb = nM —p |:<Wa - MWaRR/) <Wa - MWGRR/) :|

1 1 1 1 1 !
+nM - [M x (MWaR - MBQXGR) <MWQR - MBQXJ{) }

To prove that S.,mp is equal to S, it will only be necessary to focus on
1 1 !
<Wa — MWaRR') <Wa — MWaRR')

1
M

1 1 1 !
M — - —_B'X — - —_B'X
+ x(MWaR A aR) (MWQR 17 B QR)
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1 1
= W, W, — - W.RR'W,, - —-W,RR'W,, +
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1

3 WaRR'RR'W,
1 1

+37WRR'W, — B, X,RR'W,,

1 1
~7W.RR'XB, + —-B,X.RR'X,B,

which, using the fact that ;X,RR’ = X, and ;RR'RR’ = RR/, may be
written as

1 1 1
o v v A7 AT
W, W, — =W, RR'W,, - W, RR'W, + —-W,RR'W,

1
+37 WRR'W, — B X, W, - W,XB, + B,X.X;B,

= W,W, - B,X,W, - W,X'B, + B,X,X.B,

= (W, — B/ X,)(W, — B.X,) = (nM — p)S, .
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