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Abstract

In this article, recent results about point processes are used in sampling theory. Precisely, we
define and study a new class of sampling designs: determinantal sampling designs. The law of such
designs is known, and there exists a simple selection algorithm. We compute exactly the variance
of linear estimators constructed upon these designs by using the first and second order inclusion
probabilities. Moreover, we obtain asymptotic and finite sample theorems. We construct explicitly
fixed size determinantal sampling designs with given first order inclusion probabilities. We also
address the search of optimal determinantal sampling designs.

1 Introduction

The goal of sampling theory is to acquire knowledge of a parameter of interest # using only partial
information. The parameter 6 is a function of {yx,k € U}, usually the sum or the mean of the y;’s.
This is done by means of a sampling design, through which a random subset {yz,k € S} is observed,
and the construction of an estimator 6 of 6 based on this random sample. The properties of the
sampling design are thus of crucial importance to get “good” estimators. In practice, the following
issues are fundamental: simplicity of the design (in terms of its definition, theory and/or drawing
algorithm), knowledge of the first and, possibly, second order inclusion probabilities, control of the
size of the sample, effective construction, in particular with prescribed unequal probabilities, statistical
amenability (consistency, central limit theorem,...), low Mean Square Error (MSE)/Variance of specific
estimators based on the design.

In this article, we introduce a new parametric family of sampling designs indexed by Hermitian con-
tracting matrices, determinantal sampling designs, that addresses all theses issues. Section [2] gives their
definition and probabilistic properties. In particular, it is shown that for this family, inclusion proba-
bilities are known for any order. Section [2] also provides a sampling algorithm. Section [3] studies the
statistical properties of linear estimators of a total. It gives algebraic and geometric formulas for the
MSE which provide necessary and sufficient conditions for obtaining a perfectly balanced determinantal
sampling design. In addition, we give asymptotic theorems and concentration inequalities. Section []
provides effective constructions of fixed size determinantal sampling designs with fixed first order inclu-
sion probabilities. Optimization problems and algorithms are then discussed in Section [ and applied
on a real data set.

While the use of determinantal processes allows to derive directly statistical results in the field of
survey sampling from well known results in point process theory (Definition 2.1} Theorems - 3.3
Algorithm [2.1)), innovative results can nevertheless be found: Theorems [3.1} [.2] [4.1] [4.4] [5.1] or
Algorithms to n We also make connections with other theories (frame theory or sermdeﬁnlte
optimization).

2 Definition and general properties

2.1 Definition

According to its definition, an unordered sampling design without replacement (simply called sampling
design afterwards) is a simple point process on a finite set U, that is to say a probability on 2, set of
parts of U (Borodin| (2009)), Tillé| (2011))).
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Among simple point processes, the general structure and properties of determinantal point processes
have attracted a lot of attention recently (Borodin| (2009)), [Hough et al.| (2006), Hough et al.| (2009),
Lyons| (2003)), [Soshnikov| (2000)). This is (in part) due to the ubiquity of determinantal point processes
in probability theory. They appear for instance in the study of random structures such as uniform
spanning trees, zeros of random polynomials and spectra of random matrices. In the case of a finite set U,
determinantal point processes are defined through associated matrices called kernels. Many probabilistic
properties of these processes depend on algebraic properties of their kernels, but most of the results
concern Hermitian matrices only. For this reason, and though there exist many interesting examples
of determinantal point processes associated to non-Hermitian matrices, we restrict our attention to the
Hermitian case.

Unless specifically stated, matrices will be complex matrices. For a complex number z, Z is its conjugate
and |z| = v/2Z its modulus. We introduce the following notation. For any square matrix K indexed
by U and s C U, K|, denotes the submatrix of K whose rows and columns are indexed by s. We will
also use the following convention: the determinant of the empty matrix is 1, as is a product over the
empty set ([[,cg o = 1). From the definition of determinantal point processes we derive the following
definition of determinantal sampling designs:

Definition 2.1 (Determinantal sampling design) A sampling design P on a finite set U is a de-
terminantal sampling design if there exists a Hermitian matriz K indexed by U, called kernel, such that
forall s €2V, %, P(s') = det(K|s). This sampling design is denoted by DSD(K).

A random variable S with values in 2V and law DSD(K) is called a determinantal random sample (with
kernel K ). It satisfies, for all s € 2V,

pr(s € S) = det(K|;).
We will also write S ~ DSD(K).

In the following we will always identify the finite population U of size N with {1,---,N}. It follows
from the definition that determinantal sampling designs are unordered and without replacement. Macchi
(1975) and |[Soshnikov| (2000) proved that a Hermitian matrix K defines a determinantal point process,
and as a consequence a DSD(K), iff (if and only if) K is a contracting matriz, that is a matrix whose
eigenvalues are in [0, 1]. We will use the notation 0 < K < Iy (Loewner partial order) for a contracting
matrix. It follows from this fundamental result that determinantal sampling designs form a parametric
family of sampling designs, parametrized by contracting matrices.

Example 2.1 (Poisson sampling) Consider a diagonal matriz K with diagonal elements K1\, =TI},
with values in [0,1]. The corresponding determinantal sampling design satisfies, for all s € 2V,

pr(sCS) = an'
kes

The inclusion-exclusion principle implies that

pr(S=s)=[[m]J ] - 1)

kes  kés

This is precisely the equation of the Poisson sampling design (with first order inclusion probabilities
pr(k € S) =1 ), which therefore belongs to the family of determinantal sampling designs.

Let K be a Hermitian projection matrix. Then K = K7 and K? = K, hence K is an orthogonal
projection matrix. Therefore, we will make no distinction between projections and orthogonal projec-
tions. As the eigenvalues of K are 0 or 1, then K is a contracting matrix. We can thus associate to
K a determinantal sampling design DSD(K). We will see that DSD(K) enjoys interesting statistical
and computational properties. Such determinantal point processes are sometimes called determinantal
projection processes (Hough et al.| (2006])) or elementary determinantal point processes (Kulesza and
Taskar (2011)) in the literature. We will usually write the rank n projection matrix K as K = VV 1,
where V' is the (N X n) matrix of an n orthonormal basis of the range of K. Among these sampling
designs, we single out three particular cases.



Example 2.2 (Projection) Let Jy be the square matriz of size N with all terms equal to 1.
1. DSD(+Jn) is the simple random sampling (SRS) of size 1.
2. DSD(Ix — +Jn) is the SRS of size N — 1.

3. If K is a diagonal projection matriz, DSD(K) is a non-random sampling design. In particular,
if K = Iy, then the design is a census.

Apart from the cases n = N — 1 and n = 1, Kulesza| (2012)) proved that the SRS is not a determinantal
sampling design.
2.2 Inclusion probabilities

The following formulas for the inclusion probabilities of order 1 and 2 follow from Definition[2.1] As usual
in sampling theory (Sdrndal et al.| (2003)), we denote them by 7 and my,;, and let 7 = (71,...,7n) T
be the vector of first inclusion probabilities. In matrix formulation, for all k,I € U, setting

. = pr(k€S)= K, (1)

T = pr(kl€S)=KuKy—| Ku|* (k#1), (2)
_ T — mem = — | K |2 (K #1),

Akl - { Wk(lf’frk):Kkk(lkak) (k:l) (3)

it holds that o
A=(IN-K)xK=(Iy—-K)*xK, (4)

where x is the Schur-Hadamard (entrywise) matrix product.

Proposition 2.1 From a determinantal sampling design satisfies the so-called Sen-Yates-Grundy
conditions:

Wklgﬂkﬂl(k#l). (5)

More generally, a determinantal sampling design has negative associations (Lyons| (2003))). In particular,
for disjoint subsets A and B it holds that

pr(AUBCS)<pr(ACS)pr(BCS)

It was shown recently that determinantal point processes actually enjoy the strong Rayleigh property
(Borcea et al.| (2009), Pemantle and Peres| (2014)), a technical property stronger than negative associa-
tion. This property can be defined in terms of the localization of the zeros of the generating function of
the process. These two properties (negative association, strong Rayleigh property) proved very useful
for the study of statistics of determinantal processes (Yuan et al.| (2003]), Brandén and Jonasson| (2012]),
Pemantle and Peres| (2014)). Some results will be used in Section

2.3 Sample size

Of major importance to statisticians is the sample size of the random sample. It is for instance very
common in practice to work with fixed size samples, that is with samples whose size is non-random
and given. The sample size of a determinantal random sample follows from Theorem 7 in [Hough
et al.| (2006). For a set A, let #A denotes its cardinal and for a Hermitian matrix K of size N, let
A1 > A2 > ... > Ay be the N values on the diagonal of any diagonalizing matrix of K in descending
order (vector of eigenvalues with their multiplicities, in descending order).

Theorem 2.1 (Sample size) Let S ~ DSD(K). Then the random variable §S has the law of a sum
of N independent Bernoulli variables By,--- , By of parameters Ay, -+ , AN .

Corollary 2.1 (Sample size (2)) Let S ~ DSD(K). Then
1. E(#S) = tr(K).



N

2. var(§S) =tr(K — K?) => XN(1-X)= Y A

i=1 kU
3. pr(S=10)=0 if 1 is an eigenvalue of K.
4. The sample size is less than or equal to the rank of K.

5. DSD(K) is a fized size determinantal sampling design iff K is a projection matriz, and the size
equals the rank of K.

Proof. It holds that var(#S) = >} ;cry Ak (see|Sarndal et al.| (2003)). The other results follow directly
from Theorem [2.I] and the spectral decomposition of Hermitian matrices. [

Example 2.3 (Unitary transform) Let K € Myyn(C) be a contracting matriz and S ~ DSD(K).

Let also W € Mpyyn(C) be a unitary matriz (WWT = In). Then Ky = WKW is o Hermitian
matriz with the same eigenvalues as K. It follows that Sy ~ DSD(Kw) exists, with Sy = iS.
aw

2.4 Additional properties

We give here some other general probabilistic results on determinantal sampling designs and their
interpretation in terms of sampling theory. We refer to [Lyons| (2003) and [Hough et al.| (2006) for their
probabilistic versions.

Proposition 2.2 (Complementary sample) Let S ~ DSD(K). The complementary random sam-
ple S¢ is a determinantal random sample with kernel In — K.

Proposition 2.3 (Domain) Let DSD(K) be a determinantal sampling design on U with kernel K,
and let A C U be a subpopulation (or domain). Then the restriction DSD(K)|4 of DSD(K) to A is a
determinantal sampling design on A with kernel K4, the submatriz of K whose rows and columns are
indexed by A:

DSD(K)j4 = DSD(K ).

Proposition 2.4 (Stratification) Let {Uy,..., Uy} be a partition of U into H strata. The sampling
design DSD(K) is stratified iff the matrix K admits a block diagonal decomposition relative to these
strata, that is k € Up,l € Upr, h # B implies Ky = 0.

By using the inclusion-exclusion principle, |Lyons| (2003|) shows that the probabilities of disjunction are
also given by a determinant (Theorem 5.1 Equation (5.2) for fixed size designs and Equation (8.1) for
random size designs).

2.5 Sampling algorithm

A general algorithm for simulating a determinantal sampling design is provided in |[Hough et al.| (2006]),
including a proof of its validity in a very general setup. Other implementations of this algorithm can
be found in [Scardicchio et al.| (2009) and Lavancier et al.|(2015]). We consider the latter since it is more
suitable and efficient when N is large. Algorithm samples from fixed size n determinantal sampling
designs. Let K be a projection matrix.

Algorithm 2.1

1. Find a (N,n) matriz V such that K = VV'. Let vl be the k' line of V.
2. Sample one element k,, of U with probabilities 11} = ||vg||*/n, k € U.

3. Set ex = vg, /||vk, |-

4. Fori = (n-1) to 1 do:

(a) sample one k; of U with probabilities 11§ = +[||vg||* — jjf_l le;Tu|?), ke U,



(b) set w; = vy, ] e Ton, ey and en_iy1 = wif||wi|.
5. End for.
6. Return {k1, -+ ,kn}.
The resulting sample is a realization of DSD(K).

Step 1 of Algorithm can be computationally costly, for it involves the decomposition of the N x N

matrix K in VV' which may be time consuming for very large population size N. Therefore it is
preferable to have a description of the matrix K directly in terms of V. This is the case for the matrices

defined in Theorems and (or at Step 2 of Algorithm .

Algorithm describes a procedure to sample from any determinantal sampling design, by expressing
it as a mixture of fixed size sampling designs (Theorem 7 in [Hough et al.| (2006))).

Let K be a contracting matrix.

Algorithm 2.2

1. Find the rank one decomposition K = Zi\il )\iqSiaiT.

2. Simulate a vector b whose components are independent Bernoulli variables with parameter Ay, -+ , AN,
the eigenvalues of K.

3. Construct the projection matriz K, = Zi\il bid)i&;‘r.
4. Sample from DSD(Ky) by Algorithm .

The resulting sample is a realization of DSD(K).

3 Estimation of a total

3.1 Linear estimators and their Mean Square Error

Let y = (y1,--- ,yn) © be a variable of interest on the population U = {1,--- , N}. Typical parameters
to estimate are the total t, = >, _;; yx or the mean value m, = t,/N. Let DSD(K) be a determinantal
sampling design on U with kernel K. An estimator of t, based on DSD(K) is called linear and
homogeneous if there exist real weights wy, k € U such that the estimator writes

fyw = Y Wiy, with S ~ DSD(K)
kesS

The Mean Square Error (MSE) decomposes as:

Variance Bias

MSE(ty,) = ZzwkwlykylAkl + Z(wkﬂ'k — Dy (6)

keUIeU keU

= Zwkwlykyl(Kkk (1= Kyr)) Zzwszykyz\f{kz\
keU keU i1k
2
+ D (wp Ky — 1)%1 (7)
keu

where Ay, is defined by Equation (3)). An unbiased estlmator (for all variables y !) then exists only if
7w > 0 for all k € U. In this case it should satisfy wy = 7Tk . The corresponding estimator,

tAyHT = Zﬂ-]:lyka

kesS



is known as the Horvitz-Thompson estimator (Horvitz and Thompson|(1952)). In the sequel, we will not
restrict our attention to this estimator only. Indeed, we construct estimators with wy, # 77,:1 in Section
In particular, we prove (Corollary that in presence of an auxiliary variable x (approximately)
proportional to y and for sampling designs of fixed size n, it may be interesting to consider the linear
and homogeneous estimator with vector of weights w* = ((n@1) g, .. ., (nmN)’ltm)T.

If the sampling design is of fixed-size, the MSE becomes:

2
. 1
MSE(tyw) = —522(%% —wiy)?Agr + | Y (wemi — 1):%] (8)
keUlEU keU
1k
1 2
= 522(%&% —wiy)? | Knil* + | > (wim, — l)yk] (9)
keULEU ke
1k

Thus, to achieve small variance for a fixed size sampling design, |Ky;|? has to be small when (wryz —
wy)? is large. Equivalently, for a given set of first order inclusion probabilities, my; has to be as close
as possible to mpm (Equation , Proposition [2.1)). Therefore, one has to find a trade-off between
fixed-size sampling and Poisson sampling. The next sections provide instances of such sampling designs

(Theorem Corollary Theorem Algorithm [5.1).

3.2 Mean Square Error for determinantal sampling designs

In the case of a determinantal sampling design, the MSE of the homogeneous linear estimator fyw =
> kes Wryk of the total t, of a variable of interest y admits algebraic and geometric formulations. They
enable us to provide necessary and sufficient conditions for a perfect estimation of the total of auxiliary
variables.

We introduce the following notations. We let w = (wy,...,wy)? and e = (1,...,1)T (e is of size
N). For a vector x, z~1 is its Schur-Hadamard inverse, and D, denotes the diagonal matrix with
diagonal x, whereas for a matrix A, diag(A) is the vector of diagonal elements. For any two matrices
A,B € My(C), (A,B) = tr(ATB) = Y, , ar.ibk,; denotes the canonical scalar product on My (C).
The associated Frobenius norm is denoted by |A|.

We also define z = w * y (Schur-Hadamard product) and diagonal matrices Z = Dy, Z'/2 = D /gy
where the square root is taken in the complex sense for negative entries of w * y. Finally, we pose
(A, B))y = (ZY/2TAZY/2, 71/12BZ1/2T) . Note that Z'/? = (Z1/2)T and Z = Z, two equalities that we
will use thoroughly in the rest of this section.

Proposition 3.1 (Algebraic and Geometric forms of the MSE) LetS ~ DSD(K). The MSE of
tyw satisfies

MSE(fyw) = (wxy) (I = K) = K)(w*y) +[e" (K * Iy)(wy) —e”y]? (10)
((In = K, K)) + [(Dy, KDy — In)? (11)

and, in the case of the Horvitz- Thompson estimator,

MSE(fyHT) = var(fyHT) = (diag(K) ' xy) T ((In — K) * K)(diag(K) ™" x y) (12)
= ((In — K,K)). (13)

Proof. These formulas follow from the classical equality tr(AB) = tr(BA) and the following equality
relating the trace and the Schur-Hadamard product (Horn and Johnson| (1991)): for any two vectors
z,y and any two matrices A, B it holds that z7 A x By = tr(D,AD,B"). O

Recently, [Deville] (2012) raised the following question. For a given vector y, when can we estimate
perfectly the total y, using a sampling design with fixed first order inclusion probabilities (and an
homogeneous linear estimator)? Using the previous equations, we provide necessary and sufficient
conditions within determinantal sampling designs.



Theorem 3.1 (Perfect Estimation) Assumey takes only non-zero values. Let S ~ DSD(K) and w
be a vector of weights with non-zero values. Let a1, ..., 0y, be the distinct values of wyyr, k=1,..., N,
and Aj, j=1,...,q be the associated sets of indexes k such that wryy = ;.

Then the following statements are equivalent:

1. The total t,, is perfectly estimated (MSE = 0) by t,,,.
2. K is a projection that commutes with Z = Dy, and ZkeU W Kppyr = ty.

3. DSD(K) is a stratified determinantal sampling design with strata A;, j = 1,...,q, of fived size
within each stratum, and ZkeU W Kpryr = ty.

In particular, the total t, is perfectly estimated by fyHT iff K is a projection with positive diagonal
that commutes with Z = D1, iff DSD(K) is a stratified determinantal sampling design of fized size
within each stratum, and with 7, Ly constant on each stratum.

Proof.
1 = 2 By Moutard-Fejer’s Theorem (De Klerkl (2006) Appendix A), it holds that for any two semidef-
inite matrices A and B, tr(AB) > 0 with equality iff AB = 0. Assume MSE({,,) = 0.
Then tr (Zl/2T(1N fK)Zl/QZl/QKZl/2T> = 0. As Z127(Iy — K)Z'/? and ZV2KZ1/27T
are semidefinite, then Z1/27(Iy — K)ZK Z1/2T = 0. Multiplying on the left and on the right by
712 yields ZK = KZK and taking the conjugate transpose gives ZK = KZK = KZ. Thus

K and Z commute. It also follows that ZK? = ZK. By multiplying the equality on the left by
77! we get K2 = K, and K is a projection. Also, the bias is 0 and ZkeU W Kpryr = ty.

2 = 3 Reorder the population by strata. Then the commutant of Z is the set of block diagonal matrices
with respect to these stratas, and K is block diagonal. As K is also a projection, each block is
actually a projection, and DSD(K) is of fixed size within each stratum.

3 = 1 Asthe sampling design restricted to each stratum is of fixed size, and the values wyyy are constant,
then the linear estimator t,,, is constant as a sum of constant terms. Finally t,, = E(tyw) =

Y owev WeKkryr =ty
O

Corollary 3.1 Lety be any variable. Decompose the population U in two subsets: Uy = {k € Ulyr # 0}
and Uy = {k € Ulyr, = 0}. The total t, is perfectly estimated by fyw based on DSD(K) iff K is a
contracting matriz such that K|y, satisfies the criteria of Theorem .

Next example shows that non-Horvitz-Thompson estimators may prove useful.

Example 3.1 Let U = {1,...,6} and yT = (0,0,2,4,8,8). In the context of equal probability sampling
with T, = 1/2, no determinantal sampling design can produce a perfect Horvitz-Thompson estimator
(there are 4 different values of ykﬂlzl, but there are only 3 blocks). However, ty,, with

1 2 00 0 O
z 1 0 0 0 O
1loo 110 0| 4
SNDSD(K),K—E 00 1100w = (w1, w2,3,3/2,2,2)
0 00 0 1 1
00 0 0 1 1

satisfies MSE(t,,) = 0 (for any z € C,|z| < 1 and any wy,ws € R).

Finally, we provide an alternative view on the variance that comes from the general theory of point
processes and spatial statistics. The quantity ", 21 wrw ey | Kk |? can be interpreted as a weighted
measure of global repulsiveness for point processes on a discrete space (Biscio et al.| (2016) and |Lavancier
et al.|(2015) in the continuous setting). As determinantal point processes are repulsive, we then expect
that linear and homogeneous estimators will achieve small variance for certain DSDs compare to other
sampling designs. This is validated by our empirical studies in Section [5.3] The general problem of
minimization of the MSE will be addressed in Section



3.3 Asymptotic properties of the estimator

The classical settings for the study of asymptotic properties are either the superpopulation models
(Deming and Stephan| (1941)), |Cassel et al.| (1977) chapter 4), or the models of nested (finite) populations
as described by Isaki and Fuller [Isaki and Fuller| (1982). We consider this second setting here. In
particular, (Unx, N € N) is a nested sequence of finite populations (Uy C Uny41). The variable of
interest ¥V may depend on N, (yV, N € N) is a sequence of vectors of size N. Also (w”™, N € N) is a
sequence of positive vectors of size N. In all this section, (Py, N € N) is a sequence of determinantal
sampling designs on the populations Uy with kernel (KV, N € N), whose diagonal terms are positive,
and (t?wa, N € N) is the sequence of associated linear estimators of ¢,~ with weights w™. To simplify
notations, we consider as before Uy = {1,..., N}, and omit the superscript (.)V, writing y, w, K and
fyw instead of y™,w™, KN and tN (= t;v wN)

We focus successively on con51stency, central limit theorems and concentration/deviation inequalities.

In this setting, most results about consistency concern the mean square convergence of the Horvitz-
Thompson estimator of the mean m, = t,/N, see Isaki and Fuller (1982), Robinson| (1982)), Dol et al.
(1996) in the case of fixed size sampling designs and |Cardot et al.| (2010), |Chauvet| (2014) in the general
case. A classical condition within these references is that the sequence % ZkeU(wk)*zyz is bounded.
Using Schur’s Theorem |Schur| (1911)) on semidefinite matrices we improve the previous condition for
determinantal sampling designs. Theorem also applies to other linear homogeneous estimators than
the Horvitz-Thompson one. Example [3.1] shows the interest of considering such estimators. More
generally, we describe an estimator whose weights result from an optimization problem in Section [5]
Theorem We pose 1y, = fyw /N.

Theorem 3.2 (Mean-square convergence) Let S ~ DSD(K). If

1Y K (1 - Kkiwk>2 =0(1),

keUn
1 2
2. Nz E Ky (wpyr)™ — 0,
N—o0
keUn

then (1hy, — my) tends to 0 in mean square.
HT

In particular a sufficient condition for the convergence of (my —my) towards 0 in mean square is

N2 kGZU Kk:k: N~>oo
N

Proof. By Proposition 3.]
MSE(iyw) = (w*y) "((In = K) * K)(w s y) + [e T (In % K)(w xy) — e Ty]?

As the matrices I, K, I — K and K are positive semidefinite, it holds that (I —i{) «K,I«K and K« K

are positive semidefinite by Schur Theorem. Since (I — K) * K = [ * K — K x K then it also holds that

(I — K) x K < I xK for the partial order on positive semidefinite matrices. It follows that
(wry) "I = K)x K)(wxy) < (wxy)"(IxK)(w*y)

> (wiyr)* Ky,

keU

IA

Moreover the bias satisfies

2
[e"(In* K)(wxy) —eTy? = (Z(Kkk - wlk)(wkyk))

A
I~
]
3

I

> K (wiyr) >
keU Vi )(keU



by Cauchy-Schwartz-inequality. From these inequalities we get

E((W’)Q) < <1+ > Kl — Kkiwkf) % (Z Kkk<wkyk)2>

keUn keU

which goes to 0 by assumptions. This completes the proof. [J

Regarding equal probability determinantal sampling designs with expected size pu (7 = p/N for all k)
and a bounded variable y, a sufficient condition for convergence of the Horvitz-Thompson estimator of
the mean is simply p — co. More generally

Corollary 3.2 Let S ~ DSD(K) and set pn = trace(K). If

1. there exists ¢ > 0, such that for all N € N and all k € Uy, c% < Ky,

2. the sequence (% Z yi, N € N) is bounded,
keUn

3. the expected size of the samples u — oco.

Then ('™ —my) — 0 in mean square.

Our first condition is weaker than the one in |Cardot et al.[(2010): “there exists A > 0, A < mingey, 7"
(take ¢ = X and use that u/N < 1). It is actually strictly weaker because in this corollary, the first
order inclusion probabilities (7, = Kji) can tend to zero. For instance, we can take Ky, = log(N)/N.
The second assumption appears for instance in [Robinson| (1982).

Apart consistency, some authors have considered the existence of central limit theorems for sampling
designs. However, this proves generally a difficult task even for means or totals, and existing results
either focus on a particular class of sampling designs (equal probability sampling designs: [Erdos and
Rényi (1959), Hajek| (1960)), rejective Poisson sampling: Héajek| (1964))), or assume entropy conditions
(Berger|(1998))). Assuming only that the determinantal sampling design is “random enough”, we obtain a
central limit theorem by applying the results of Soshnikov (Soshnikov| (2000) ;Soshnikov| (2002))). These
articles contain several theorems on the asymptotic normality of functionals of determinantal point
processes. Theorem 1 on linear statistics of bounded measurable functions in [Soshnikov| (2002) can be
applied straightforwardly to the study of determinantal sampling designs and their associated linear
homogeneous estimators.

Theorem 3.3 (Central Limit Theorem) LetS ~ DSD(K). Define for all N € N the homogeneous

linear estimators
tyw = § WiYk and tyy|, = § Wi |yk|
kes kes

If the variance var(t,,) — +00 as N — oo and if

A € - ; g
sup |wiyk| = o (var(tyw)) and E(ty,) = O (var(tyw))
keUn

for any € > 0 and some § > 0, then

by = Eyw) tay N(0,1).

var(tyy)

The assumption var(f,.,) — +o0o is natural to get a CLT, but a lower bound on the variance is given
by the smallest eigenvalue of (I — K) * K, that is 0 for instance for fixed size sampling designs. The
two other assumptions are more technical. We present a specific case where they are met.

Corollary 3.3 Let S ~ DSD(K). If for some a,b > 0, sup,cy, |lwiye| = O(log(N)*) and N® =
O (var(tyw)) then

t w E £1 aw
e — By tay vro, 1),

Uar(fyw)



The condition supycrr,, [wryr| = O (log(N)*) is for instance met in the case of the Horvitz-Thompson
estimation of a bounded variable, with minger, Kir > ¢ > 0.

As usual, we can replace the true variance var(ijvw) by any weakly consistent estimator of this variance,
using Slutsky theorem. Classical estimators of the variance (Horvitz and Thompson! (1952), |Yates and
Grundy] (1953)), [Sen| (1953))) need the knowledge and positivity of the second order probabilities. These
quantities are perfectly known for determinantal sampling designs.

As previously recorded, from a very different perspective, the work of Berger| (1998)) proves asymptotic
normality for fixed size sampling designs under asymptotically maximal entropy conditions. Recently,
the asymptotic normality has also been studied for more general classes of processes (that include the
determinantal ones): processes with negative or positive associations (Patterson et al. (2001), |Yuan
et al.| (2003)), and processes that satisfy the strong Rayleigh property Briandén and Jonasson! (2012)).
We adapt here Theorem 2.4 of [Patterson et al.[(2001) in the case of the Horvitz-Thompson estimator of
the total based on determinantal sampling designs. The variance of the Horvitz-Thompson estimator

decomposes as
Poisson contribution  off-diagonal contribution

P - YrYi
var(tynr) = Y (Kl —1) — QZZ%U(MF

keU keUl<k

Set s2= > 3K, —1),r= > Z%\KMP and C = supyep, |m5 "ywl-
keUn keUni<k

Theorem 3.4 Let S~ DSD(K). If s> = oo, r = 0(s?) and C = o(s), then

byrr =ty tap
WHT 2 18 (0, 1).
S

For instance, the DSD defined in Theorem [4.5]satisfies these properties for any bounded variable 0 < a <
y < b (Lemma[A ). More trivially, so does the Poisson sampling DSD(Dr) (with 0 < a < 7, < 8 < 1).
For processes satisfying the strong Rayleigh property, [Pemantle and Peres| (2014) recently proved con-
centration and deviation inequalities that extend those of [Lyons| (2003) for the number of points of
determinantal processes in a subdomain. Their application to sampling theory allows derivation of the
following finite distance results.

Theorem 3.5 (Deviation and concentration inequalities)
Let S ~ DSD(K), p = trace(K) and C = sup,cy |wryk|. For all a > 0,

_ < T G (A L9 2
prtyw — E(tyw) > a) < 3exp ( 16 (aC + 2uc2)) ’
~ n a2
— < - )
pr(ltyw — E(tyw)| > a) < 5exp ( 16 (aC + 2uC2))

Moreover, if DSD(K) is of fized size u = n, then

R a?
pr(tyw — E(tyw) > a) < exp <_8nC2> ,

R . a?
pr(|tyw — E(tyw)| > a) < 2exp <8nC2> .

Proof. Function s+ >, ., wxyrl{resy is C-Lipschitz for the Hamming distance. Theorems 3.1 and
3.2 of |Pemantle and Peres| (2014) apply and yield the stated results. O
From this concentration inequality, we derive a new criterion for the convergence in probability of ¢, r7:

Corollary 3.4 Let S ~ DSD(K). If Y% gup, ) || =0 then (ih,nr —my,) 25 0.
R —00

k N—o0

Proof. Let C' = sup,cp, %:;1’ = trace(K). Tt holds that

. N2g?2
fopr—t|> Na) <5 -
pr(ltymr —ty[ > Na) < eXp( 162(Na0+2u02)>

10



By assumption C' = o(N) and uC? = o(N?), and the right hand term above tends to 0. [J
In the particular case of a bounded variable |y| < b, we have that

trace(K)

N v

N C
E(fynr — my)2 < =Ny, <b
N
and the assumption of Corollary [3.4]is stronger than the one of Theorem [3:2] This may be disappointing
at first sight because convergence in quadratic mean entails convergence in probability by Tchebyshev’s
inequality. But the improvement of Corollary lies in the rate of convergence. Consider for instance
an equal probability determinantal sampling design of size n. Applying Tchebyshev’s inequality in
2
Theorem [3.2| gives the quadratic rate P(|thygr —my| > a) < %, whereas in Corollary [3.4] we have the

exponential rate P(|my,gr — my| > a) < 5exp —m .

4 Constructing fixed size determinantal sampling designs with
prescribed first order inclusion probabilities

It is common in practice to work with fixed size sampling designs with prescribed first order inclusion
probabilities. According to Corollary constructing such a determinantal sampling design is equiva-
lent to constructing a projection matrix with a prescribed diagonal. The latter problem is a particular
case of the more general issue of constructing Hermitian matrices with prescribed diagonal and spec-
trum that has re-attracted attention over the last years (Schur| (1911), Horn| (1954)), |[Kadison| (2002),
Dhillon et al.| (2005), |[Fickus et al.| (2013)). Nevertheless, up to now, the effective constructions found
in the literature are algorithmic and do not provide a closed form for such the matrices.

Relying on the existing literature, we provide in Section a closed-form formula for a matrix P, such
that DSD(P™) is a fixed size sampling designs with first order inclusion probabilities 7 = IIj, for any
prescribed vector of inclusion probabilities I such that that ), ;; ITx is an integer (which is obviously
a necessary condition and happens to be sufficient, Theorem . We then discuss the properties of the
associated sampling design DSD(P'). We finally focus in Sections and on the particular case of
equal probability sampling designs. In Section we consider the existence of determinantal sampling
designs having the same first and second order probabilities as SRS. The existence or non-existence
of such designs will in particular show that there may not exist DSDs with prescribed second-order
inclusion probabilities, and that DSDs with real kernels form a proper subset of DSDs with complex
kernels. Section provides an explicit construction of a parametric family of fixed size and equal
probability determinantal sampling designs relying on the N-th primary unit roots, which may prove
useful in case of a periodic pattern.

4.1 A general construction

Let IT be a vector of size IV such that 0 < II; < 1 and ZkeU II;, = n € N*. Set kg = 0 and for all
integer r such that 1 <r < n, let

kr—1 k.
e 1 <k, <N be the integer such that > Il <rand > Iy >r,
k=1 k=1

kr—1
® Qp =T — ZHk andak:Hkifk7ékT,

k=1
, il I, —a, o, /
o = \/ I1 T A, —oy o, 7 for 7 <r’, 47 =1 otherwise.
Jj=r+

T—ar )(1I—(g, —org
J J J

Example 4.1 Let N =10, n =3 and II = (0.2,0.2,0.3,0.3,0.4,0.4,0.3,0.3,0.3,0.3)7, we then get:
o ky =4,ky =7,k =10,
o (g4 — 0.3 = H4, Qr = 0.2, Q10 = 0.3 = H10~

We define a real symmetric kernel P as follows:

11



oforalllgng,P&:Hk,

e for all k >1: P/l is computed according to formulas in table

Table 1: Values of Pkr{ c k>

Values of [
Values of k =k, kr <1 <kry
o <k <k | =V U0 VLT
S T I Vi = e e it S R i = A

Theorem 4.1 (Fixed size DSD with prescribed unequal probabilities (Construction))
The matriz P is a real projection matrix, and DSD(PY) is a fived size sampling design with first order
inclusion probabilities m, = I, 1 < k < N.

The exact knowledge of the coefficients P/l enables a precise characterization of the sampling designs
so constructed.

Corollary 4.1 Let P be the matriz previously constructed, and DSD(PY) the associated sampling
design.

1. If (k1) €)ky, kpy1[? then my = 0.
2. Ifj E]kr,kr+1[, k= kT+1, l G]k,n_;,_l, kT+2[ then Tikl = 0.

3. Set B, = [1,k,. +1]. Then 1 is an eigenvalue of multiplicity v and 0 an eigenvalue of multiplicity
k. —r of K|p : the random sample S has v or r + 1 elements in B, (r <#(SNB,) <r+1).

4. If k—1 is large then PL} ~ 0, and the events {k € S} and {l € S} are asymptotically independent.
In practice my; = 1l also holds for small values of k — 1.

5. Let r1,...,rg be the set of values of 1 < r < n such that Zﬁ;l Iy = r, and set 1o = 0. Then
DSD(PY) is stratified with H strata k., ., kr,].

Since the proofs of Theorem and Corollary are important but quite long and technical, we
provide them in Annex [B]and Annex [C] respectively.

In the particular case of equal probability DSDs of size n (Il = nN~! for all ¥ in U) and when n
divides N, according to point 5, the matrix P is a block diagonal matrix with n blocks, whose entries
are nIN~!. The resulting DSD is thus the I-per-stratum sampling design. This design is known to be
more efficient than systematic sampling of the population in natural order (Fuller| (1970])).

In the general case, the construction of P actually leads to a partition of the population into intervals

U= U k-1, k]

1<r<n
such that, if S ~ DSD(PY), then for r = 1,...,n:
e S has at most one point into each open interval k,_1, k[,
e S has at least one and at most three points into each closed interval [k,_1, k..].
e S has at most two points into each open interval |k,_1, kry1],

To help understand the way a sample is drawn, Figure [T] describes the quantities used in Theorem
and shows examples of unfeasible samples for n = 3 and N = 11, giving a graphical representation of
the previous properties.

We also provide an example of two matrices built by the previous method, that points out that the
resulting matrices (and thus the associated determinantal sampling designs) highly depend on the way
the population is ordered.

12



Figure 1: Examples of unfeasible samples S ~ DSD(PM), n =3, N =11

Q’\
| I I (o Mamw A ! ] I |
I 1 T ] L 1 N T T T [
I I, I3 Iy Ils g Iy Ig Iy 1o My
r=0 r=1 ky=4 r=2 ky,=7 r=3
(a) Description of the quantities used in Theorem
" " * * * *
] P L Ly , I | , L ] P L - . I | , ,
} —t .| —+ f H f } } } —t H — f H f } }
I Il Iy Iy s Il Iz Mg Ty Ty Tlyq I Il I3 Iy s Ilg Iz Mg Tlg Tl Ilyq
r=0 r=1 ki= r=2 ky= r=3 r=0 r=1 ki= =2 kp= r=3

(b) w137 =0 and w13 =0 ((1,3) 6]k0,k1[2) (C) 146 = 0 (1 E}ko,]ﬁ[, 4=k, 6 €]k1,k2[)

Example 4.2 Let N =7, n=4 and I = (3,3,3, 1 2 3 HYT g IT

2747475757575

S (453,028 97 Observe
that I1' is a permutation of II, and that I1; + Iy + 113 = 2. Then

‘)—‘
‘H

1
% Qé/é 2\/15 0 0 0 0
2\{5 g I 0 0 0 0
-1 3 0 0 0 0
V2 ’ ; V2 V2
1 2 2 2
pi= 0 0 0 5 % 355 535 |,
0 0 0 V2 2 2v2 2
5 5 5v3  5V3
0 0 0 2 22 3 _V2
5v3 53 5 5
0 0 0 Y2 2 V2 4
5v3 53 5 5
1 1 V3 3 1 1 _1
2 V10 2v/14 V70 V35 V65 21/26
1 1 V3 V3 V2 V2 1
V10 5 24/35 5v7 5v7 513 265
V3 V3 3 _ 1 1 VT VT
2V14 235 4 2V5 V30 V390 4/39
pr_| 3 3 1 4 _V2 V14 VT
V70 57 2v/5 5 5v/3 5v/39 21/195
1 V2 __1 N2 2 2V7 VT
V35 57 V30 5v/3 5 5v13 V130
1 V2 _ T _ 14 27 3 __1
V65 513 V390 5v39 513 5 V10
1 1 _ VT V7 VT 1 3
226 265 4v/39 2195 /130 V10 4

In the general case, a possible drawback of this general construction is that some of the joint proba-
bilities equal 0 leading to difficulties in estimating the variance. Also, in the case of equal first order
inclusion probability n/N =1, the algorithm always provides the same matrix (whatever the reordering),
which properties (of the associated sampling design) may be difficult to interpret unless n divides N, as

explained before. In the next sections we provide other constructions that circumvent these drawbacks,
but only in the case of equal first order inclusion probability.

For a given contracting matrix with a prescribed diagonal, we finally describe a method that leads to
others matrices with the same diagonal and spectrum.

Theorem 4.2 Let K be a contracting matriz, (k,1) € U? such that Ky # Ky for k #1 and Ky # 0.
Let Wi (0) be the unitary operator whose matriz relative to the canonical basis has cos0 at the (k, k)

13



and (1,1) entries, —sin@ and sin@ at the (k,1) and (k,1) entries, respectively, 1 at all other diagonal
entries, and 0 at all other off-diagonal entries, where:

2R€(Kkl)
=———= cosf =
Ky — Ky V142

Then matriz K' = Wi () KWL (0) has the same diagonal and spectrum as K.

and sinf = tcos6.

Proof. In the two dimensional case, explicitly construct a (real) plane rotation @5 so that the diagonal
vector of A’ = Q2AQ} equals a prescribed vector (a},ay)”, while having the same spectrum as A.
Assuming (without loss of generality) that a; < a} < ag < a, that is to say:

* i
QQ aq a21 QT _ al *
as;  ab Z x abh )’

0 ( cosd Sin0>
2 = ’

—sinf cosf

where

Reasy £ +/(Reas)? — (a1 — a})(az — a})

t p—
as — a} ’
0 = L 14
COS = 7W, ( )
sinf = tsinf.

By letting a1 = o} = Ky and as = a, = Ky # Kgy, in these formulas (with Re(ay;) # 0), we end up
with two rotation matrices: the trivial solution ()2 = I> and a second non-trivial given in the theorem.
U

Remark 4.1 The rotation Wy, (6) does not change the modulus of K};. The joint inclusion probabilities
for (k,1) are then the same for DSD(K) and DSD(K'). Nevertheless the other joint probabilities Ty,
or m; might change.

4.2 (N,n)-simple determinantal sampling designs

SRS is not determinantal in general. This negative result does not however settle the question of the
existence of a determinantal sampling design with the same first and second order inclusion probabilities
as the SRS of size n, that is such that 7, = % and m = ](ILEnNill)) (k #1). In this section, we prove that

such DSDs may or may not exist, depending on the values of n and N and the use of complex kernels.

Definition 4.1 ((N,n)-simple designs) Let n < N. A determinantal sampling design is (N,n)-
simple if its inclusion probabilities satisfy

N n(n —1)
Tk = — and Ty = ———.
TN MT NN =)
According to Corollary such designs (if they exist) are of fixed size, whence their kernel is a specific
rank n projection. It appears that such kernels are highly connected with Equiangular Tight Frames
(ETFs), see [Tropp| (2005) and |Sustik et al.| (2007):

Theorem 4.3 ((IV,n)-simple designs and ETFs) DSD(K) is a (N,n)-simple sampling design iff
K= %FTF, where F = (f1,-+-, fn) is an ETF of C™.

The proof is given in Annex

As a consequence of Theorem a necessary and sufficient condition for the existence of ETFs would
solve the problem of the existence of (N, n)-simple determinantal sampling designs. However, such
a condition is not known for the moment. Nevertheless, there exist necessary conditions (recalled in
Theorem, and numerical studies compensate for the absence of general existence conditions (Sustik
et al.| (2007)), |Casazza et al.| (2008)).

Table [2[ summarizes their results for n < 9 and N < 100. In the table, the symbol C indicates that no
(N, n)-simple determinantal sampling design with real kernel exists, but that one with complex kernel
does exist.
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Table 2: Existence of (N, n)-simple determinantal sampling designs, depending on the kernel type (real
or complex) for n < 9.

n|3 3|44 |5 |5 |66 |6 |7|7]|7|8]|8]8
N |6 |7 14 | 15 | 28 | 15 | 29 | 57
R|IC|IC|C|R|C|C|R|C|IR|C|]R|C|C]|C

\']
—
w
—
o
[
=
[
=
—
D
w
i

Consequently, it holds that:

1. For a given family of (non-determinantal) sampling designs, there may or may not exist a DSD
with the same first and second order inclusion probabilities (for instance, there exists a (7, 3)-
simple DSD but no (10, 3)-simple DSD);

2. There exists a DSD(C), C complex kernel such that no DSD(R), R real kernel has the same first
and second order inclusion probabilities (for instance the (57, 8)-simple DSD can be realized only
using complex kernels). This plaids in favor of using complex kernels.

Example 4.3 ((6,3)-simple determinantal sampling design) Let

1 L L 1 1 1
Y T
k-l v Y B B %
3 [ S S U R G o
I G I T I

VA A A A

K is a projection, and DSD(K) is (6,3)-simple. It is not a simple sampling as the samples {1,2,3}
and {4,5,6} do not have the same probabilities ((1 — 2 — 5\25) and $(1— 2 + 5\2/5) respectively).

4.3 “Periodic” determinantal sampling designs

In this section, we construct an explicit family of fixed size, equal probability sampling designs, that
exhibit some periodic behavior. The kernels involved are special Toeplitz matrices constructed upon
primitive Nth roots of the unity.

Theorem 4.4 (A parametric family of fixed size, equal probability DSDs) Letn,r, N be three
integers such that n < N and v < N with v, N two relatively prime integers. Let DSD(K™N'") be the
determinantal sampling design with kernel K™N-":

gqp(nrlk=Dm ir(n— -
KIZENJL _ sm(#) ( 1]2,(k 1)

1
~ r(k;l)W) € ,
K’I‘,NJL _n
kk - N-

sin(

DSD(K™N") is of fived size n, and its first and second order inclusion probabilities satisfy

r,N,n

Tk = N -
r,N,n . P 1 sin2 nr(k—1)m
T = oW Sinz(rf(%ﬁ) (k#1).

Proof. Let z = %" be any primitive Nth root of the unity with r, N two relatively prime integers.

Set ¢ =n/N and define for all p=0,...,n — 1 the vectors v, = % ((zp)l ey (zp)N) T They define,

by construction, an orthonormal family and K™"V-" = ZZ;& vapT = VV T is a projection of rank n,
where V = (vg, -+ ,vp—1). Its diagonal elements satisfy

n—1 n—1 \ﬁ
K,Z’,CN’n = va(k)@T(k) = n_lcz 1=c (where v,(k) = %(zp)k)
p=0 p=0
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forall k =1,...,N. Its off-diagonal elements satisfy

. nr(k—0)m
11— zk=0n 1 s ( N ) ir(n—1) (k=)=
r Nn __ (k— l)p _ ir(n=1)(k=Dm
Ky N Z N 1—k=0) =~ N _ (r(k—l)‘n') € N (k #1).
Sin - N

The second order inclusion probabilities follows from Equation . O

These designs may alternatively be described as the unitary transform of the (non random) DSD that
samples exactly the first n elements of U by the N — by — N unitary Discrete Fourier Transfom Matrix
(DFT Matrix, see for instance Rao and Yip| (2000)), |[Dickinson and Steiglitz| (1982)).

As contracting matrices form a convex set, we can form the mean of the previous matrices. Properties
of the resulting DSD are given in Theorem The result is actually true whether or not N is prime,
but if N is not prime, for some values of r, K™~>® might not be contracting.

Theorem 4.5 Let n, N be two integers such that 0 < n < N, and let KN" = N T ZT N-1 gr.Nm,

Then DSD(KN-") is a determinantal sampling design of random size n with at least one point, such
that all subsets of U of same cardinality have the same probability of occurrence. Its kernel actually

satisfies
Nmn _  N-—
{Kkl = N(N-1)

)

=
=

3
Zs =

and its first and second order inclusion probabilities satisfy

N,n n
LS
= ]%2_N2(Nn 2’(]‘;7”)

Proof. We first compute a simpler form for the kernel.

1 N-1 n—1
r,Nn __
o X - _12 DG
- 1 n-1N 277r(k z)p
N N-1
p=0 7‘:1
1 n—1 N—1 dim(k—)p T
- —— (~n-1 TN —(n—1
p= 1 r=0
_ N —n
~ N(N-1)

since for p # 0,
N—1 2iw(k—1)p
ir(k—Up T 1— (e~ )N
Z 62 (?\/ Dp _ (6 ) —0.
r=0
In particular all principal minors of the same size are equal. The characteristic polynomial of KV can
be computed as a Hurwitz determinant: p(K™") = (1 — A)(£=% — \)V~1. KN is thus a contracting
matrix with 1 as maximal eigenvalue, and by Corollary pr(S=0) =0. As K™ is not a projection,
DSD(K™N:™) is not of fixed size. [J
Still by Corollary we can also compute the variance of the sample size: var(§(9)) = (N —1)"}(N —
n)(n—1). As previously recorded, this DSD provides an example of design that satisfies the conditions

of Theorem (Lemma [A7T).

The kernels K"™N-" exhibit “approximate” periodicity. We thus expect their associated DSDs to have
peculiar properties. Indeed, the periodicity of the K™'™ entails some “exclusion properties” for
DSD(K™N-") as explained by Lemma and shown in Figure |2l But the DSD also exhibits a second
“Poissonian” property: apart from these excluded points, the other ones are approximately independent
of a given element (Figure

2in(k—D)p
N

1—e
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Lemma 4.1 (Periodicity and second order inclusion probabilities)
Consider DSD(K™N™) and let k <1 € U. Pose b the rest of the Euclidean division of r(l — k) by N,
r(l—k) =aN +b. Then

2 02 (nbw
pNa 10 Lsin® (%) 1, b
T = N TNZ a2 (%) = 32 n® —U;_, | cos N
where U,_1 is the Chebyshev polynomial of the second kind. In particular if b << N or N —b << N
then mp = 0, otherwise my; = ]’\‘[—i

Proof. The formula follows from the 7 periodicity of 2 ~ sin®z and one (of the many) definition of
the Chebyshev polynomial. We then deduce the other results from the properties of this polynomial
(in particular that U,_1(1) =n). O

As an application let U = [1, 365] be the days of a year and assume you want a sample such that only
few selected days in two consecutive weeks have the same weekdays. Then you can choose r = 52
(weeks/year). Of course a systematic sample would select perfectly such a sample but with very low
entropy, whereas the sample drawn from DS D(K5%3657) remains largely random (high entropy). This
is shown by Figure 2| for n = 15 (r = 1,2), and even more evident for n = 100 (r = 52) (Figure |3).
Indeed in this second case except for two days k,l such that the rest b of the Euclidean division of
r(l — k) by N is less than three, m; 22 0,075 = n2N~2 which is the second order inclusion probability
of Poisson sampling (Figure [3)).

Figure 2: Inclusion probabilities 7r,i, selected observation (vertical dotted line), previously selected
observations (vertical black line) at step i for the first four steps of Algorithmwith matrices KT365:15,
: 1=1,2 defined at Theorem [1.4]

B
0000 0002 0004

P
0000 0002 00O
Fi
0000 0002 0004
Fi
0000 0002 0004

00‘00 ‘ 00‘02 ‘ 0?04
0?00 ‘ 0?02 ‘ 5?04
00‘00 ‘ 00‘02 ‘ 00‘04
0?00 ‘ 0?02 ‘ 5?04

Table 3| plots the first ten weeks of a year for two samples: one drawn according to a D.SD(K?52:365,100)

by Algorithm 2.1 and the second one according to a SRS.

Table 3: Trying to avoid consecutive weekdays (gray)

DSD(K52,365,100) SRS
Weeks Weeks
Weekdays 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Monday * * * * %
Tuesday * * * *
Wednesday * * * Kk ok *
Thursday * * ok * * %
Friday * % * * *
Saturday * * * * *  x Kk x *
Sunday * * * *
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Figure 3: DSD(K52365:100) "second order inclusion probabilities 7y according to b € [1 : 364]

r 7y

008

0.04

Second order inclusion probability

002

We finally compare the efficiency of this DSD to SRS and Poisson sampling on periodic, real data. To
this end, we consider the daily values of French electricity consummation in 2015, and compute the
variance of the associated Horvitz-Thompson estimators of the annual consummation by Equation @

Table [4 shows the corresponding relative standard deviations (RSDs), where RSD = ¥ vity) According

ty
to this criteria, taking into account the periodic structure of the data with the DSD(K?52:365:190) Jeads
to a more accurate estimator than those based on SRS and Poisson sampling (while keeping a high

entropy).

Table 4: RSD of the HT-estimators of the French electricity consummation in 2015 - DS D(K2:365100)
SRS and Poisson sampling

DSD(K?2:355.100) T"SRS(365,100) | DSD(D1gg/365) = Poisson sampling
0,738 1,658 8,680

5 Optimal strategy

The parametric form of determinantal sampling designs, along with a closed formula for the mean
square error (Equation (1)) allows at least theoretically to search for a pair (DSD(K), w), minimizing
the sum of the MSEs for a set of auxiliary variables. This pair (sampling design, vector of weights) is
sometimes called a strategy in the literature Hajek and Dupac| (1981)).

It happens that while promising on the theoretical level, solving the optimization problem becomes
rapidly unfeasible practically, notably due to the curse of dimensionality. Thus, after examining the
theoretical issues in the next section, we then give some practical heuristics.

5.1 A generic optimization problem

It is common in the literature to search for sampling designs providing only representative or balanced
samples for a set of ) auxiliary variables, where a sample S is representative for x if 3, g Tl',:lllik =t,.
The underlying idea is that such estimators should perform well on variables of interest correlated with
the auxiliary variables. [Deville and Tillé (2004) provide a general method, called the cube method, for
selecting approximately balanced samples with fixed first order inclusion probabilities and any number
of auxiliary variables.

Regarding DSDs, our approach to provide approximately balanced samples is to interpret representa-
tivity as follows: let us call a strategy (DSD(K),w) representative for = if MSE(#,,) = 0. Note that
in our definition, we do not restrict to the Horvitz-Thompson estimator but consider the weights of the
linear estimator as a parameter.
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Obviously, attaining 0 for the MSE is impossible in most cases, but we can still minimize this MSE.
This approach is for instance considered in [Fuller| (2009)) for the Horvitz-Thompson estimator.

Let 2, ..., 29 be Q auxiliary variables and © be a parameter space. From Equation@ we define the fol-
lowing generic optimization problem, where C'(K,w) is an objective function equal to EqQ:l MSE (t441)
(up to a constant).

Problem 5.1 (The generic minimization problem) Find

Q
argminC(K,w) = Z(zq) Ty —K)sK)29 4 [eT(K * In)2? — e T2?)?
(K,w)eO a=1
where 29 = w * x9.

We then adjust the parameter space to address the following cases which are of interest for survey
sampling: free problem (with fixed average size of the random samples), optimal DSD for the Horvitz-
Thompson estimator, optimal DSD for fixed weights, optimal DSD with prescribed first order inclusion
probabilities and either free or fixed weights, optimal weights for a fixed DSD. We study more precisely
these optimization problems (notably the objective function) in Annex

Table 5: Minimizations problems and their parameter spaces

PROBLEMS PARAMETER SPACES NAMES
DSD of size p, free weights 0 =0",x RN Problem Py
DSD of size y1, Horvitz-Thompson | © = {(K,w)|K € 6% ,,wy, = K, '} | Problem P,
DSD of size p, fixed weights w 0 =07, x{w} Problem P;
DSD with 7 = II, fixed weights w 0 = 0" x {w} Problem P,
DSD with 7 = II, free weights 0 =0T xRY Problem Ps
Fixed DSD(K), free weights O ={K} xRV Problem Py
where
@fid = {K|0< K <In,c< Ky <d, Trace(K) = p}
o = {K"|0< K" < Iy, diag(K™) =T1}.

We first solve the free problem with sole constraint Trace(K) = n > @ (where @ is the number of
auxiliary variables). To this end, we consider the non-random sampling design that samples the n first
elements of the population. The set of equations Y, ., ., wix} = t7 is consistent by the Rouché-Cappeli
Theorem (Capelli| (1892)), and if w is any solution then the associated strategy satisfies MSE (f4a.,) = 0
for all 1 < ¢ < Q. This "free problem" thus clearly exhibits the drawback of overfitting. This is the
reason people usually either work with the Horvitz-Thompson estimator, or fixed first order inclusion
probabilities, or both. Another possibility is to use the constrained parameter space ©" ;, with 0 < ¢ or
d<1. ’

Apart from this trivial case, among these problems, only the last one (Problem Pg, optimal weights)
admits an explicit solution. More generally, it admits an explicit solution for any sampling design whose
joint probabilities are perfectly known, including the determinantal sampling designs. For such a given
sampling design, the solution leads to some calibration estimator, where, unlike Deville and Sadrndal
(1992), the weights do not depend on the sample.

Theorem 5.1 (Optimal weights) Let P be a sampling design whose first and second order probabil-
ities are my, T (Tek = 7k) and Tt .. ,x? be Q vectors of auziliary variables. The linear homogeneous
estimators that minimize the sum of the Q MSEs correspond to weights w°P? in the affine subspace:

wt € ((éxqaﬂT) * Q)T <<§;t$q:ﬂ> * 71') + ker ((imgT) x Q)

where = (my) is the joint probability matriz of P, m the vector of first order inclusion probabilities,
and M7 the Moore-Penrose inverse of a matriz M.
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Proof.
Q

Q
> MSE(fpew) = Zzzwszxk%Am + Z
qg=1 =1 k,l

= qg=1

2
Z WT) — 1)33%]

keU

Q
Z Wil Ag + ZZ(wkﬂ'k — Daf(wym —1)af
1k,

q*lkl

I
o M@

= ZZ kwll'kﬁl Tl — 2ZZwktIq7rkxk + Zt

q=1 k,l q=1 k
= wlAw—-20wTB+C

where A = (Z?Zl 2927 )xQ and B = (Zqul tzax?) x . Minimizing Zqul MSE(#444,) is thus a classical
problem of unconstrained quadratic programming. Since w — w” Aw — 2w” B 4 C is nonnegative then

B € ker(A)*, and since A is Hermitian (and spaces are finite dimensional), B € I'm(A )LL = Im(A),
and thus B = AV for some vector V. Then for any w, w? Aw—2w? B+C = (w—V)T A(w—-V)+C-VTB
which is minimal for w°?* € V + ker(A). Finally, as B = AV and AATA = A then V' = A'B satisfies
B=AV'. 0O

Corollary 5.1 Let z',..., 2% be Q auxiliary variables.

e IfQ =1 and z #0 for all k € U then wP* = ((nx1) g, ..., (an)’ltx)T is an optimal vector
of weights for any sampling design P of fixed size n.

o If woPt is an optimal vector of weights for P then

Q Q Q T//aQ tr/Q
ZMSE(fﬂw) = Ztiq - <<Z tquq> *7r> ((qu:vqT> * Q) <<Ztquq> *7r> . (15)

e IfP=DSD(K), then Q = (Iy — K) x K + diag(K)diag(K)T

The optimal weights given by Theorem may be far from the values wlzl =K ,;kl (indeed, in the first
point of Corollary they are independent of the first order inclusion probabilities), therefore leading
to a possibly highly biased estimator of ¢,. A classical way to overcome this issue is either to add
a penalization term or a constraint in the minimization problem. For instance, adding the quadratic
constraints (mwg — 1)? < en™! for some positive constant ¢ (and n =Y, ., 7 — 00) leads to optimal

weights ensuring that the first assumption ), ., Ky (1 — (Kkkwk)_l)Q = O(1) of Theorem is sat-
isfied.

While appealing, all the other problems are hardly tractable, both theoretically and in practice. On
the bright side, we can rewrite all these problems as semidefinite optimization problems (see Annex [F)),
where the parameter space is a projected spectrahedron, that is the projection of the intersection of the
cone of positive semidefinite matrices and an affine space. And semidefinite optimization (in the convex
and linear setting) has become a major field of optimization theory recently (see for instanceBlekherman
et al. (2013),|Vandenberghe and Boyd| (1996)). But a significant downside is that the objective functions
of the other problems are not convex. And while efficient algorithms exist in the case of a strictly convex
objective function, problems are extremely difficult otherwise. For instance, even linear semidefinite
optimization is usually NP-hard (Theorem [G.1)).

In the case of minimization of the EMQ for nonnegative variables 29, when the weights and the first
order inclusion probabilities are fixed (Problem P, case usually considered in survey sampling), a
striking feature occurs. The objective function is actually concave (see Annex [F]), and therefore the
solutions are extreme points of the spectrahedron. One of the difficulties in this case is that the extreme
points of spectrahedra do not generally admit a simple characterization. Indeed, the problem of deciding
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whether a given matrix is an extreme point of a given spectrahedron is NP-hard for many spectrahedra.
This is for instance the case for the elliptope of correlation matrices. Problem Py for this particular
spectrahedra is studied in Annex [G] A second major issue in the concave case is that many extreme
points may be arguments of local /non-global minima, and classical algorithms will be trapped in these
local minima, especially as N becomes large.

In practice, existing semidefinite optimization algorithms fail to produce globally optimal solutions when
N is large. Indeed, we have seen in Section 4] that producing a projection element in ©% (projections
are extreme points, but not all extreme points are projections) is in itself a difficult task.

In the following, based on algorithmic minimization results for small N (N < 40) and the theoretical
results of the article, we present empirical algorithms to solve Problems P, to Ps. The performances of
the empirical algorithms are presented in Section [5.3

5.2 Empirical algorithms

We performed nonlinear semidefinite optimization for Problems P», P3 and P, using specific semidefinite
optimization algorithms (Polyak] (1992)), |Tiitiinci et al.| (2001))), for various numbers p (average sample
size), vectors of inclusion probabilities and vectors of weights, integers N < 40 (size of the population)
and auxiliary variables. Our empirical conclusions are triple. When p = n is an integer, the minimizer is
always a projection. Therefore, in our search for empirical algorithms, we mainly work with projection
kernels. When II; = & and n divides N, and for one auxiliary variable only (¢ = 1), the optimal
determinantal sampling design for Problem Pj is the 1-per-stratum sampling design. However, for more
than one auxiliary variable (@ > 1) the solution is generally not stratified (for IIx = % and n divides
N).

These results along with the reading of Equation [8]and Corollary suggest that Algorithm should
produce a low value of C'(K) for Problem Py, at least for 1 nonnegative auxiliary variable. We consider
fixed inclusion probabilities IIj, such that ), ., I} = n and a fixed vector of nonnegative weights w.

Algorithm 5.1 (Ranking and Projecting Algorithm (RPA, Problem P;))
Perform the following steps:

1. Perform a Q multi-dimensional ranking algorithm on the variables wa', ... wk?. This produces

a permutation o on the population. Relabel this new population {1,..., N} and update the vector
II accordingly.

2. Construct the projection matriz P with diagonal as in Theorem .

The resulting strategy is (DSD(PY),w) (on the ordered population).

In case of one nonnegative auxiliary variable (Q = 1), Algorithm actually produces a zero-variance
estimator for an auxiliary variable x such that after reordering the population by w x z, for all integers
1<r<n, Zz;l Iy = r for some k, (Theorem m and Corollary . In this case, the population is
actually divided into n strata with PY a projection matrix of rank 1 on each strata. And if this is not
the case, then we can nonetheless divide the population into (at most 2n) strata such that P is a rank
1 contraction matrix on each stratum. Therefore, restricted to each stratum, the solution will achieve
the minimal variance (Theorem |G.2)).

The situation is drastically different in case of many auxiliary variables (Q > 1) for R¥ is not globally
ordered in this case. The choice of the ranking method is then crucial (see Section , and the matrix
obtained by Algorithm may be far from optimal, notably when @ is large. We therefore propose a
greedy algorithm, based on the 2-by-2 rotations W; () of Theorem to improve a given DSD(K).
It thus needs a non-trivial initialization matrix K € O (for instance, K° = P kernel obtained by

Algorithm .

Algorithm 5.2 (Constrained Unitary Transform Algorithm (CUTA, Problem Fy))
Using the notations of Theorem forr =1 to R (fized in advance) do:

1. For each (k1) in U? such that 11, # II; compute the angle 0%, of the rotations of Theorem '
2. Define (k",1") = argmin C(Wi(0;,) K[~ "W (65,), w);

(k,r)eU?
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3. Set K™ = Wyrr (05, )K" Wk, (05,,.) and r =1+ 1.
If K9 is a projection matrix, then all matrices K™ are projections.

We now combine Algorithm and Theorem in the following two steps iterative method, that
searches for the best strategy with given first order inclusion probabilities (Problem Ps). We need
an initialization strategy (K% w®) € O x RY on the population U = U (for instance, K° = D,
K% =P or K= K of Algorithm and w® =171 or w® = woPt).

Algorithm 5.3 (Iterated RPA for weights (IRPAW, Problem P;))
Forr =1 to R (fized in advance) do:

1. Perform Algorithm with weights w™~! and set K™ = P, U" as the kernel and (reordered)
population obtained by the algorithm;

2. Find (one of) the associated optimal weights w" by Theorem and setr =1 + 1.

Use the strategy (DSD(K"™),w™) on population U™, where r1 = argmin C(K",w").
0<r<R

Finally, we propose two algorithms to solve Problems P» and P; (free DSD, Horvitz-Thompson or
fixed weights). Algorithm is similar to Algorithm in that in combines the RPA (Ranking and
Projecting Algorithm with the use of optimal weights. But now the optimal weights serve to define
the first order inclusion probabilities for the next step of the algorithm. In the proposed algorithm, we
pose IT oc 1/w°P* and stop the algorithm if these are not inclusion probabilities. However, we could make
other choices to take into account values outside [0,1]. We start with an initializing vector a® = 1/I1°,
where TI° is a vector of inclusion probabilities summing to n.

Algorithm 5.4 (Iterated RPA for kernels (IRPAK, Problems P, and Ps))
Forr =1 to R fized in (advance) do:

1
1. SetTly =n (a;"‘” > (En) ;

keU ™k

2. Perform Algorithm withw” = 1/TI" (Problem P,) or w” = w (Problem Ps), and set K™ = P""
U™ as the kernel and (reordered) population obtained by the algorithm;

3. Find the associated optimal weights o by Theorem [5.1];

—1
4. If " is positive and 0 < n <a};kZUO}Z> <1 then setr = r+1, otherwise set (K*,w®) = (K", w")
€
forr+1<s<Randr=R+1.

Use the strategy (DSD(K"™),w™) on population U™, where r1 = argmin C(K",w").
0<r<R

Finally, in a spirit similar to Algorithm we can use unitary matrices to search for an optimal DSD
with free first order inclusion probabilities but fixed average number of points (Problems P, and P3).
To this end, let W(p) be a small-dimensional parametric family of unitary matrices (for instance 2-
by-2 rotations for certain indexes k,[, or Householder matrices) with W (0) = Iy. Let K° be a given
contracting matrix and let w) = 1/Kp, (Problem 2) or w® = w (Problem 3).

Algorithm 5.5 (Free Unitary Transform Algorithm (FUTA, Problems P, and P;))
Forr =1 to R fized in (advance) do:

1. Compute p = argmin, C(W (o) K" W(p) ur~);

—FT

2. Set K" =W (p)K" "W (p) , wy, = 1/K], (Problem 2) or w" =w (Problem 3);
3. Setr=r+1.
Use the strategy (DSD(KT), wf).
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We conclude this section by comparing the different algorithms. The RPA produces one DSD without
relying on actual optimization procedures. Its good performances (see Section are explained by
the good properties of the matrix defined by Theorem [L.1] for ranked variables, but highly depend on
the ranking procedure (Table @ The Iterated RPAs have in common that they construct a panel of
strategies (from RPA) that may be very different at each step, and then choose the best strategy in this
panel. There is no reason that the objective function decreases between two steps, but these algorithms
explore very different regions of the feasible set. By contrast, the algorithms CUTA and FUTA based
on unitary transforms minimize the given criterion at each step of the algorithms. However, CUTA
only changes the strategy locally, thus exploring a small region around the initializing strategy. And
to work, FUTA needs a small-dimensional parametric family of unitary matrices, and therefore also
explores a low-dimensional subset of the parameter space. The resulting improvement in the objective
function may be small.

Therefore we advocate for combinations of the previous algorithms: an “exploring” algorithm followed
by “local improvements”. This is illustrated in Section [5.3]

5.3 Application

The samples for the French household surveys are drawn according to a two-stage cluster sampling
design. We consider a simplified version of the first stage. The population consists of geographical
Primary Units, and the first order inclusion probabilities of the design are proportional to their num-
bers of inhabitants: Il = nz}/t,1. The sampling design is stratified by region and aims at being
representative for a set of two auxiliary variables: the total amount of unemployment benefit (x2), and
the total amount of taxable incomes(z3). These variables are normalized so that t,2 = t,s = 1000. We
calibrate our studies on the example of Region Basse-Normandie, where N = 148 and n = 14. We aim
at finding the optimal strategies (K, w) with w either free or equal to diag(K)~! (Horvitz-Thompson
estimator) that minimize the criterion:

C(K,w) = MSE(f,2,,) + MSE(f,3,,).

To do so we implement the previous algorithms successively. Table [f] provides the values of the objective
criterion after each algorithm.

Table 6: Implementing Algorithm to

Benchmark
algo Tk Wy DSD cube PPS SYS
ranking 1 ranking 2 ranking 3 ranking 1 ranking 2 ranking 3

5.1 I I ! 2957 2221 1355 1170 6052 3580 1540
52 | 1, It 1192 1288 1183 - - - -

E Iy wzpt 457 617 261 380 255 202 19

b4 | P T 1064 2221 41.6 | 291 - - -
b.5(a) | P TP | 647 1999 41.6 - - - -
b.5(b) | P Tt | 417 1934 39.6 - - - -

All the estimators considered in Table [6] are Horvitz-Thompson estimators except for the third line
where the weights are the optimal weights. Such non-Horvitz-Thompson estimators may perform ex-
tremely well on the auxiliary variables that served for the optimization procedure, but poorly on another
variable of interest due to overlearning and a possibly high bias.

We now describe the precise implementation of the algorithms.

e Algorithm we set m, = Il and wy = H,:l. Since there is no total order in R?, we test three
different ranking methods: by 22 /Il (j = 1), by (23 + 23)/Il; (j = 2) and by an Hamilton path
going through the points whose coordinates are (27 /Ilj, 3 /Il;) (j = 3). The benchmark consists
of two other popular sampling designs: the fixed size cube method balanced on (z!,2?), and

the Systematic PPS Sampling (ordered by the same three ranking methods). The cube method
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perform best than the DSDs and than PPS. The results for the former and the latter highly
depend on the ranking method, the Hamilton path being the best.

e Algorithm [5.2} we use the matrices obtained at the previous step to initialize the algorithm and
set R = 300 and wy, = H,;l. The choice of R is arbitrary but large enough to exhibit convergence of
the algorithm (see Figure . This algorithm is not relevant for the benchmark methods. Whether
it be for ranking method j =1 or j = 3, the DSDs now perform as good as the cube (Figure [4).

e Algorithm we set R = 100 and observe that for all the scenarii the minimal value of the
objective function stabilizes rapidly. The initializing matrix K© is the kernel obtained at the
previous step and w® = w°P! is the optimal vector of weights for this kernel (for each ranking
method). For the benchmark methods, we only compute the optimal weights by Theorem Q
being estimated by Monte Carlo methods. The very good results for the PPS method 3 is due
to the very low entropy of this design leading to a low number of different feasible samples. The
conditions for finding weights leading to balanced samples are close to those of the Rouché-Cappeli
Theorem. Within high entropy sampling designs, DSD with ranking method 3 now performs better
than the cube. The results for the ranking method 2 are less good due to the fact that, with this
method, ranking using w® = w°P? has led to the same ordered population than with w = II"!, so
that the algorithm stabilized at the first step.

e Algorithm we set R = 100 and initialize the algorithm by o = 1/II. For the benchmark
methods we do as Algorithm but with the cube method or PPS replacing Algorithm For
all the scenarii, after fluctuations (and high decrease for j = 3), the function r — c¢(K",w")
becomes non-decreasing. The result for the DSD ranked by the Hamilton path is now close to 0
and much better than the cube equivalent. Unfortunately the method is less efficient for the two
other DSDs: the objective function only decreases at step 1 for j = 1 and never for j = 2. The
choice of the ranking method is then crucial for the DSDs. Finally the method does not work well
for the PPS since at the very first step of the algorithm some of the weights are negative.

e Algorithm we set R = 1 and K© is the kernel obtained at the previous step and w,g =
1/KY,. We test two parametric families of unitary matrices: Householder matrices and two-by-
two rotations (5.5[a) and [5.5(b)). This algorithm is not relevant for the benchmark methods.
For the Householder method, p is a unitary vector of R® or C'8 and W(p) = I4s — 2pp" .
For the two-by-two rotations method, we set (k(;),l;)) the it" most contributing term of the
objective criterion C(K° w®), written as a sum on (k,l) € U? of positive terms (see Figure
. We set p = (01,...,0;,...,6015) and W(p) = szso Wiy iy (0i). The two-by-two rotations
method performs better. However its computation time is very much larger than the Householder
method. For the Householder method the results are similar whether p is real or complex.

Figure 4: Algorithm Evolution of the optimization criterion, DSDs perform as good as the cube.

Value of the optimization criterion

yyyyy

The curves j = 1,2,3 correspond respectively to the 3 ranking methods: by x2 /T1;, (j = 1), by
(23 + 23) /I (j = 2) and by the Hamilton path (j = 3).
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Figure 5: Initializing Algorithm a): Lorenz curve of the contribution to the initial criterion.

Cumulative share of contributions
8

25 50 75 100
Cumulative share of couples (k<l)

From Equation @D, we compute for each couple (k,l) its contribution to the criterion as
100 * Zgi?(ngz —wix])?|KY|?/C (K, wP). We then build the associated Lorenz curve. According to
this curve, 1.37%(= 150/(148 % 147/2)) of the couples (k,1) of U2, k <1, explain 71% of the initial
criterion.

Finally, we illustrate in Figures [6a] and [6b] the Gaussian behavior of the Horvitz-Thompson estimators
based on DSDs, using 10000 samples drawn by Algorithm using the DSD that results from the
implementation of Algorithm [5.4]

Figure 6: Ranking method 3, Algorithm law of .2 and tys g
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6 Conclusion and Perspectives

This article provides theoretical and empirical evidence that determinantal sampling designs may be
useful in sampling theory. Indeed, they offer the possibility to use powerful results from different
domains of mathematics (probability theory, frame theory, matrix theory, semidefinite optimization).
More practically, while the DSDs are indexed by the very large family of Hermitian contracting matrix,
we show that the construction of a single DSD (Theorem can be of real practical interest (Section
). Nevertheless various directions of research remain to be further explored. The major issue concerns
the possibility to use practically DSDs on large population size N. Indeed, while their theoretical
asymptotic relevance is exhibited in Section [3| our parametric family of DSDs is of size N2 and sparse
descriptions have to be found. In the particular case of Theorem [£.1] we could work directly on the rank
one decompositions of the matrices and compute the rotations on these decompositions. This has also
the benefit of avoiding Step 1 of the sampling algorithm (that precisely consists in finding the rank one
decomposition). More generally, the computation time of the sampling algorithm (with or without Step
1) should be compared to classical algorithms. Specific to the optimization procedures is the relevance
of multidimensional ranking algorithms for many auxiliary variables (based for instance on clustering
or multidimensional hamiltonian paths). Another possibility would be to use other constructions than
Theorem in the empirical algorithms or to use more efficient unitary matrices. Also, completely
different algorithms could be designed.
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A DSD(KN") satisfies the assumptions of Theorem (3.4

Let DSD(K) be a sampling design such that 0 < Ky = d < 1 for all k € U and |Ky|? = ¢ for
all k # 1. Let also y be a bounded variable, 0 < a < |y] < b. Set s* = >, vAK - 1),
r= Zk‘EUN i<k fisz, |K|* and C = SUDPreUy |7T131?/k|~

Then s > Yk € Uya®(d~" — 1) = Na*(d™' — 1). Second, |r| < Yy Yoy e = LeNEZD 50
that s~2|r| < % 7p¢ Y21 And third, C = supyep, |7y 'kl < bd ! so that s~2C? < by 8

We use these computations to deduce:

Lemma A.1 Let DSD(K™"™) be the determinantal sampling design defined in Theorem and y be
a bounded variable such that 0 < a < |y| <b. If0 < a <nN-! <3 <1 then s> = oo, r = o(s?) and
C =o(s).

Proof. As K" = & forall k € U and |K})"|* = N-m®for all k # I then

N2(N-1)2
N(N —
2 > ( n)a2
n
b>(N —n)> N(N —1
W < POVon? N -
n2(N—1)2 2
< b*(N —n)?n?(N — 1)
- 2N?2
s 2r| < ﬁ N —n
~ a?n(N-1)
oo W
n
b? N
—2,12
c? < S
s ~ a?n(N—n)

under the assumption 0 < @ < nN~! < B < 1 we deduce that

2 1-5

sc > TNa2—>oo

b2

-2 ~1
ser| < ?(O[N) —0
2,12 b? 1

O

Similar computations also show that Poisson sampling with 0 < a < 7, < 8 < 1 also satisfy the
assumptions of Theorem whereas (N, n)-simple sampling designs may not satisfy the assumptions
of Theorem 341

B Proof of Theorem [4.1]

Let Py be a (N x N) rank-n projection matrix whose entries Py(k,!) are 0 apart from (k. + 1,k. + 1)
entries, r = 0, -- ,n — 1 whose values are 1. We aim at transforming in N — 1 steps the diagonal of Py,
without changing its spectrum, to finally end up with a projection matrix Py_; = P" whose diagonal
is II. We pose T}, = Zf;;l a; for k. < k < k1. Table|7] shows the expected diagonal entries at each
step.

We use the unitary operator R,(6) whose matrix relative to the canonical basis has sin 6, at the (g, q)
and (¢ + 1,q + 1) entries, —cosf, and cosf, at the (¢,¢ + 1) and (¢ + 1,¢) entries, respectively,
1 at all other diagonal entries, and 0 at all other off-diagonal entries. We then build the sequence
P, = Rq(Gq)Pq,quT(Hq), g=1,...,N —1. Let P,(k,l) be P, k] entry.

Relying on the general relations between the entries of P, and those of P,_; provided byKadison|(2002),
we deduce that 6, is a solution of an equation depending on whether there exists r such that ¢ = k,:
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Table 7: Diagonal entries of P,

Step Diagonal entries
q 1 2 3 kl—l kl ]C1—|—1 ]{1,«—1 k,« kr—i-l N
0 1 0 0 0 0 1 e 0 0 1 0
1 m T 0 0 0 1 0 0 1 0
2 I, Iy, T; 0 0 1 0 0 1 0
: m I, I3 ... 0 0 1 0 0 1 0
]{1 -1 H1 H2 H3 e Hk1,1 Ay 1 0 0 1 0
k1 I, I, Iz ... g1 Iy, Tk 0 0 1 0
: M, M, T3 ... My T Iy : : : . 0
N -1 I, Iy, TII3 A H}cl,1 Hk1 Hk1+1 - H}CT,1 Hkr Herrl ... any =1y
1-1I
sin0, = L 3r|lqg = k)
1- q
T
sin?0, = =L (Prlg=k.).

q

The definitions of ay and T}, ensure the existence of at least one value for 6, and as a consequence the
existence of a real idempotent self-adjoint with a prescribed diagonal II. Kadison’s Theorem 7 consists
precisely of the latter result. We go one step further and provide a closed-form for this matrix. To do
so, we choose among the solutions for §, the one given in Table @

Table 8: Values of 0,

Arlg =k | kr < q < kria
. -1 I
sin 0, \/1—0“: T—;’

We then iteratively use of the relations between then entries P, and those of F,_; to deduce an explicit
formulas for Py _1(k,1) = PH:

k—1
sin Oy (ay — 1) siHQZH cosly, (I =k, <k)

q=!

11
Pkl

k—1
P = sin0pTysing, [ [ cosby, (I # ke < k).
q=l
For instance, Tables |§| and (10| show how the entries P,(k, k1) and P,(k, k1 + 1) are fixed across the

process leading to the final corresponding entries of PI.
Lastly, we consider the case k, < I < kp11, kv < k < ki1, 7 < v’ and provide the corresponding
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Table 9: Building step by step the values Py (k, k1), k > k1

Line Step (q)
k ki—1 k1 ki+1 ki+2
kl Ak Hkl Hk1 Hk1
ki+1 0 cos Ok, (ar, —1)sinby, | sinbg,+1cosOk, (g, — 1)sinby, Sin Oy, 11 cos Oy, (g, — 1) sin Oy,
ki1 +2 0 0 €08 0k, +1 cos O, (g, — 1)sinbk, | sin bk, 42 cos Ok, +1 cos Ok, (ar, — 1) sin by,
k143 0 0 0 oS O, +2 €08 O, 1 cos O, (ag, — 1) sin Oy,

Underlying a formula indicates that it will remain unchanged for the rest of the process.
Table 10: Building step by step the values P, (k, k1 + 1), k > k;

Line Step(q)
k k1 ki1+1 ki1+2 k1 +3
ki+1 | Thyta Ik, 41 Ik, 1 Mgy 11
k1 + 2 0 COS 9k1+1 sin 9k1+1Tk1+1 sin 9k1+2 COS 9k1+1 sin 0k1+1Tk1+1 sin 9k1+2 COS 9k1+1 sin 9k1+1Tk1+1
ki +3 0 0 €08 Oy 42 €08 Oky +18i0 Oy 1Ty +1 | Sin b, 43 oSOk, 4208 Ok, +18inOp; 41Tk, +1
ki+4 0 0 0 €08 O, +3 €OS Ok +-2 €08 Oy 1 50 Ok 1Tk, +1

Underlying a formula indicates that it will remain unchanged for the rest of the process.
formulas given in Table[I] the other cases being similar.

k—1
P,g = SinGlesinﬁchosﬁ

r 1— kr 2—1
Hk Y - +1 T T +1 1Ty — O
. H T q 7‘+1 r+1 q r42 r+2 .
l ! H 1— oy H T, 1— g,
—_ ———

r+1 . 42
\V-’Tl sin 91 N krp1+l
sin 0y,
Kpg1— 1 cos 9k .l kppa—1 cos 0kr+2
H cos 0q IT cos O
q=kyqyq1+1

k /7
q+1 Hy,, — H q+1
. 1= o,
q= k r_1+1 q=k o1
/HZTZ /Hk Tkr+1 Krg1 Krg1 7‘+2 Hkr+2 krio
Ty 1- Okyq Tk7+1+1 — O,y
Tk‘ ’ Hky,/ - Clkr,
Tk r_1+1 1-— Oékr/ Tkrl+1

i T W),

=1 (1- Oékj)Tk,-H

C Proof of Corollary

The first two points follow from the calculations of the respective 2 x 2 and 3 x 3 determinant.

. (A-TIg)oy (I —og) o
1L V Toax 11, \/HlHa (I—arn)(A—(Hg—ar))
P\I;Ikl: /(1111;1%1-[ 10, —\/Hz(l Hkr)[inkak()lf)
(Mg —ag)a (1—TIx) (T — k)
\/HlH 1-— ak)kl (Ihkkak)) \/Hl (1- (ka kak))k 1L

Applying Sarrus’s rule, we get:

det(a?kl) =
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HjHl(l — Hk)(Hk — Oék)()tk _HjHl(l — Hk)ozk _HjHl(l — Hk)(Hk — Ozk) _ HlHij(Hk — ak)ak -
(1= o)1 = (g — o)) 1—ay (1= (k — ax)) (1—ap)(1— (I —ag))

I T, T, —2

Hjl'[l(l'[k — ak)ak(2 — Hk) + HjHl(l — Hk)ak(l — (Hk - Oék)) + Hjl_[l(l — Hk)(Hk — ak)(l — Oék)
(1 —a)(1 = (g — o))

0,11, 1T, —

LI HjHZ(Hk — Ozk)(l — (Hk - O(k)) + HjHl(l - Hk)ak(l — (Hk - Oék)) .
JtkH — =
(1 — o) (1 = (I — ax))
HijHl(l — (H;~C — Oék))(l - Oék)
(1 — (I — ag))(1 — o)
We finally consider points 3 to 5. It holds that P‘% has the same spectrum as (P)|p, proving point
3. Point 4 follows from the expression of Pkr{ as a product of cosines. Finally, point 5 follows from the
implication: if Z?Hk = r then [T — ay, = 0, and thus P}l = 0 for k,[ in different strata.

=0

I, I, I, —

D Proof of Theorem (4.3

Let DSD(K) be a (N, n)-simple DSD. Applying Equations and , we get that K satisfies

K = 7,
N—
[Kul* = ity (b #1).

Let F be a (n x N) matrix such that V = (£)Y/2FT is an orthonormal basis of the range of K
(K=VVT=2FTF). It holds that:

1. Foralllel,..., N, " F =1,

2. There exists a nonnegative « such that | Y7_) FjpFji| = a = né\]f\,inl) (k#1),

3. FFT =247,
But these properties are exactly those defining an ETF (Tropp| (2005), Sustik et al.| (2007))).

E Existence of (N, n)-simple DSDs

Theorem E.1 Let 1 <n < N — 1 be two integers.

1. There exists a (N,n) — simple determinantal sampling design only if N < min{n? (N — n)?}
(Tropp| (2005))).

2. There exists a (N,n) — simple determinantal sampling design with a real kernel K only if N <
min{n(n;l), (an)(évfwrl)} (Sustik et al| (2007) Theorem C).

3. When N # 2n, a necessary condition of the existence of a (N,n)-simple determinantal sampling
design with real kernel K is that the following two quantities be odd integers:

o n(N—l)’ﬁ: (N—n)(N—l).
N-—n n
When N = 2n, it is necessary that n be odd and that N — 1 be the sum of two squares (Sustik
et al.| (2007) Theorem A and|Casazza et al.| (2008) Theorem 4.1)

This a only a small part of a rich literature on the subject, going from strongly regular graphs Waldron
(2009) to Gauss sums and finite field theory [Strohmer| (2008|).
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F Optimization problems

Consider the free optimization problem P;, where the only constraint is the average size of the sample,
E(#S) = p. The parameter space is then © = 0%, x RY where O is the set of contracting matrices
of trace p (with 0 < pu < N)

0, ={K|0< K <Iy, c< Ky < d, Trace(K) = p}

which is a projected spectrahedron.

We can then plug in this problem the optimal weights obtained in Theorem and use Corollary to
deduce that (K, w) solves Problem [5.1|for © = O, x RY iff w belongs to the affine subspace described
in Theorem [5.1] and K solves:

Problem F.1 Find
arg min — u(K)T (V « Q(K))T u(K)
Keoy ,

Q T
where u(K) = (23:1 traz?) * diag(K), V = Y 2927 and Q(K) = (In — K) * K + diag(K)diag(K)T.

q=1

that is therefore a semidefinite minimization problem with non-convex objective function.

A variation of the problem is to consider that all the first order inclusion probabilities are fixed in
advance, and still search for an optimal strategy (Problem Ps).

Once again by Theorem this rewrites as:

Problem F.2 Find
argmin — uT (V « Q(K))
Keoll

Q

where u = (Zqul tpax?) I, V = S 2929 and Q(K) = Dy — K % K + ITII7.
q=1

where O is the set of contracting matrices of diagonal II:

o = (K0 < K" < Iy, diag(K™) = T1}.

Simpler but still neither convex nor concave is the objective function of the free problem restricted to
the Horvitz-Thompson estimator (Problem Ps):

Problem F.3 Find

Q
arg min Z(zq) T(Iy — K)+« K)z?
Keow =
where 29 = [diag(K)]~! * 2.
or the objective function of Problem P (fixed weights):

Problem F.4 Find

Q
argminC'(K) = Z(zq) T(Iy —K)«K)29 4 [eT(K * Iy)2? — e Ta9)?
Keor f

P
where z9 = w * 29.
Finally, Problem Py (fixed first order inclusion probabilities, fixed weights) can be rewritten as:

Problem F.5 Find o
arg min — Z(zq) T(K +K)z1
Keol a=1

where z9 = w * z9.

(This problem includes the case of the Horvitz-Thompson estimator, take wy = H,;l).
The objective function is concave for nonnegative auxiliary variables z9.
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G Minimization over sampling designs of average size (less than)
one. The Elliptope case.

We first consider equal-probability determinantal sampling designs of average size one. In this case,
the parameter space for Problem is0, ={0< K < In,Kg, = %}, the spectrahedron of positive
semidefinite matrices of diagonal 5 (this set is homothetic to the set of correlation matrices, also known
as the elliptope, which is the set of positive semidefinite matrices of diagonal 1). The literature on the
elliptope and linear optimization over it is abundant, see for instance Ycart| (1985), Grone et al.| (1990)),
Laurent and Poljak| (1995), Laurent and Poljak| (1996)), Kurowicka and Cooke| (2003), Laurent and
Varvitsiotis| (2014). It is known that (for real matrices):

Theorem G.1 (Linear optimization over the elliptope)

kE+1
2
of ©c (|Grone et al| (1990) Theorem 2).

1. For any integer k such that ( < N, there exists a matriz of rank k that is an extreme point

2. The vertices of ©. (extreme points where the normal cone to ©,. is of rank N ) are the projections
of O, (rank 1 matrices).

3. It is NP-hard to decide whether the optimum of linear optimization problem }(n?u(;(A, K) is reached
€

at a vertezx.

Otherwise stated, the minimization of a linear function over the elliptope can be considerably hard, and
the solution may not be a projection matrix.

Surprisingly, for this particular set (equal probability determinantal sampling designs of average size 1),
the quadratic problem is much more simpler than the linear one. Actually, the minimization Problem
for all unequal-probability sampling designs of average size less than 1 (not only the determinantal
ones) admits a simple solution.

Theorem G.2 (Optimal sampling design, average size less than 1) Let I be a vector of inclu-
sion probabilities such that ), ., 1} < 1, and xl -,z be nonnegative variables. There exists a
unique sampling design that minimize Zqul MSE (t4av,) within all sampling designs with fived first or-
der inclusion probabilities m, = IIj,. It is the determinantal sampling design P = DSD(K™), where
K" is any rank 1 matriz with the prescribed diagonal. This sampling design P consists in sampling no
element with probability 1 — 3", ., I, and the single element k with probability I1j.

Proof. Let P be any sampling design with fixed first order inclusion probabilities m; = ;. As for
k 75 l, Akl Z —TET] then

Q
Zvar(fﬂw) = Z Z(wka)g(Hk—Hi)—l— Z wpxiwiz] Ay
qg=1

=1 |keU k#leU

Q

Q
Z Z Z(wkxz)g(ﬂk—ﬂi)— Z wkawlx?wkm s

=1 |keU k#leU

£s]

with equality iff for k #£ [, Ag; = —mm that is m; = 0. The only sampling design that satisfies these
equalities is P, which is thus the optimal design.

Consider now K'' =bb” a rank one matrix with the prescribed diagonal. Then [|b[|? =3, ., I < 1,
and K is a contraction of rank 1. It follows that DSD(K') exists, and has no more than 1 element by
Corollary so that my, = 0, k # [. Finally DSD(K™) achieves this lower bound, and DSD(K) = P.
]

If >, e Ok =1 (in particular if II, = 3) we get the following corollaries:

Corollary G.1 (Minimization over the elliptope) Assume the variables z',--- 29 are nonnega-
tive. Then the solutions of Problem over ©. are the rank one projections with diagonal % (vertices
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of ©.).
More generally, the solutions of Problem over © with ), ., Iy = 1 are the rank one projections
with diagonal T1j.

Corollary G.2 (SRS(1) is optimal) The sampling design with equal first order inclusion probabilities
T = % that minimizes the sum of the MSEs for nonnegative variables is the SRS of size 1, which is
determinantal.

Nonnegativity is crucial in the previous results. Consider the following example:

Example G.1 Let U={1,2}, v1 = -1,z =1 and II; =1l = % Then the variance of the Horvitz-
Thompson estimator for any equal probability sampling design of average size one that satisfies the
Sen-Yates-Grundy conditions is var(tygr) = 2 — 8A12 > 2, which is the variance of the estimator

. . /2 0 . _(1/2 0 _ 1/2 1/2
under Poisson samplngSD< 0 1/2>. But the matriz K = ( 0 1/2) =1/2 <1/2 1/2 +

12 —1/2\ .
1/2 <_1/2 1/2 > is not extremal.

For more complex spectrahedra (), I > 1), a characterization of the solutions of the problem [F.5
is unknown. In particular, the question whether the solutions are always projections for integer sums
remains open.
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