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Résumé Abstract. We proposed a simple and comprehensive approach to build a probabi-
listic sampling system in low income settings. We conducted this study in Bobo-Dioulasso,
Burkina Faso. Our method consists in first selecting commonly known spots in the study
area. Key information is collected in these spots and the population density around the
spots is estimated. We then predicted the population density in all the study area by kri-
ging, controlling for the variance. We can then compose, for any selected point in the study
area a virtual cluster with an estimated population density. We then described a two-stage
sampling design with equal probability for each stage. We described the unbiased Horvitz-
Thompson estimators which will be obtained.
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Résumé (French) Nous avons proposé une approche simple pour construire un système
d’échantillonnage dans des situations à revenus limités. L’étude a été menée à Bobo-
Dioulasso, Burkina Faso. La méthode a consisté à sélectionner des lieux-dits bien connus
dans la zone d’étude. Des informations clés étaient collectées sur ces lieux et la densité de
la population était estimée. Nous avons ensuite prédit la densité de la population sur tout
le territoire par krigeage, en controlant la variance. Nous pouvons ensuite proposer, pour
un point désigné dans la zone d’étude, un groupe virtuel avec une densité de population
estimée. Nous avons ensuite décrit une méthode de sondage à deux degrés à probabilités
égales et l’estimateur sans biais de Horvitz-Thompson associé.

1. Introduction

Households surveys are the principal source for national, regional and local statistics in
low income countries. In fact, complete information sources are generally nonexistent
or of poor quality. Household surveys need a comprehensive household list to prepare a
probabilistic sampling design. A probabilistic representative sampling design is one where
all the individuals of the population have a known, non-null, probability of being selected.

In developed countries, comprehensive lists for population surveys can be obtained through
vital registry systems, addressing and mailing records, voting lists, etc. These registries
are usually made complete and up-to-date. In developing countries, the authorities can
barely manage the population dynamics. Births and deaths as well as internal and external
migrations are not recorded in a systematic way. The streets and houses indications are often
missing or unknown by the population. Finally, it is very hard to build a comprehensive
list (Leete , 2001). Non-probabilistic approaches can be used to drive fast information with
very poor quality.

The procedure used for population surveys includes several stages. The first stage consists
in the selection of clusters. These clusters can be administrative areas such as villages or
city sections. The clusters are selected using a first probabilistic approach. In the selected
clusters, data collection agents are sent to record all the individuals, in order to prepare
sampling lists. However, the administration areas are not suitable for sampling. They can
be too big for instance. For large scale studies, the national statistics offices use census
enumeration areas EA. EAs are areas where live around a thousand individuals but this
varied where population density or environmental features required larger or smaller
boundaries to facilitate enumeration (INSD , 2006). These areas are set up during census
map production of the most recent national census and then used since the next one.
Operations of updating of the census EA maps can also be done. All the research institutes
and organizations do not have access to these census area lists. However, setting them up
is very expensive and demands a lot of logistics.

The World Health Organization (WHO) has proposed an Expanded Programme on
Immunization (EPI) cluster survey design (Henderson and Sundaresan , 1982; Bennet et al.
, 1991). This method is widely used as the standard sampling method for health surveys
in developing countries when EAs are not available. The standard method proposes to
select 30 clusters in the study area and then to select 7 children in each cluster to observe.
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Clusters may be villages or the like. This method has been discussed, tested and validated
in the literature (Bennet et al. , 1994) and several variations have been proposed (Turner
et al. , 1996). However, this method lies in pre-defined cluster. The cities and the villages
are fast increasing in developing countries and it is now more and more difficult to consider
an entire village as a cluster.

In many research areas such as epidemiology, ecology and sociology, geographical approaches
are being more and more used (Keating et al. , 2003; Heeringa et al. , 2004). Considering the
populations in terms of geographical location could simplify the sample selection (Troyo et
al. , 2008; Vanden Eng et al. , 2007). A good knowledge of the distribution of the households
and the people in a city can help to define a consistent sampling strategy for population
surveys. Once the places people leave are known, one can go and select them. Spatial me-
thods help to provide estimation on characteristics according to geographical distance with
known points. Their use has been extended to several domains. These can contribute to
reinforcing surveying systems. We propose an estimation of the density of the population
in each geographical point as a database for preparing a sampling method for population
surveys in an urban statement in Africa, the city of Bobo-Dioulasso.

2. Material and methods

2.1. Introducing the city of Bobo-Dioulasso

Burkina Faso is a landlocked country in Western Africa. It’s 2006 population was estimated
at 14,017,262 (INSD , 2006). The country is listed among the low income countries. The
Human Development Index was estimated 0.402 in 2015, ranking the country 185 on 188
(INSD , 2017). Bobo-Dioulasso is the second biggest city of the country. It is located at
365 kilometers from Ouagadougou, the capital city and covers an area of 136.78 square
kilometers (figure 1). It’s 2006 population was 554,042 residents living in 106,660 households
(Zida-Bangré , 2009).

The city of Bobo-Dioulasso is organized in seven districts (arrondissements) containing
thirty-three (33) neighborhood areas (sectors).

2.2. Data collection

The first task consisted in the determination of significant spots in the urban area of
Bobo-Dioulasso. The spots were defined as known and remarkable places, small extent,
which were associated a proper name. These places may be markets, cemeteries, fountains,
pubs, monuments, intersections (roundabouts, crossroads, ...), etc. We selected the spots
according to their spatial spread. These spots were identified only in residential areas of the
city.

A primary data collection and localization were performed in the eighty five (85) selected
spots (figure 2a). The blank areas represent nonresident areas such as factory area or pro-
tected forest. The military zone was not included in the sample. Data were collected using
CSPro version 6.3.2 application on Windows (US Census Bureau , 2015) and CSENTRY on
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Figure 1: Bobo-Dioulasso in Burkina Faso

Android (US Census Bureau , 2015). Data were collected from 30 May 2016 to 1 June 2016.
Analysis and estimations were performed using R software (R core team , 2015).

(a)
(b)

Figure 2: Spatial distribution of the observed spots

For each spot, the geographical coordinates were collected, with each nature and place,
including a picture. Another important was an estimation of the population density in
terms of households around the spot. The density around the spot was estimated using web
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utilities, including Openstreetmap (Openstreetmap Contributors, 2016) and Google Earth
(Google Inc. , 2016). The number of habitable plots were counted in an area of a hundred
(100) meters radius around the identified spot. We were supported in this task by the
specialists of the ministry of housing and town planning in Bobo-Dioulasso. The images
were considered for the 06th of June 2016.

The number of households living in the plots was estimated using the city statistics (Zida-
Bangré , 2009). We mapped the spots according the estimated densities (figure 2b).

3. Spatial analysis

3.1. Definitions and notations

The variogram is a function playing a key role in geostatistics and spatial analysis. It
quantifies the interdependence of sampling locations ; i.e. two samples from nearby locations
tend to be more alike than two taken from widely separate locations (Warrick and Myers ,
1987).

Let’s use the following notations :
— Z(s) : the estimated density at a given spot s,
— h : the distance in meters between two spots,
— γ(h) : the variogram function
— C(h) : the covariance function

and assume that the density function Z(s) is defined by {Z(s), s ∈ D} where D represents
the entire study area. We then have the following intrinsic hypotheses (Cressie , 1985) :

∀s ∈ D E[Z(s)− Z(s+ h)] = 0 (1)
∀s ∈ D E[Z(s)− Z(s+ h)]2 = 2γ(h) (2)
∀s ∈ D Cov[Z(s), Z(s+ h)] = C(h) (3)

3.2. Spatial estimation

The purpose is to estimate the density in a given point Z∗ in the study area. This estimate
is obtained using an ordinary kriging system described by Olivier and Webster (2014) :

Z∗ =
∑
s∈D

λsZ(s) (4)

where the λs are the parameters to be estimated. The estimation error will be defined as

e = (Z − Z∗) with V (e) = E[Z − Z∗]2

This variance σ2
e can be given an equivalent formula :

σ2
e = V (Z) + V (Z∗)− 2COV (Z,Z∗) (5)
σ2

e = V (Z) +
∑

s∈D

∑
t∈D λsλtCov(Z(s), Z(t))− 2

∑
s∈D Cov(Z(s), Z) (6)

Then the λs are the solutions of the following equation :∑
t∈D

λtCov(Z(s), Z(t)) + µ = Cov(Z,Z(s)) ∀s ∈ D (7)
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with
∑

s∈D λs = 1, where µ is a Lagrange multiplier introduced for the minimization of the
error variance.

4. The sampling system

The exercise described above permitted to get a new sampling basis. In fact we could define
a regular grid, covering the urban surface. The density around any given point of the area
can be predicted using this model, as shown in figure 3.

Figure 3: Density predictions in the urban area of Bobo-Dioulasso

We now proposed a probabilistic sampling method for a given survey. This is a two-stage
sampling method. The primary units are circular areas with 100-meters radius in which the
number of households is identified. The secondary units are these households. We propose
the inclusion probabilities for a random sampling with equal probabilities. The parameters
estimations are then described according to the Horvitz and Thompson (1952) approach.

4.1. Description

For a two-stage sampling, the following hypotheses are observed : :

invariance : the mode of selection of secondary units is the same for each selected pri-
mary unit ;

independence : the mode of selection of secondary units is independent from the mode
of selection of primary units.

In the selected area (UC) we can consider M primary units (clusters). Let’s consider for the
cluster h;h = 1, . . . ,M , named uh, Nh households. We aim to select m clusters in Sm and
in any selected cluster uh, we will select sh households.
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4.2. Inclusion probabilities

Let us define :
πh the probability of selecting the cluster uh ,
πhk the probability of selecting both clusters uh and ug,
πi|h the probability of selecting the household i in the selected cluster uh,
πij|h the probability of selecting both the households i and j in the selected cluster uh,
∆ij|h =πij|h − πi|hπj|h

For a sampling with equal probabilities for the clusters, we have :

πh = m
M (8)

πhk = m
M ∗

m−1
M−1 (9)

For a sampling with equal probabilities for the households into the clusters, we have :

πi|h = nh

zh
(10)

πij|h = nh

zh
∗ nh−1

zh−1 (11)

Where zh results to the kriging interpolation described above.

4.3. Horvitz-Thompson estimator

The objective of sampling is to provide the most accurate estimation of a function of the
key variable θ = θ(Yi), i ∈ U and its variance. Here we propose the estimation of the total
(sum). The other characteristics such as the mean can be easily obtained using the method.
Considering Yi|h the value of the character in the household i located in the cluster h, we
have :

θ(Yi) = T (Yi) =
M∑

h=1

Nh∑
i=1

Yi|h (12)

As all our inclusion probabilities are more than zero, the Horvitz and Thompson (1952)
estimator is given by :

θ̂ =
∑

h∈Sm

∑
i∈sh

yi|h

πhπi|h
(13)

where yi|h is the measured value of the parameter in the sampled household i in the cluster
h. This estimator is unbiased.

In fact we can consider estimators of all clusters with their corresponding variance and even
the estimators of the variance (Thompson , 1991) (table 1).
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Table 1: Estimation formulas for a cluster h

Value Notation Formula

Total θh θh =
∑Nh

i=1 Yi|h

Estimator of the total θ̂h θ̂h =
∑nh

i=1 yi|h

Variance of the estimator V (θ̂h) V (θ̂h) = Nh(Nh − nh)
nh(Nh − 1)

∑Nh

i∈1(Yi|h − θh
Nh

)2

Estimator of the Variance V̂ (θ̂h) V̂ (θ̂h) = Nh(Nh − nh)
nh(nh − 1)

∑nh

i∈1(yi|h − θ̂h
nh

)2

The variance of θ and its estimator are then calculated using the formula of the analysis of
variance :

V (θ̂) = M(M −m)
m(M − 1)

∑M
h=1 (θh −

θ

M
)
2

+ M

m

∑M
h=1

Nh(Nh − nh)
nh

V (θ̂h) (14)

V̂ (θ̂) = M(M −m)
m(M − 1)

∑m
h=1 (θ̂h −

θ̂

M
)
2

+ M

m

∑m
h=1

Nh(Nh − nh)
nh

V̂ (θ̂h) (15)

5. Discussion and conclusion

We proposed a comprehensive method to conduct a random sample with estimated inclusion
probabilities in case of population based surveys where no list is available. This is always
a challenge when conducting surveys in low income countries where vital registries, voting
lists and addressing is very poorly organized. This approach will permit robust and accurate
estimations of different information one could be trying to measure in households.

We used an analytic approach for the variance estimation. Usually no sample correction is
performed to estimate variances in the most of the small surveys and the final results could
be wrong. Other methods can be used to compute that variance, including jackknife and
bootstrap estimation proposed by Wu (1986). Similar approaches have been described in
literature like Siri et al. (2008) but these are applied to specific fields. We are somehow
proposing a generalization of these approaches.

One limit of this approach is that the estimations will need updates. The cities like Bobo-
Dioulasso experience constant changes and new high density areas are created. So it will
be important to conduct these surveys like every five years to update the estimates. This
experience can be reproduced in any situation, including urban and rural areas.
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