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The density and distribution of spatial samples heavily affect the precision and reliability of estimated
population attributes. An optimization method based on Mean of Surface with Nonhomogeneity (MSN)
theory has been developed into a computer package with the purpose of improving accuracy in the
global estimation of some spatial properties, given a spatial sample distributed over a heterogeneous
surface; and in return, for a given variance of estimation, the program can export both the optimal
number of sample units needed and their appropriate distribution within a specified research area.

� 2010 Elsevier Ltd. All rights reserved.
Software availability

Software name: MSN Spatial Sampling Optimization
Developers: Mao-Gui Hu and Jin-Feng Wang
Contact: humg@lreis.ac.cn
Available since: December 2009
Operating system: 32-bit Windows
Program language: Cþþ, C#
Availability: free from http://www.sssampling.org/msn

1. Introduction

Spatial sampling is one of the most basic methods of collecting
information in spatial investigation and research, such as studies on
natural resources, the environment, and ecosystems (Haining,
2003). Dense samples usually bring high precision, while sparse
ones cannot make as precise an estimate of the population
(Cochran, 1977). However, cost is another important factor to be
considered carefully in practice. An optimized spatial sampling
scheme would make a tradeoff between precision and cost. Mete-
orological network design is a typical example. We will introduce
and apply a spatial sampling optimization method using meteo-
rological network design, but the method is not restricted to this
application alone.
All rights reserved.
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A meteorological network collects data on a variety of meteo-
rological elements that are commonly used in weather forecasting,
environmental evaluation, and global climate change research,
such as temperature, pressure, wind, humidity, and rainfall (Yu and
Neil, 1990; Pardo-Iguzquiza, 1998; Hansen et al., 2006). Designing
a network that provides a representative picture of the properties
of the whole region under study is an important but difficult
problem. Generally, a good meteorological network would consist
of a minimal number of stations that can provide as much infor-
mation as possible. Depending on the spatial correlation of obser-
vation posts throughout a region, criteria based on Kriging variance
are adopted by many researchers to optimize a meteorological
network (Bastin et al., 1984; Gao et al., 1996; Ahmed, 2004; Barca
et al., 2008). To improve the accuracy of areal averages of meteo-
rological elements within a covered region, the total number and
distribution of observing stations can be optimized by minimizing
the global estimation variance. This optimization is dynamic in that
the process usually consists of adding, removing, and moving
stations, and it performs well in many instances (Barca et al., 2008).
When the goal is to estimate the population mean of some spatial
property rather than to predict the value at unsampled locations,
however, the minimization of Kriging variance methods cannot be
used directly. On one hand, the Kriging method is based on the
modeling assumption of surface homogeneity, which in practice is
often not satisfied for extensive regions due to financial reasons or
physical geography (Li et al., 2008). On the other hand, there is no
quantitative relation between the precision of estimated
optimization package usingMSN theory, Environmental Modelling &
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Fig. 1. Architecture of the MSN spatial sampling optimization package.

M.-G. Hu, J.-F. Wang / Environmental Modelling & Software xxx (2010) 1e32
population mean and the best predicted value at some location,
although the former could be affected by the latter (van Groenigen
et al., 1999; Stein and Ettema, 2003).

Wang et al. proposed the so-called Mean of Surface with Non-
homogeneity (MSN) method for those complicated surfaces so as to
estimate the mean of some property and its variance (Wang et al.,
2009). The method combines the merits of spatial stratification and
Kriging variance. It assumes that a nonhomogeneous surface could
be converted to several small homogeneous surfaces by stratifica-
tion (Wang et al., 2010), which is possible in most cases. It can
estimate the populationmean directly. The estimated result of MSN
is proven to be the best linear unbiased estimator (BLUE) of the true
value (Wang et al., 2009). In practice, a meteorological network
often covers very large areas. It is very hard to guarantee that the
distribution of a meteorological element follows the homogeneity
assumption in the whole region. A spatial sampling optimization
method based on the MSN theory would make global estimations
and statistical inferences in complicated regions much more effi-
cient and reliable.
2. Software features

A software package that performs spatial sampling optimiza-
tions using MSN theory has been developed to run under the
Microsoft Windows operation system. A flow chart outlining the
algorithmic procedures involved is presented in Fig. 1. The main
goal of the package is to measure whether currently installed
spatial samples within a region can meet the overall accuracy
(variance of mean estimation) required by users. If not, the program
determines the number of additional samples needed and where
they should be located. The optimization operator is wrapped into
a COM component using Cþþ, and can be easily integrated into
other systems. The main GUI is a basic GIS platform implemented
using C# that makes it convenient for users to view the spatial data.
The data format supported is ESRI Shapefiles, a popular format
shared by most GIS software.
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The optimization process is completed by a wizard that consists
of three pages, viz., ‘data source’, ‘set parameters’, and ‘show
results’ (Fig. 1). The package is user friendly and can be understood
by non-experts. The required input data include the number and
location of current spatial samples (meteorological stations) and
various stratified regions. The ‘forbidden region’ file records those
selected regions that are to be excluded from consideration as
potential sites for samples. This option is of great practical use
when regions are inaccessible for one reason or other. Variogram
parameters for each stratum can either be imported from a text
file or calculated according to observational data from stations.
When a stratum’s variogram parameters are known, it is then
possible to allocate additional stations in the region after per-
forming the optimization, and this can be done even if there were
initially no stations.

Another distinguishing feature of the package is its imple-
mentation of a combined Monte Carlo and Particle Swarm Opti-
mization (MC-PSO) algorithm to accelerate the optimization
process. Finding the best sample locations from thousands of
candidates is a combinational problem. It is infeasible and quite
impracticable to trial each possible combination and compare them
due to the number of stations involved. Given an expected esti-
mated global mean standard deviation that is smaller than the
current value, we can first estimate the possible maximum stations
m needed with simple sampling theory. Second, a binary search
method is used in the range [0, m]. Finally, for a given search
number, we then apply the MC-PSO algorithm to find the best
candidate sites subject to minimum estimated mean variance
criteria.
3. Concluding remarks

Because many different factors are involved, meteorological
network optimization is a difficult problem to resolve. The freely
downloadable package we have developed for this task is the first
version and addresses only the issue of improving data reliability
and accuracy by ‘adding stations’ in an optimally distributional
optimization package usingMSN theory, Environmental Modelling &
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manner. It is not only useful for meteorological network optimi-
zation, but also for other similar spatial sampling optimization. A
newer version is being developed that will include other features
with more complicated functions (Christakos, 2005), such as opti-
mally deleting and moving spatial samples. It will also be freely
available to download from the website.
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