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Abstract. Location information acquired by sensors and other devices
is not necessarily accurate and has vagueness. In the research field of
spatial databases, query processing techniques based on uncertain loca-
tion information are highly interested in recent years. In this paper, we
overview the trend of this field and describe our related projects and
future prospects.

1 Introduction

In recent years, due to the development of mobile network technology and GPS
devices, information services and applications based on location information are
repidly increasing. Location information acquired by GPS usually contains noise
and we may not be able to obtain accurate location information. Uncertainty of
location occurs not only in mobile computing but also in a location estimation
of a mobile robot. In robotics, the location of a mobile robot is often estimated
by sensors and movement histories [1]. Based on such a background, research on
spatial database queries based on uncertain location information has become an
active research field.

Our research group has been investigating query processing techniques for
spatial databases based on uncertain information [2,3]. The feature is to use
the Gaussian distribution to express location vagueness. Gaussian distribution
is one of the basic probability distributions and widely used in statistics and
pattern recognition [4]. Our research mainly focuses on the situation when the
user’s position obeys a Gaussian distribution and we have proposed algorithms
for range queries [3] and nearest neighbor queries [2]. In this paper, we overview
related studies in spatial query processing for uncertain location information
then briefly introduce the research activities of our group.

2 Overview of Related Work

There are various ways for representing uncertainty of locations. The simplest
approach is to assume the location of an object obeys a uniform distribution (e.g.,
[5]). Another approach is to assume a location is generally described by some
probabilistic density function (PDF ). The assumed types of PDFs are different
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depending on the studies. Most of the approaches [6,7,8] treat a PDF as a black
box and do not consider its details. Their approaches aim at generic algorithms
which work well for arbitrary PDFs. On the other hand, some other approaches
consider special types of PDFs [2,3]. Using specific properties of a PDF, we would
be able to develop efficient and effective algorithms.

We can classify types of spatial queries. There are various types of queries in
spatial databases [9]. We can also consider several types of queries for uncertain
location information. Most of the proposals focus on the algorithms for range
queries [7,10,3,5,8] and nearest neighbor queries [6,11,10,12]. Some studies focus
on clustering methods based on uncertain location information [13].

We can consider other criteria by considering which objects are uncertain.
Roughly speaking, there are three cases: data objects are uncertain [11,10,5,8],
query objects are uncertain [3], and both of the objects are uncertain [6,7,12].
In addition, the proposed algorithms are different in several factors such as the
types of object shapes (e.g., points, rectangles) and the number of dimensions
(e.g., 1-D, 2-D, arbitrary dimensions).

The concept of an uncertainty region is often used in the algorithms for spatial
querying based on uncertain location information. An uncertainty region for an
object is a region such that the region in which the object is located with the
specified probability. It roughly represents the area in which the object locates
and used for fast processing when a spatial query is given. An uncertainty region
may be contained in the description of the object itself, or it may be derived
from the properties of the object. The latter approach is often taken when it is
costly to treat the vague representation of an object directly.

When the location of an object is given by a PDF, integration of the PDF is
often required to process queries. If the PDF cannot be integrated analytically,
it is necessary to use numerical integration such as the Monte Carlo method,
but the processing cost is quite huge. In this case, a filtering process to decrease
the number of target objects for integration becomes extremely important, and
the concept of an uncertainty region is especially effective.

In addition to these approaches, some studies incorporated sampling methods
into query processing algorithms [12]. Moreover, [14] extended the notion of the
Voronoi diagram [15] for uncertain locations to process nearest neighbor queries.

3 Summary of Our Research

3.1 Uncertain Query Locations

In our research, we assume that the Gaussian distribution is used for representing
uncertainty of locations. In the previous studies [2,3], we assume that the location
of a query object is imprecisely specified by a Gaussian distribution. The location
of a query object is formally defined as follows.

Definition 1. Assume that x, the location of a query object q, is represented by
a d-dimensional Gaussian distribution [4]

pq(x) =
1

(2π)d/2|Σ|1/2
exp

[
−1

2
(x − q)tΣ−1(x − q)

]
, (1)
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where q is the average of the distribution, Σ is a d × d covariance matrix, and
|Σ| represents its determinant.

As described in the introduction part, the Gaussian distribution is quite popular
in statistics and pattern recognition [4] and is also used in estimating the loca-
tion of moving robots [1]. We have developed efficient spatial query processing
algorithms considering the specific properties of a Gaussian distribution.

3.2 Probabilistic Range Queries

As an example, let us consider a neighborhood information retrieval for a mov-
ing robot. We assume that a moving robot sequentially estimates its location
based on sensor information and own movement histories (Fig. 1). If we repre-
sent and track the movement by using a Kalman filter [1] assuming a Gaussian
probabilistic process, the location of the robot in every moment is be vaguely
represented by a Gaussian distribution.

Fig. 1. Spatial range query issued by a moving robot

Consider that we want to retrieve the information of the target objects (e.g.,
obstacles or items to be obtained) within 10m from the robot. We assume that
the data for the target objects (their locations are represented by points) are
maintained in the database embedded within the robot. This query cannot be
processed as a normal spatial range query—since the location of the robot is
uncertain, the distance between the robot and each target is also uncertain and
is given probabilistically.

To solve this problem, we have extended the concept of a spatial range query
[3]. We defined a probabilistic range query (PRQ) such as “retrieve the target
objects such that the probabilities such that the locations of the objects are
within 10m from the moving robot are less than the threshold”. It is formally
given as follows.

Definition 2. Given the probability density function pq(x), the distance thresh-
old δ (δ > 0), and the probability threshold θ (0 < θ < 1), a probabilistic range
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query PRQ(q, δ, θ) returns all the objects such that the probabilities that their
distances from the query object q are less than or equal to δ are greater than or
equal to θ. It is formally defined as follows:

PRQ(q, δ, θ) = {o | o ∈ O, Pr(‖x − o‖2 ≤ δ2) ≥ θ}, (2)

where O is the set of the target objects, ‖·‖ is the length of a vector, and ‖x−o‖2

represents the squared Euclidean distance between x, the location of the query
object q, and o, the location of the object o.

The naive approach to process this query is as follows. For each target object,
we consider a circle which is centered at the target point and has the radius δ. If
the probability that the query object (moving robot) locates inside of the circle
is greater than or equal to θ, the target object satisfies the query condition.
However, we need to integrate the Gaussian distribution shown in Eq. (1) for
evaluating the probability—this is quite costly because it requires numerical
integration such as the Monte Carlo method.

To solve the problem, we proposed three query processing strategies to re-
duce the number of target objects for which numerical integration should be
performed [3]. Using three strategies, we first derive three regions in which the
candidate target objects are located. Then we retrieve the objects (the targets
of numerical integration) which is inside of the intersection area of the three
regions. In addition, the proposed algorithm can effectively use a spatial index
such as an R-tree.

Let us show an experimental result. Figure 2 shows the points data obtained
from the cross roads of Montgomery County of Maryland, U.S.A. We have nor-
malized the data within 1000 × 1000 units. The figure shows an example query
when δ = 50 and θ = 1%. The ellipse shown in the figure represents the iso-
surface of the Gaussian distribution. Figure 3 shows the resulting points for this
query.

Fig. 2. Example data and query Fig. 3. Example query result
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3.3 Probabilistic Nearest Neighbor Queries

We also proposed the extended version of nearest neighbor queries for our context
[2]. A probabilistic nearest neighbor query (PNNQ) is defined as follows.

Definition 3. Given the probability density function pq(x) and the probability
threshold θ (0 < θ < 1), a probabilistic nearest neighbor query PNNQ(q, θ)
returns all the objects each of which satisfy the following condition: the probability
that the object becomes the nearest neighbor of q is greater than or equal to θ.
Let O be the set of data objects and let PrNN (o) be the probability that an object
o ∈ O becomes the nearest neighbor of q:

PrNN (q, o) = Pr(∀o′ ∈ O, o′ �= o, ‖x − o‖2 ≤ ‖x − o′‖2), (3)

A probabilistic nearest neighbor query is defined as follows:

PNNQ(q, θ) = {n | n ∈ O, PrNN (q, n) ≥ θ}. (4)

We have proposed two query processing strategies both of which are based on the
Voronoi diagram [15]. Figure 4 shows the result of a query. The data set is same as
the former example. In the proposed method, the candidate objects (the targets
of numerical integration) correspond to the intersection of the Voronoi regions
which overlap with the rectangle shown in the figure and the Voronoi regions with
bold borders. The shaded Voronoi regions correspond to the resulting nearest
neighbor objects.

Fig. 4. Result for probabilistic nearest neighbor queries
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4 Conclusions

In this paper, we described the approaches to spatial database query processing
based on uncertain location information. We introduced the background and
several existing studies and then described the research performed by our group.
Currently, our group is working for extending the previous work. For example,
we are developing query processing method when both of a query object and
target objects obey Gaussian distributions and a general indexing method for
processing location-based queries based on Gaussian-based distributions. We
would like to report their results in the future publications.
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tions. In: Güting, R.H., Papadias, D., Lochovsky, F.H. (eds.) SSD 1999. LNCS,
vol. 1651, pp. 111–131. Springer, Heidelberg (1999)

6. Beskales, G., Soliman, M.A., Ilyas, I.F.: Efficient search for the top-k probable
nearest neighbors in uncertain databases. In: Proc. VLDB, pp. 326–339 (2008)

7. Chen, J., Cheng, R.: Efficient evaluation of imprecise location-dependent queries.
In: Proc. ICDE, pp. 586–595 (2007)

8. Tao, Y., Xiao, X., Cheng, R.: Range search on multidimensional uncertain data.
ACM TODS 32(3) (2007)

9. Rigaux, P., Scholl, M., Voisard, A.: Spatial Databases with Application to GIS.
Morgan Kaufmann, San Francisco (2001)

10. Cheng, R., Kalashnikov, D.V., Prabhakar, S.: Querying imprecise data in moving
object environments. IEEE TKDE 16(9), 1112–1127 (2004)

11. Cheng, R., Chen, J., Mokbel, M., Chow, C.Y.: Probabilistic verifiers: Evaluating
constrained nearest-neighbor queries over uncertain data. In: Proc. ICDE, pp. 973–
982 (2008)

12. Kriegel, H.P., Kunath, P., Renz, M.: Probabilistic nearest-neighbor query on uncer-
tain objects. In: Kotagiri, R., Radha Krishna, P., Mohania, M., Nantajeewarawat,
E. (eds.) DASFAA 2007. LNCS, vol. 4443, pp. 337–348. Springer, Heidelberg (2007)

13. Ngai, W.K., Kao, B., Chui, C.K., Cheng, R., Chau, M., Yip, K.Y.: Efficient clus-
tering of uncertain data. In: Proc. ICDM (2006)

14. Cheng, R., Xie, X., Yiu, M.L., Chen, J., Sun, L.: UV-diagram: A Voronoi diagram
for uncertain data. In: Proc. ICDE (2010)

15. Aurenhammer, F.: Voronoi diagrams: A survey of a fundamental geometric data
structure. ACM Computing Surveys 23(3), 345–405 (1991)


	Spatial Query Processing Based on Uncertain Location Information
	Introduction
	Overview of Related Work
	Summary of Our Research
	Uncertain Query Locations
	Probabilistic Range Queries
	Probabilistic Nearest Neighbor Queries

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




