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1. Introduction  
Our research development on error and uncertainty modeling in spatial data and spatial analysis can be 
classified as the following stages: identifying the sources of uncertainties, describing errors in spatial data, 
quantifying error propagation in spatial analysis and finally controlling the quality of spatial data. This paper 
presents our study on quality control of spatial data. Quality control for spatial data refers to developing 
methods to ensure the final spatial data are produced to meet the user requirements. Here, spatial data may 
include, for example, object-based data, field-based data and digital elevation models. 

Description of uncertainties and errors was a research focus of early studies in the area, including the 
description of uncertainties in spatial data, spatial analysis or spatial models. From research development 
point of view, uncertainty description is a necessary first step, and a step further is to control or even reduce 
the uncertainties in the spatial data, analyses or models, if we are able to reach this objective. Therefore, the 
quality of spatial data for the final users is ensued. In this paper, the research on the quality control for the 
following three data and model is presented: 

 Quality control for object-based spatial data – to control geometric quality of vector spatial data by 
the least square adjustment method; 

 Quality control for field-based spatial data – to geometrically correct high resolution satellite 
imageries by point- and line-based models; and 

 Quality control for digital elevation models – to improve DEM accuracy by newly proposed 
interpolation models. 

2. Quality Control for Object-based Spatial Data 
The basic elements in an object-based model are point, line, polygon and area objects. Quality control for 
object-based spatial data is to ensure the position of these elements is within a certain accuracy level and to 
meet user requirements on the spatial data. The least square method in statistics was adapted to the data 
quality control in this study. Although the least square method was widely used for surveying data 
processing, the objects that were processed were the point objects. For GIS applications, on the other hand, 
the objects to processed and controlled have to be extended to line and polygon objects from the traditional 
measured point objects.  

Based on the nature of the positional errors in the object-based spatial data, the errors can be classified as 
random error, systematic error and gross error as well. In the quality control for object-based spatial data, 
gross error is removed based on redundant measurements, while systematic error is corrected based on a 
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function applied to the measurements. The random error to be corrected based on the least square adjustment 
method was then identified as the focus of this study. The quality of the spatial data in the object-based 
model can thus be control, and the measurements for the final users are cleared and reach to their accuracy 
requirements.   

To demonstrate the least square method for the quality control of object-based spatial data, land parcels 
of cadastral data were taken as an example. Here, the essential problem was to solve the inconsistencies 
between the digitized area value and the registered area value of the land parcels. The least squares 
adjustment method was applied to adjust the position of the digitized boundaries of the land parcels, and the 
inconsistency between the two types of area value was then resolved.  

A systematic strategy was proposed for the quality control of the cadastral data based on the least square 
adjustment method. These included (a) to let the registered area of a land parcel be the true value and a 
digitized point with coordinates be the observations for the establishment of the adjustment conditional 
equations; (b) to let both the registered area and the digitized point with coordinates be the observations, the 
weights of the two types of observation are estimated based on the variance components; and (c) to add the 
scale factor of the land parcel in the adjustment model and to estimate the weight of the observations based 
on the variance component from conditional adjustment with parameters. The adjustment for the land parcels 
was then realized finally. Furthermore, a hierarchical approach for spatial data quality control was proposed 
and is illustrated in Figure 1. The positional error control was from a smaller scale level (the upper figure), to 
middle scale level (the middle figure) and finally to the larger scale level (the lower figure).  

In the above method (a), the size of the registered area of a land parcel was taken as its true value and we 
adjusted the geometric position of the boundaries of the digitized parcels. An area adjustment model was 
derived by incorporating the following two categories of constraint: a) attribute constraints: the size of the 
true area of the parcel, and b) geometric constraints: such as straight lines, right angles, and distances. 
Thereafter, the least square method was applied to adjust the areas of the parcels.  

The quality control method (b) was further developed due to the considerations that both digitized 
coordinates of a land parcel and the registered area of the land may contain errors, although the level of error 
may be different. The problem then became how to solve the inconsistencies between the digitized and 
registered areas of land parcels under the condition that both of them were treated as observations with errors. 
Here, the key issue was to determine the weights of the two types of observations. The Helmert method was 
then proposed for estimating the weights between the two types of observations. The insistency between the 
registered area and digitized area of the land parcel was then adjusted by the least squares adjustment. 

 

Figure 1: A quality control strategy based on multiple levels of spatial data 

It was demonstrated, through several application studies, that the proposed approaches were able to solve 
the problem of data inconsistency between the digitized area value and registered area value of the land 
parcels. In fact, the proposed least square method can be adopted as a general quality control method -- 
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solving the data inconsistency between multiple sources, which is one critical issue in object-based spatial 
data quality control in GIS. 

3. Quality Control for Field-based Spatial Data 
In a field-based data model, the basic units, like square or pixel, are used to represent the terrain in the real 
world. Satellite imagery is a kind of field-based spatial data. Basically, there are two types of error in a 
satellite image: spectral distortion (attribute error) and geometric distortion (positional error). In this study, 
we focused on the quality control of satellite image regarding its positional error. Positional error of satellite 
image may be due to the terrain effects (the higher the elevation variation, the higher the geometric distortion 
on the image), the imaging model, and sensor distortion, positioning error of the satellites and others. Here, 
the issue of quality control of the satellite image is to improve the positional accuracy of the obtained images 
by reducing (random/ systematic) errors of the satellite image. The core of the quality control of the satellite 
images is to build a mathematical model which reveals the correct geometric relations between image space 
and terrain space. The satellite image can thus be corrected by applying the mathematical model. 
Traditionally, the point-based mathematical models for image rectification were widely used. In our study, 
we further proposed the line-based transformation model, as an alternative solution to the point-based 
approaches.  

a) Point-based Geometric Rectification 
In a point-based geometric rectification method of improving the quality of satellite image, the ground 
control points (GCPs) were used to build transformation models – a relationship between satellite imaging 
coordinate system and the ground coordinate system. Here, GCPs were obtained either through, for example, 
ground surveying by GPS, or by using the control points extracted from maps. The transformation models 
could be, for example, polynomials, affine transformation model, rational function or other mathematical 
models. These models with known parameters were then used to rectify the original satellite images with 
positional error. The quality of the satellite image is thus improved and controlled.   

A non-rigorous transformation model from a 2D satellite image coordinate system to ground 3D object 
space was studied, and the transformation model was applied to the geo-rectification of IKONOS imagery. 
We investigated the effects of the following two factors on quality of satellite image rectification: the 
variance of terrain elevation of the area covered by the satellite image, and the number of GCPs with 3D 
ground coordinates. 

It was found that for the 2D transformation models, the rectification accuracy could be improved if the 
coordinates of the ground point were corrected by projecting them into a compensation plane before the 2D 
IKONOS imagery was geometrically rectified. It was also found that the second order polynomial model 
presented the best positional accuracy results with a modest number of GCPs. 

The rectification results by using the affine transformation model showed that one-meter 3D ground 
point accuracy was achievable for stereo images without any further information about the satellite sensor 
model and ephemeris data. Furthermore, increasing the number of GCPs significantly improved the accuracy 
of the results when the affine model was applied to an area with different types of terrain, such as in the 
Hong Kong study area with the flat, hilly, and mountainous types of terrain.  

b) Line-based Transformation Model 
In many cases, the precise GCPs were not available, but lines were available from maps, for example, the 
Line-Based Transformation Model (LBTM) method for image-to-image registration, and image to 3D 
ground space transformation, was proposed as an alternative solution. This new model built the relationship 
between image coordinate systems and ground coordinates systems using unit vector components of the line 
segments of line features. The LBTM was in two forms: 2D affine LBTM, and 2D conformal LBTM. Figure 
2 shows the application of LBTM for image rectification for Hong Kong area. 
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Figure 2: Rectification of an IKONS image using LBTM 

Several experiments showed that both forms of the LBTM were applicable to the image-to-image 
registration of high-resolution satellite imagery. In particular, the results revealed that an accuracy of better 
than two pixels could be achieved by using a moderate number of ground control lines in the LBTM. 

4. Quality Control for DEM 
A DEM is normally obtained by applying an interpolation model on a set of the elevation points. The quality 
of a DEM is, therefore, controlled by both the interpolation model and the quality of the original elevation 
points. Our focus was on the quality control of DEM regarding the interpolation models.  

The existed study demonstrated that different interpolation models (linear or non-linear models) are 
applicable for the different terrains. To improve the quality of DEM from an interpolation process, we 
proposed two new interpolation models: (a) the hybrid interpolation model and (b) the bi-directional 
interpolation model. 

4.1. The hybrid interpolation model 
The hybrid interpolation model integrated conventionally used linear and non-linear interpolation models 
with the following mathematical expression: 

(1 ) , (0 1)I A Bρ ρ ρ= + − ≤ ≤  
The hybrid parameter (ρ) adjusted the linear and non-linear components in the hybrid model. Here, A and 

B represented the linear (such as a bilinear) function and non-linear (such as bi-cubic) function respectively. 
The value of the hybrid parameter was related to the complexity level of a terrain. This model was proposed 
based on an understanding that both the low- and high-frequency components are normally contained in the 
real world terrains simultaneously, rather than a simple low- or high-frequency terrain component.  

The experiments showed that the hybrid model could generate more accurate DEM than that by a 
bilinear or bi-cubic model. The proposed hybrid interpolation method provides an alternative solution to the 
existing DEM interpolation methods, which combined the advantages of both linear and nonlinear 
interpolation models.  

4.2. The bi-directional interpolation model 
The principle of the bi-directional interpolation method was to apply two different interpolation methods 
along two different directions according to the nature of the terrain to be interpolated. Specifically, the two 
directions could be, for example, in x- and y- directions. If the terrain along one direction changes frequently, 
the cubic model was applied, while if the terrain change in another direction was gentler the linear 
interpolation method would be applied. The final interpolation result was an integration of the interpolation 
results along these two directions.  

The threshold value, which indicated whether or not the change on the slope of a terrain along a 
particular direction was very large, will directly affect the selection of interpolation model: linear or non-
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linear for a direction. If the magnitude of the slope change was greater than the given threshold, the cubic 
model would be utilized; otherwise, the linear model would be applied.  

In the existed interpolation models for DEM, most of the methods ignored the directional characteristics 
of terrain in the DEM interpolation and the quality of the DEM generated by the interpolation method could 
be very low. By the proposed bi-directional interpolation method, two different models for interpolations 
along two different directions were applied simultaneously. The rational of the proposed bi-directional 
interpolation model was based on the following two understandings: (a) in many cases, real-world terrains 
have different characteristics along two directions – for the same area, the slope change can be very dramatic 
in one direction and very gentle in another direction; and (b) different interpolation methods are suitable for 
different types of terrain. For example, the linear model of interpolation is more suitable for smooth terrain 
surfaces and the cubic model of interpolation is more applicable for rough terrain surfaces. Therefore, 
philosophically, the proposed bi-directional interpolation is a method that reflects reality that terrain may be 
changed differently two different directions, and apply two different interpolation models according to the 
terrain characteristics in the two directions. The experimental results also confirmed the above analysis. The 
experimental results from the case studies demonstrated that the accuracy of the generated DEM provided by 
the bi-directional interpolation method was higher than each of those provided by bilinear, bi-cubic, inverse 
distance, thin plate spline and Kriging interpolation methods, in terms of either the root mean square error or 
the maximum error. Figure 3 shows a result of bi-directional interpolation. 

                      

                   (a) The data set to be interpolated         (b) The DEM generated by the bi-directional interpolation model 

Figure 3: An example of bi-directional interpolation 

5. Look into the Future 
The research development on quality control for spatial data has just been started in recent years, comparing 
with the research development on the description of errors in spatial data and error propagation in spatial 
analyses for over three decades. Therefore, there are many research issues to be tackled for the quality 
control for spatial data in the future. 

The research development summarized in this paper only addressed on quality control for spatial data 
regarding positional error, specifically the random positional error in object-based spatial data, random and 
systemic positional error in field-based remotely sensed data, and positional model error in DEM generation. 
Quality control for spatial data regarding other categories of error, such as attribute error, temporal error, 
logical consistency and completeness error are to be further studied in the future. 

Our solutions for controlling the quality of spatial data, especially for data with complex error problems 
are still very preliminary at this stage. The methods for controlling quality of spatial data with complex error 
need to be further investigated. For example, the quality control for spatial data with multiple error sources 
(combining positional, attribute and temporal errors) or with multiple natures of error (integrated data error 
and model error) are yet to be researched. 

It is a very practical issue to implement the theoretical developed methods on data quality control in 
commercial GIS and other software. With the continuously research efforts on data quality control, we will 
be able to accumulate the methods for spatial data quality control gradually. If we do not have software that 
can practically operate these developed methods in the application domain, the quality of spatial data in the 
real world will still be unable to control.  
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It will be potentially effective approach to introduce the quality control methods used in other disciplines 
into the data quality control for spatial data, such as the failure testing, statistical control, total quality control 
in engineering disciplines. Once the quality control methods for spatial data are mature, they should be 
systematically included into the national and international standards for the data quality control of spatial 
data infrastructures in national and international levels. 
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