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Abstract 
The GML (Geographic Markup Language) as created by the Open Geospatial Consortium has 
emerged as the standard for spatial data interchange. Whether objects are to be stored in a 
relational database, an object oriented database, or a file, they can be exchanged if they are 
encoded in the GML format. The designers of GML realized that by basing GML on XML 
(eXtensible Markup Language), users could then extend the language to provide additional 
support for spatial objects that are not explicitly defined by the original GML specifications. In 
this paper, we discuss how the GML can be extended (using the XML schema format), to fully 
support objects with uncertain boundaries using the framework outlined in our prior work 
(Morris 2003). The basis of our framework is that by using fuzzy logic, we can provide for 
indeterminate boundaries for any geographic object. We may store a number of alpha-cuts (a 
crisp subset of a fuzzy set) for each spatial object (1 only if the object has a crisp boundary), 
and each alpha-cut representation of that object will represent the boundary of that object 
with a certain degree of membership. The user may then define any number of alpha-cuts for 
each spatial object, depending upon the degree of precision they require. This UGML 
(Uncertain GML) implements this multiple alpha-cut framework within the GML specification. 
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1 XML 

1.1 Origins and history 
XML, the eXtensible Markup Language, has had a profound effect on virtually every aspect of 
information interchange.  

In its simplest form, XML is simply a language used to describe data, and an XML file may 
also contain data. This means that an XML file may quite accurately be considered to be a 
standalone database. 

One of the original purposes of XML was to provide a command standard for information 
interchange over the World Wide Web (WWW). As the information to be exchanged could be 
of practically any format with any level of complexity, the standard had to be fairly open, 
somewhat extensible and customizable, and with a strict syntax. By keeping the syntax quite 
strict while making the language extensible and with provision for the support of complex 
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objects, the designers ensured that any program capable of reading XML could, at the very 
least, parse the information correctly. 

1.2 XML example and format 
Here is an example of the XML code for a recipe (Wikipedia 2006): 

• <?xml version="1.0" encoding="UTF-8"?> 
• <recipe name="bread" prep_time="5 mins" cook_time="3 hours"> 
•   <title>Basic bread</title> 
•   <ingredient amount="3" unit="cups">Flour</ingredient> 
•   <ingredient amount="0.25" unit="ounce">Yeast</ingredient> 
•   <ingredient amount="1.5" unit="cups" state="warm">Water</ingredient> 
•   <ingredient amount="1" unit="teaspoon">Salt</ingredient> 
•   <instructions> 
•     <step>Mix all ingredients together, and knead thoroughly.</step> 
•     <step>Cover with a cloth, and leave for one hour in warm room.</step> 
•     <step>Knead again, place in a tin, and then bake in the oven.</step> 
•   </instructions> 
</recipe> 

This example is a recipe for Basic bread, and consists of 3 cups of Flour, ¼ ounce of Yeast, 1 
½ cups of warm water, and 1 teaspoon of salt.  Following the ingredients are three steps of 
instructions. 

Note that there can be any number of steps in the preparation instructions, or any number of 
ingredients, and XML has no problem supporting this. 

1.3 XML object support 
Also, XML can support a hierarchical view of super-objects and sub-objects. For example, the 
bread could be used in a recipe for bread pudding, and the bread pudding could treat the bread 
as a sub-object, or component of the bread pudding. 
This allows us to have complex and nested objects. The relational database model does not 
natively allow for these complex objects. Every element in a relational database must be stored 
in two dimensional tables, comprised of attributes (columns), and tuples (rows). A field, the 
intersection of an attribute and tuple, must have a single atomic value. In an object-oriented 
system, the equivalent of a field could be another object, a collection of objects, another tuple 
or collection of tuples, or the simple atom. As the XML architecture allows for an unlimited 
nesting of these complex objects, we may use most attributes of the relational model as well as 
the object-oriented model when creating our XML data stores. 
The Open Geospatial Consortium (OGC) saw the benefits of XML, and decided that XML 
could be extended to support geographic and geospatial information.  

2 GML 
From the OpenGIS GML 3.1 specification (OpenGIS 2004):  

GML provides a variety of kinds of objects for describing geography including features, 
coordinate reference systems, geometry, topology, time, units of measure and generalized 
values. 

A geographic feature is "an abstraction of a real world phenomenon; it is a geographic feature 
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if it is associated with a location relative to the Earth”. So a digital representation of the real 
world can be thought of as a set of features. The state of a feature is defined by a set of 
properties, where each property can be thought of as a {name, type, value} triple. 

The number of properties a feature may have, together with their names and types, are 
determined by its type definition. Geographic features with geometry are those with properties 
that may be geometry-valued. A feature collection is a collection of features that can itself be 
regarded as a feature; as a consequence a feature collection has a feature type and thus may 
have distinct properties of its own, in addition to the features it contains. 

Geographic features in GML include coverages and observations as subtypes. 

Note that coverages and observations are treated as subtypes of features. This has a strong 
impact on evolving features, or features with a temporal aspect. 

One of the important additions to the latest GML specification is the addition of temporality. 
Part of that addition included the notion of an observation. From the GML specification: An 
observation models the act of observing, often with a camera, a person or some form of 
instrument (“an act of recognizing and noting a fact or occurrence often involving 
measurement with instruments”). An observation is considered to be a GML feature with a 
time at which the observation took place, and with a value for the observation. 

Finally, we can represent dynamic features in GML. This was intended to represent features 
that may change over time, and goes hand in hand with the temporal aspect of GML.  

Also, please note that an April 25, 2006 document from the OGC (OGC 2006) described a 
GML simple features profile. The purpose of this document was to ensure that there would be 
a core set of schemae for describing basic geographic features. As the GML is defined to be 
very robust, and can support the modeling and description of dynamic features, spatial and 
temporal topology, complex geometric property types and coverages, and nested objects, the 
OGC felt that since many software vendors are unable to support these robust objects, it made 
sense to provide a small subset of feature types which all vendors should be able to support. 

Since the crux of our work is to provide support for objects containing uncertainty, it behooves 
us to follow the full 3.1 GML specification rather than the simple features profile. 

So the OGC 3.1 GML specification does provide for complex types, but does it explicitly 
provide for uncertainty? Let’s take a look at a web page written by Simon Cox, one of the 
editors of the GML specification. On his GML Features and Properties page (Solid Earth and 
Environment 2005), the topic of uncertainty is addressed. 

At the moment GML spatial properties like gml:position can't have uncertainty 
information associated with them unless informally in the metadata I guess. Is this 
correct? Is there discussion of adding this capability to GML or have I missed an 
appropriate way of representing uncertainty in spatial data in the current schemas? 
-- MarcusSen - 06 Apr 2004 
 
This is an interesting question. It applies to the situation where the spatial parameters 
of a feature are the result of observation, and specifically where the observation 
procedures are significant to the user of the feature data. 
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As you know I have thought quite a bit about patterns to associate "procedure" 
information with values. This is discussed in the O&M paper. Another look is given 
in InformationViews. 
Procedure information is a form of "metadata" applying to properties. However, the 
general GML patterns associate metadata with Features. The O&M pattern resolves 
this by promoting the "property-value-estimation event" to be a "feature" in its own 
right, and then has specific procedure "metadata" that is thus associated with a single 
property (which may, nevertheless, have a complex value). But for the case of a 
conceptual "feature" that carries several properties, there is no current pattern to 
allow recording of separate metadata for each property independently. 
In XMML I have a standard "relatedObservation" property (see 
XmmlCVS:XMML/observation.xsd and XmmlCVS:XMML/feature.xsd, noting also 
that xmmlObservation is in the xmml:Feature substitution group). This allows 
observation features to be associated with conceptual features, but this is probably 
too indirect or heavyweight for general acceptance. 
Looking at the actual XML serialisation, I have toyed with the idea that we should 
add an XML attribute "procedure" generally to GML property tags (which would 
include an uncertainy measure), but am somewhat reluctant to propose a further 
violation of the general GML anti-preference for XML attributes without thinking it 
through a bit more. Nevertheless, there is something of a precedent for using XML 
attributes for "supporting" information in the pattern used for "uom" and "srsName", 
which do something similar (i.e. qualify or contextualise a property value). So this 
might in fact be the right kind of situation to take advantage of XML providing 
distinct methods for adding "child nodes". 
Also, in the case of positional information, there is a case for considering uncertainty 
as part of the definition of the spatial reference system, so you might bury it in the 
target of the srsName link. But there is probably a stronger case for separating CRS 
and survey-procedure information. 
There are a number of possible patterns here, which really need to be tested. I had 
been hoping to have some time to revisit this issue and produce an update of the 
O&M paper, but haven't found the time yet (if someone were to provide funding then 
that would help!) 
-- Simon Cox - 07 Apr 2004 

Uncertainty, therefore, is not explicitly implemented in the current GML specification.  
However, from reading Dr. Cox’s reply, it appears that uncertainty may certainly be 
represented in a GML document without any major complications. Also, in our work, we have 
found that the “observation” was not as useful to us as other options. 

3 Uncertainty 
There are mainly two kinds of geographic objects: those for which boundaries are well-
defined, such as buildings, books, and soccer fields; and those for which there is no well-
defined boundary, also known as objects with ill-defined boundaries, such as ocean shores, 
limits between mountains and valleys, and soil types. The first kind of geographic objects is 
usually referred to as crisp geographic objects, or simply crisp objects, and the second kind is 
usually referred to as fuzzy or uncertain geographic objects. (Schmitz and Morris, 2006). 
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Ill-defined boundaries essentially originate from two groups of objects: objects that have well-
defined boundaries, but whose position and shape are unknown or cannot be measured 
precisely (uncertain objects) and objects with boundaries that are not well-defined or there is 
no need to define them precisely (fuzzy objects). 

Our approach (Morris 2003, Schmitz and Morris 2006) uses fuzzy set theory to define alpha-
cut level regions, in which each alpha-cut region is treated as a crisp region, and the set of 
alpha-cuts of a fuzzy region represent the fuzzy boundary of the region.  

By allowing a varying number of alpha-cuts to represent varying degrees of membership for 
every feature, it allows the GIS modeler to use as much or as little fuzziness as is required. 
Any number of alpha-cuts may be represented, and objects with no core are supported as well. 
Also, by providing for a varying number of α-cuts to represent varying degrees of membership 
for every feature, we are allowing the GIS modeler to use as much or as little fuzziness as is 
required. So, for example, if the modeler wanted to represent shorelines, then the modeler 
could draw the sea boundary at high tide as having membership 1, and the boundary at low 
tide as having membership 0.5. Thus, by providing for a single α-cut, the system allows the use 
of a fuzzy boundary. If dealing with soil types, the modeler could have many boundaries, 
representing many α-cuts, with many membership values. 

Our basic feature is referred to as a RMAC, or a Region with Multiple Alpha Cuts. A Region 
with Multiple Alpha-Cuts (RMAC) is a fuzzy region represented using fuzzy set theory, that 
is, a RMAC is a fuzzy region using alpha-cut level crisp regions that represent the fuzzy 
boundaries of the region. An RMAC can be decomposed into three major parts: core area, 
fuzzy boundary, and exterior area. An alpha-cut is denoted by (0 ≤ i ≤ n), where n is the 
number of alpha-cuts of the RMAC. Each RMAC might have a different number of alpha-cuts 
(n ≥ 0), and the definition of the alpha-cuts for each RMAC can be different. Both core and 
alpha-cuts might be empty regions, but not all the alpha-cuts and the core can be empty at the 
same time. Otherwise, it would characterize an empty RMAC. 

The core area, also known as interior of a RMAC, if it exists, is the area of the RMAC whose 
membership in the region is 1. The core area is usually located in the center of the RMAC, and 
it can be surrounded by zero or more alpha-cuts. Alpha-cuts are used to construct areas of a 
region whose membership in the region is less than 1 and greater than 0. If an object has no 
alpha-cuts it is simply treated as a crisp object. A crisp region representation is simply a 
special case of a RMAC in which case the number of alpha-cuts is zero (n = 0). This is because 
not all geographic regions are fuzzy regions, as argued in (Morris 2003). If an object has no 
core, it means that no part of the region associated with the object has membership value 1. 

The exterior of the RMAC is the area of whose membership in the region is 0. For the concept 
of a RMAC being presented here, it is assumed that both core and alpha-cuts are crisp regions 
without holes and can be represented either as a polygon or an image region. Figure 1 shows 
the general concept of a RMAC. It contains one core, n alpha-cuts, and one exterior.  
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Figure 1 Region with Multiple Alpha Cuts (RMAC). 

So to use implement uncertain and fuzzy objects using the RMAC model, we need to use a 
technique that will allow us to represent an alpha cut geometry and membership value of that 
alpha cut for every alpha cut associated with a feature.  

4 Incorporation of uncertainty into GML 
Our technique for extending GML to support uncertainty is simply to take an existing 
technique in GML which allows for the storage of multiple representation of a single object, in 
our case the dynamic object, and modify the tags to support multiple alpha-cut representations 
of the object. 

First, here is an example of a dynamic property and dynamic feature from the OpenGIS GML 
specification. 
Dynamic Properties: A convenience group gml:dynamicProperties is defined in the schema as 
follows: 

• <group name="dynamicProperties"> 
• <sequence> 
• <element ref="gml:validTime" minOccurs="0"/> 
• <element ref="gml:history" minOccurs="0"/> 
• <element ref="gml:dataSource" minOccurs="0"/> 
• </sequence> 
</group> 

This allows an application schema developer to include dynamic properties in a content model 
in a standard fashion. The gml:validTime property is declared in temporal.xsd. The other 
properties are declared elsewhere in this clause. 

Dynamic Features: States are captured by time-stamped instances of a feature or feature 
collection. The content model for a dynamic feature extends the standard AbstractFeatureType 
and FeatureCollectionType with the gml:dynamicProperties model group defined above: 

• <complexType name="DynamicFeatureType"> 
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• <complexContent> 
• <extension base="gml:AbstractFeatureType"> 
• <group ref="gml:dynamicProperties"/> 
• </extension> 
• </complexContent> 
• </complexType> 
• <complexType name="DynamicFeatureCollectionType"> 
• <complexContent> 
• <extension base="gml:FeatureCollectionType"> 
• <group ref="gml:dynamicProperties"/> 
• </extension> 
• </complexContent> 
</complexType> 

Each time-stamped instance represents a ‘snapshot’ of a feature. The dynamic feature classes 
will normally be extended to suit particular applications. A dynamic feature bears either a time 
stamp or a history. 

NOTE: A history consists of a set of gml:TimeSlices and such time slices can contain any time 
varying properties. We might for example use such a mechanism to describe a feature with one 
property that varies in time. 

Now, let us create our Uncertain Properties and Uncertain Features. 

Uncertain Properties: A convenience group gml:uncertainProperties is defined in the schema 
as follows: 

• <group name="uncertainProperties"> 
• <sequence> 
• <element ref="gml:alphaCutMin" minOccurs="0"/> 
• <element ref="gml:alphaCutMax" minOccurs="0"/> 
• </sequence> 
</group> 

This allows an application schema developer to include the number of alpha cuts in the 
dynamic feature. The alphaCutMin is the minimum value for membership in the alphaCut set, 
and the alphaCutMax is the maximum value for membership in the alphaCut set. 

Uncertain Features: States are, for our purposes, each alpha cut of a complex uncertain feature. 
The content model for a dynamic feature extends the standard AbstractFeatureType and 
FeatureCollectionType with the gml:uncertainProperties model group defined above: 

• <complexType name="UncertainFeatureType"> 
• <complexContent> 
• <extension base="gml:AbstractFeatureType"> 
• <group ref="gml:uncertainProperties"/> 
• </extension> 
• </complexContent> 
• </complexType> 
• <complexType name="DynamicFeatureCollectionType"> 
• <complexContent> 
• <extension base="gml:FeatureCollectionType"> 
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• <group ref="gml:dynamicProperties"/> 
• </extension> 
• </complexContent> 
</complexType> 

That’s all we need. We will use the rest of the “dynamic” group elements, and that should 
provide all of our functionality for support of uncertain objects, as defined as a RMAC above. 

5 Future Work 
We have proposed an extension to GML to provide for the storage and interchange of objects 
with uncertain boundaries. The natural extension of this work would be to provide for 
mechanisms to represent and provide operations on these objects. We believe that the first 
place to start with operations on these objects would be via XQuery, the query language being 
developed by the XML working group of the W3C. 

As this language is intended to express queries across any XML document, it makes sense to 
look at extending XQuery, or possibly a GML-extended flavor of XQuery (Boucelma and 
Colonna 2004) to allow for queries on these objects with uncertain boundaries or fuzzy 
features. We believe that it would be very beneficial to provide users with specific operations 
based upon the characteristics and properties of these objects.  

An example of this would be the use of fuzzy terms used in operations and queries on these 
objects. As described in (Morris 2003), the definition of near is very dependent upon the 
effective size of the object in question. Consider the queries “how near is the closest toxic 
waste treatment and storage facility” and “how near is the closest bathroom”. Near a bathroom 
may mean a few hundred meters, but near a toxic waste facility may mean 300 kilometers.  

As we define the objects in GML, we would also wish to design specific operations upon these 
objects in query language, so that we could not only retain the usefulness of storage and 
interchange of these objects, but also specific operations native to these objects. We believe 
that this would also facilitate more accurate processing of natural language queries on these 
objects. 
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