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Abstract 
Spatiotemporal modeling has been received a great attention in both the research and user 
community. Although considerable research efforts and valuable results do exists, many of the 
studies and proposed approaches are based on the assumption that objects have crisp 
boundaries, relationships among them are precisely defined, and accurate measurement of 
positions leads to error-free representations. This simplification is not sufficient for all 
applications and surely spatial objects, attributes, relationships, time points, time periods, 
events and their changes may have uncertainty influencing spatiotemporal systems. In this 
paper, we first explore the semantics of spatial and temporal indeterminacy, to better 
understand their nature and behavior and show how the fundamental modeling concepts of 
spatial objects, time and events are influenced by indeterminacy representing that 
subsequently these concepts can be combined. Afterwards, we focus on the change of spatial 
objects and their geometry in time, then required models in the uncertainties mentioned have 
been developed and finally the methodology proposed to model indeterminate changes has 
been presented through a simulation case study. 
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1 Introduction 
Geospatial information systems (GIS) have been popularly applied in modeling environmental 
and ecological systems. Although it is intuitively clear that limited data sets can only provide 
limited information, irrespective of the sophistication in the data processing, it is important to 
characterize and quantify the uncertainty as much as possible and to make the users aware of 
the implications. Due to lack of accurate measurements, or rapid changes in time, spatial and 
spatiotemporal data are often uncertain. 

In real world, very often boundaries do not strictly represent separate objects, rather, show a 
transition between them. For example, in a navigational system, the position of a moving 
vehicle, although precise in its nature, might not be exactly known, e.g., car A is in New York. 
This example is characterized by uncertainty (i.e., lack of knowledge or error) about its actual 
location. In a spatiotemporal system, the basic spatiotemporal modeling concepts, such as 
spatial objects, attributes, relationships, time points, time periods, events and change are 
influenced by indeterminacy. It is necessary to create a model to handle temporal uncertainty.  

In this paper, we deal with uncertainty as related to spatiotemporal objects. We start by 
identifying uncertainty and its sources to understand their nature and its influences, and then 
we discuss temporal data quality. We discuss the fundamental concepts of change and the way 
it is affected by uncertainty to give a formal way to describe it. Our goal is to explore how the 
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basic spatiotemporal modeling concepts, such as spatial objects, time points, time periods, 
events and changes are influenced by uncertainty to develop an abstract model to present 
spatiotemporal information. 

There are several works towards spatiotemporal uncertainty modeling. Shibasaki focuses on 
simple spatial and temporal uncertainty concepts and integrates them to describe spatial 
updates in a GIS database [24]. Pfoser and Jensen discuss spatiotemporal indeterminacy for 
moving objects data [19]. It describes an approach of how to compute and utilize error 
information of moving objects trajectories. The approach, however, is limited to point objects; 
also, it does not take temporal errors into account. Dyreson and Snodgrass take a probabilistic 
approach in handling indeterminacy of temporal information [5]. On the other hand, research 
in the geography and surveying domains provides ways to describe and handle spatial 
indeterminacy. Burrough and Burrough et al. describe spatial uncertainty as related to soil 
boundaries [2, 5]. Stefanakis uses fuzzy set theory to handle uncertainty and temporal 
reasoning in spatial domains [25]. Pfoser and Jensen [19] and Pfoser and Tryfona [20] take a 
more pragmatic approach in that the spatial world is modeled in terms of spatial data types, 
and fuzziness is expressed as related to the data types and the operations on them. Li, Wu and 
Huang introduce a new framework to handle both uncertainty and time in spatial domain with 
fuzzy temporal constrain network [16]. Prager and Yu introduce a new approach to model 
uncertainty where in environmental objects incorporated in a manner that contextualizes the 
uncertainty utilizing the semantic characteristics of the objects in question [26]. Tøssebro 
describes a way to extend a model for uncertain spatial data so that it also handles 
spatiotemporal data [6].Further readings on uncertainty in geospatial information can be found 
in Goodchild, and Gopal [10] and Zhang and Ghoodchild [28]. 

Section 2 identifies the fundamental concepts of uncertainty and introduces the major sources 
of uncertainties. Section 3 explores the aspects of temporal data quality to understand how the 
uncertainty in temporal data could have been increased. Section 4 briefly presents the 
fundamental spatial and temporal concepts involved in the spatiotemporal application domain. 
It then, explores the semantics and gives the mathematical expression of indeterminate 
temporal concepts to model uncertainty. Section 5 gives a comprehensive example for better 
illustration and to assess the feasibility of these concepts. Finally, Section 6 includes the 
conclusions and the future research plans. 

2 Uncertainty in geospatial information system 
Throughout the development of GIS; people are more and more interested in spatial data 
uncertainty. Uncertainty can be defined as a skepticism, mistrust, suspection or lack of 
sureness about something. It can denote a lack of certainty or lack of definite knowledge about 
an outcome or result [14]. Uncertainty may arise from the very first step of conceptualizing the 
real world (conceptual data models) through the last operations of the decision making 
process. Starting at the bottom of the classification, various sources of errors exist as follow 
[1]: 

• The inherent uncertainty of phenomena being mapped 
• Measurement uncertainties 
• Modeling uncertainty 
• Processing and transformation uncertainty 
• Data usage uncertainty 
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Uncertainty in GIS databases may take one or a combination of the several forms mentioned. 
Uncertainty in positional data occurs when one tries to answer questions such as “what feature 
may be found at the specified location?” Information about time is supplied when questions 
such as "when the sea height reaches particular elevation?” 

Logical consistency, and completeness tend to be more global and affect the database as a 
whole, while positional, attribute, and temporal errors are assigned to each data element. 
Logical consistency deals with topological integrity of the database. Completeness is related to 
data collection procedures and policies. Finally we can present the total uncertainty as follow 
[1]: 

)],,,,(),(),(),(),(),([)( CLTAPCLTAPTotal UUUUUXUXUXUXUXUFXU ρ=  (1) 

Where:  
UTotal(X) =total uncertainty in X∈ℜ5 
UP(X) = spatial uncertainty 
UA (X) =attribute uncertainty 
UL(X) = logical uncertainty 
UC(X) = completeness uncertainty 
UT(X) = temporal uncertainty 

3 Aspects of temporal data quality 
Time and space are the fundamental dimensions of reality in which people live [7]. GIS could 
provide support for time and changing situations and every geospatial feature has a temporal 
aspect. A major issue concerning data quality is whether the temporal information adequately 
describes the geospatial phenomena. In this section, the concept of quality for temporal data 
has been considered and we present how these aspects can change the usage of temporal data.  

3.1 The Temporal Nature of Features 
Every geospatial feature has a temporal aspect. A major issue concerning data quality is 
whether the temporal information adequately describes the geospatial phenomena. Because 
each feature should have some temporal data, decisions must be made about what type of time 
(event time, observation time, or transaction time) should be recorded [12]. Some units of 
temporal measurement (with quality measures analogous to those routinely applied to 
observable phenomena) must be chosen (years, days or nanoseconds). Is an absolute measure 
of time required (for example, a date/time stamp) or merely an ordinal indication of a sequence 
of events (first a, then b, then c)? Does the description need to account for the fact that no 
event is instantaneous that every event has duration? Do you need the start and end times of 
the event, or only the end time, when the change is complete and the new state is valid 
(imagine the process of widening a road from two to four lanes)? These aspects of temporal 
data quality are described by the methods used for elements of semantic accuracy [12]. 

3.2 Temporal Consistency 
Another consideration involves temporal updates over a given geospatial region. It is usually 
impractical (or impossible) to inspect, update, or validate an entire universe of geospatial 
features at the same instant in time. Thus, the state of features is observed often at a given time 
for some subsets of space, such as the area covered by a frame of aerial images. This results in 
a patchwork of features or areas, each with different temporal characteristics.  
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3.3 Time and Data Quality Measures 
When considering the temporal elements of spatial data quality, one must be concerned not 
only with the errors associated with collecting temporal data, but also with how the temporal 
information interacts with the other elements of data quality. Those interactions are briefly 
examined here . 

3.3.1 Positional Accuracy 
The relationship between positional accuracy and temporal information is interesting because 
it is one area where the accuracy of positional information may be substantially improved after 
observation (for example, by doing post-observation adjustment of locations using a more 
precisely located set of control points) [12]. The data producer must decide how to model this 
process. From the user perspective, the distinction between observation and database time 
becomes blurred.  

3.3.2 Attribute Accuracy 
Every attribute value associated with an attribute type has a temporal component (for example, 
the time at which the attribute value became valid). Errors are possible, of course, in 
measuring the time or in associating it with the correct attribute value. If a history log is kept 
of changes in the attribute values, then the temporal information can be used to find possible 
errors in the attribute value series[12]. 

3.3.3 Completeness 
Completeness measures the extent to which database features and attribute values are captured 
[12]. However, any completeness measure is valid only for a given point in time. The 
phenomena being modeled by the database are constantly changing, probably at different rates 
for different classes of features. Temporal completeness might require that the order and rate 
of change in the database reflect the changes occurring in the real world. 

3.3.4 Logical consistency 
Logical consistency deals with the structural rules concerning the entities, attributes, and 
relationships of database components [18]. Logical rules can be applied to the temporal 
components to create temporal consistency rules; for example, each feature instance related to 
synchronizing updates to multiple heterogeneous databases were discussed earlier. 

3.3.5 Semantic accuracy 
Semantic accuracy refers to the level of quality with which geospatial objects are described in 
accordance with a given spatial data model [23]. If the geospatial phenomena are in a state of 
flux (a judgment that is ultimately made by the data user) then to be semantically correct the 
database must reflect this temporal information. 

4 Uncertainty in spatiotemporal objects 

4.1 Spatial and Temporal Concepts 
To understand spatiotemporal indeterminacy and its concepts, it is important to realize the 
fundamental spatial, temporal and, by combining them, spatiotemporal concepts. Here, we 
give an overview of the spatial and temporal concepts that are involved in geo-referenced 
time-varying application environments. 
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4.1.1 Spatial Objects and their geometry 
Objects in real world have a position in space. These objects are called spatial objects, e.g., “a 
moving car” in a navigational system is a spatial object. Many times the geometry of the 
objects matters, for example in a cadastral system, the exact geometry of a “land parcel” is of 
importance. The geometry of the position of a spatial object can be point, line, region or any 
combination thereof [20]. 

4.1.2 Spatial Relationships 
Spatial objects are related in space. A spatial relationship relates spatial objects, or more 
precisely, the positions of the related objects [4]. 

4.1.3 Spatial Attributes  
Objects have attributes, which characterize them [21]. Spatial objects have, apart from 
descriptive attributes, also spatial attributes, e.g., the “vegetation” of a “land parcel.” Values of 
spatial attributes depend on the referenced position and not on the object itself. If the position 
of a spatial object “land parcel” changes, then the value of “vegetation” will also change. 

4.1.4 Time points vs. Time period 
The shortest and non-decomposable unit of duration of time supported by a database 
management system is called a "chronon". The duration of life span of an object, therefore, is a 
composition of a finite number of chronons [22]. 

 

 
Figure 1 Chronons. 

Two basic models of time are used to record facts and information of a database: time points 
and time period. A time point is located during a chronon, while a time period has duration and 
is defined as set of chronons [9]. 

4.1.5 Events and States 
These are two basic issues, for which we want to record time [27]. An event occurs at an exact 
time point, i.e., an event has no duration. An example event is a “car crash.’’ A state is defined 
for each chronon in a time point. Hence, it has duration, e.g., a “raining” takes place from 6 
a.m. until 11a.m. 

4.2 Temporal uncertainty 
In temporal applications, we are interested in events and their occurrence time. However, 
sometimes we only know approximately when an event occurred, e.g., a traffic accident 
happened between “2 p.m and 4 p.m”, “on Friday”, or “sometimes during the last week”. 

The reason is that temporal indeterminacy has various sources [5], including dating techniques, 
i.e., techniques that are inherently indeterminate (e.g., Carbon-14 dating), future planning, i.e., 
projected completion dates are specified approximately, unknown and imprecise event times 
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(e.g., the exact birth date of a person) and fuzzy event times, i.e., an event does not have a 
pronounced beginning or end (e.g., the event of Fall as judged by the changing of the weather 
as opposed by the date)[12].  

4.2.1 Uncertain Time Points 
An uncertain point is a point for which an exact position is not known [6]. A time point is 
determinate if it is known when, i.e., during which chronon, it is located. An indeterminate 
time point is described by a lower support, an upper support, and a probability function [5]. 
The supports are chronons that delimit the location of the time point. For time point I2 in 
Figure 2, the lower support is chronon 5 and the upper support is chronon 8, whereas the 
probability function tells us about the likelihood where the time point is located within the 
range. 

 

 
Figure 2 Determinate (I1) and indeterminate (I2) time points [20]. 

In this case, following, we use probability to present uncertainty 

Ν∈== iixPipx :][)(  (1) 

where P[x=i] is the probability that the time point is located during chronon i [20]. 

The probability outside the range lower support–upper support is zero and all uncertain time 
points are independent. 

4.2.2 Uncertain Time Periods 
A time period is a subset of the time line bounded by two time points that could be certain or 
uncertain [20]. 

In Figure 3, I1 and I2 denote the indeterminate start and end points of the period. Possible 
periods can range from chronon 1 to chronon 8 (max.), but at least have to range from 3 to 6 
(min.). 

 

 
Figure 3 Indeterminate time period [20]. 

Assuming a uniform distribution of the chronons within the time points I1 and I2, we can see 
that if chronon 2 is within the period, chronon 3 has to be within the period. Further, if chronon 
1 is within, so chronons 2 and 3 have to be within the period. The same is true for chronons 6, 
7, and 8 of I2. Thus, in the three (all) cases chronon 3, in two cases chronon 2, and in one case 
chronon 1 is within period T. The probability mass function of I1 and I2 as shown in Figure 4 
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gives the probability for a chronon to be in T. In summing up the probability from “the outside 
to the inside,” a step function, the probability density function, was obtained. 

 

 
Figure 4 Probabilities of bounding time points. 

4.3 Uncertain Points 
We conceive space as a set of points, homeomorphic to N2, the exact position of an object with 

geometry point is determinate, if it can be mapped onto a single point 2NP ∈ , the position 
is uncertain if it can only be mapped to a set of points, i.e., the exact position is unknown. A 
probability function describes the likelihood for each point to be the position. The probability 

mass function, XP , for the uncertain point x is P[x=i], where it is the probability that the 
position is mapped to point i, with i being a Cartesian coordinate. 

5 Case study: moving object 
After showing the nature of spatial and temporal uncertainty as well as modeling it, we aim to 
show how uncertainty can influence spatiotemporal applications. In this section, for better 
understanding, a moving object is shown as an example. It is reasonable, to assume that the 
extents of these objects do not matter in a given application context, and, thus, can be reduced 
to points. 

Consider a moving object whose position is sampled in time, for example for a stolen car, we 
may know where it was, but its exact position was not identified. This is important to know 
that the exact time when the car is stolen also was uncertain. 

We know time t1 (stealing time) and position p1 (stealing position) that both of them are 
uncertain. The position of the car is not one point and it can be been from many points as 
shown in Figure 6.  

 

 
Figure 6 The probable position p1. 

Now, consider this object moving in a network and the police want to know p2(x,y), its new 
position 20 minute after stealing. If car moves at speed vm from p1, its position at time t2 

(selective time) will be between two circle of r1 and r2 around p1. r1 and r2 can be calculated as  
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Thus, to calculate r1, we should use xmin, ymin and timemin and to calculate r2 we should use 
xmax, ymax and timemax. Therefore, we can compute r1 compute r2 as follow: 
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Thus, the position at time t2 will be somewhere within the area bounded by two circles of 
radius r1 and r2 (Figure 7). 

 

 
Figure 7 The probability position p2. 

Finally, the sampling error at time t2 for a particular position can be described by the 
probability function shown in Equation 6. 
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where A is the area between two circles in Figure 7. 

This function describes the position of the moving object between the position samples. 
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6 Conclusions and Future Work 
Handling uncertainty in GIS is of vital importance as it plays a considerable role in decision-
making. One of the significant aspects of uncertainty study is its propagation through the GIS 
analysis and modeling.The work presented in this paper concerns the spatial, temporal, and 
spatiotemporal uncertainty. We first identified uncertainty and its sources to understand their 
nature and influences. Firstly, we discussed quality aspects of temporal information to show 
how time, as data may be vague or uncertain. Secondly, to develop a prototype system for 
uncertainty with spatial data and presenting models for uncertain spatial and spatiotemporal 
information, we showed the fundamental modeling concepts of spatial objects, time points, 
time periods, and events are influenced by uncertainty, and how we can combine them. Then 
we presented the mathematical models to describe and motivate indeterminacy related to the 
temporal, spatial, and spatiotemporal domains. However, to implement the concepts in a real 
situation, more detailed mathematical formulas are needed. In addition, we find that it is 
possible to create an implementable model for uncertainty in spatial and spatiotemporal data. 

In future we plan to combine different uncertainties and build a general implementable model 
to handle uncertainty in a real spatiotemporal system. We are going to focus on moving object 
as an application example, because many objects are dynamic and their positions change with 
time so the ability to have reasoning about the changing positions of moving objects over time 
thus becomes crucial. We give a change function to describe the position of moving objects 
over time based on positional samples that our change function would have been influenced by 
measurement errors and sampling uncertainty.  
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