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Abstract 
“Determining fitness for use is solely the user's responsibility.” These, or similar words, are 
common in the licenses or disclaimers associated with most government or commercial 
producers of spatial data. Unfortunately, the user, who is often not an expert on spatial data or 
spatial data quality, has no tools or methodology for accomplishing this fitness for use 
determination. This paper presents results of research to develop technology and a 
methodology that allows users to evaluate how well uncertainty in the spatial data translates 
into risk in operational decisions of interest to the user. A prototype application based on this 
research has been integrated with a commercially available GIS software package. The 
approach starts with the user definition of the spatial data to be evaluated and the decision 
process that the data supports. Although we know there is uncertainty in the data, it is initially 
declared to be “truth” data, and is used to make a baseline decision. Next we have developed 
error models that represent the data quality attributes of the spatial data layers for the 
features of interest to the user. The error models handle discrete and continuous data, and 
include spatial correlation. Additional models define the relationships between geographic 
features, and the influence of geographic features on parameters of the error models. We have 
implemented algorithms to generate simulated spatial data which varies from the assumed 
ground “truth” data in a way that is consistent with the relationship and error models. The 
simulated data is used as input to a simulated decision process and the result of the decision is 
then implemented on the “truth” data and compared to the baseline decision. The differences 
in results are in an operational dimension that the user understands. Because this is a 
stochastic process, the process is automated and repeated a large number of times. Graphical 
displays allow the user to assess the impact of the data uncertainty on operational decisions. 
This paper describes error models and relationship models, and an example of an experiment 
to evaluate the “fitness for use” for a military decision support product. While motivated by 
military applications, the research provides a tool which implements a methodology 
applicable to any user who must determine fitness for use of a spatial dataset. 
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1 Introduction 
Spatial data experts are well aware of the issues related to measuring and managing spatial 
data quality and much research has been performed in attempts to resolve them. An important 
issue is determining how data quality impacts users applications. Unfortunately the current 
state of practice is that the spatial data user is responsible for determining fitness for use – how 
using the data will impact user decisions (Veregin, 1999). Users are not equipped with the 
training or the tools to perform the fitness for use evaluation. Even if they understand the 
technical metrics of data quality, they have no way to relate them to the impacts on their 
operational decisions. This paper describes a methodology for users to assess fitness for use – 
how terrain data quality impact military performance. The methodology was developed under 



7th International Symposium on Spatial Accuracy Assessment in Natural Resources and Environmental Sciences. 
Edited by M. Caetano and M. Painho. 

 761

a research program titled Tools for Simulating Terrain (TST). 

The immediate application of this capability is in requirements analysis – determining what 
terrain data is required to support specific user applications. There are two broad classes of 
requirements analysis: strategic, where the military Services evaluate requirements for new 
terrain data products to be produced by the United States National Geospatial-intelligence 
Agency (NGA); and tactical, where specific users evaluate their terrain data requirements for 
specific operations. In addition, there is application to current operations, which must be 
conducted with the data on hand. TST provides users with a way to assess the risk involved in 
using the data. This information can be used to plan activities that will mitigate the risk. 

The methodology used by TST is to start with an available data set and declare it to be “ground 
truth”1, then simulate the envelope of possible instantiations of terrain data that are consistent 
with the “ground truth” and with a data quality specification. Simulated terrain instantiations 
are propagated though the user’s application / decision model and compared to results obtained 
using the “Ground Truth”.  Statistics are compiled over multiple simulations to quantify the 
impact of terrain data quality on user’s application performance. Others have used error 
models to generate simulated spatial data in order to explore the impact of terrain data quality 
(Heuvelink 1998). This work is different in that the simulated data is propagated through a 
decision model. In addition, the TST methodology has been implemented as a software 
extension to a commercial GIS package.  

This paper is organized in the following way. Section 2 provides an overview of the statistical 
models used to represent spatial data quality and relationship models. Section 3 provides an 
overview of the simulation process. Section 4 describes an experiment using a military 
performance model and describes results and applications. Section 5 describes the 
implementation of TST as an extension to a commercial GIS package. Section 6 present 
conclusions. 

2 Probabilistic Models 
TST uses probabilistic models to represent the quality attributes of spatial data and for 
relationship models that represent the correlation between geographic variables. The 
technology for application of probabilistic models, called Bayesian Networks (BN) or more 
generally graphical models, was developed during the mid 1980’s in response to problems 
identified by the Uncertainty in Artificial Intelligence community (Pearl 1988, Jenson 1997). 

Statisticians have long used conditional independence assumptions as a way to develop 
parsimonious parameterizations of problems to achieve both computational tractability and 
statistical power. In the mid 1980’s, a conceptual innovation arose from the combination of 
methods from graph theory and probability theory. A statistical model for a phenomenon was 
encoded as a graph that represented a set of random variables and dependency relationships 
among the variables, together with a set of graph-dependent parameters that encoded 
quantitative probabilistic relationships. Models in this general class are called graphical 
models. Graphical models utilizing a directed graph are called BNs. A BN consists of: A set of 
nodes, where each node represents a random variable, A set of arcs, where each arc represents 
a conditional dependency relationship, and A set of local probability tables, where each table 

                                                                 
1 “Ground Truth” is in quotes to because the data is not really the truth, it is just treated as if it were 
ground truth for the analysis. 
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represents a statistical model for the conditional probability distribution for the node given the 
values of its parents. Figure 1 shows a simplified example. This BN shows the influence of the 
underlying geology – as modified by the climate on the drainage pattern and density, 
vegetation, and topography of a geographic region.  
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Figure 1 Bayesian Network showing simplified relationships between geographic features. 

2.1 Quality Attributes 
There are many characteristics of spatial data quality that impact fitness for use (Veregin, 
1999). Examples are horizontal and vertical accuracy, thematic accuracy, resolution, attribute 
accuracy, completeness, currency, logical consistency, and more. Another important 
characteristic of spatial data is spatial correlation. Spatial correlation is not a quality attribute, 
but it does complicate attempt to deal with spatial data quality issues. This paper focuses on 
thematic accuracy of categorical data and spatial correlation to illustrate the TST approach.  

2.2 Quality models 
This sub section describes data quality models that provide models of feature classification 
accuracy. Figure 2 shows a basic error model for a thematic layer – in this case vegetation 
class. The model is a BN with a node to represent the true vegetation class and another to 
represent the vegetation class in the simulated terrain data. The BN on the left has one 
additional node to represent the error. This simple model can be extended (as shown on the 
right) to a model where the error depends on the spatial and spectral resolution of the source 
used to create a dataset. When appropriate, the quality model can be further extended to 
include the data production process, the producers or any other relevant factors. This flexibility 
provides a range of options. When the specific accuracy of a thematic layer is known, it can be 
represented with a simple BN fragment. If the accuracy is not known, then a more complex 
BN represents relevant information that is used to infer the parameters of the error model. 
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Figure 2 Simple data quality models 

2.3 Relationship models 
BNs can be also be used to represent the relationships between geographic features represented 
in terrain data products. Figure 1 above is an example. This model can be considered to be 
generic, that is to apply any where in the world. However, it is also possible to take advantage 
of the geographic similarities between areas of the world, to build more specific models. 
Geographers have divided the world into regions, called biomes, that have similar climate, 
geology, and vegetation (Strahler and Strahler, 1987). Biomes can be used to organize a 
hierarchy of relationship models, and reduce the need to develop a large number of separate 
models for specific areas of the world. Generic models are constructed that apply anywhere in 
the world. These models are used when no more specific model is available. More specific 
models are generated for individual biomes. Within a biome, it is possible to build models 
based on information and data for one area of the world with a reasonable expectation that the 
model will be valid for other – perhaps inaccessible areas, within the same biome. Within a 
biome it is possible to generate even more specific models that will apply to specific sub 
regions. Use of relationship models insures that for simulations of a set of thematic layers data 
values will retain realistic relationships with values in other layers. 

3 Simulations 
This section describes the process of simulating terrain data layers. Data is simulated by 
sampling from the “Ground Truth using the quality models, constrained by the appropriate 
relationship models. 

For each terrain data layer to be simulated, a BN is constructed from the data quality model 
and appropriate relationship models. For any simulated pixel, we sample from the posterior 
probability distribution for the simulated data, given the “ground truth” value and appropriate 
values of other simulated layers. This posterior probability distribution will vary from point to 
point as values of related themes vary. Spatial correlation is introduced by generating a 
correlated error surface for each simulated theme using assumptions about spatial correlation 
for that thematic layer. The correlated error surface is transformed to be uniform with values 
from 0 – 1.0. Simulated terrain data is generated, one pixel at a time using the original data, the 
correlated error surface and the posterior probability distribution for that pixel: 

For each pixel, the steps are:  
• Get the random value, rij, from the correlated error surface. 
• Use the value from the existing terrain data to choose the corresponding column of 

the posterior probability distribution. 
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• Use the random variable to choose the corresponding row of the column and assign 
this class to the simulated data. 

Because most of the probability mass in each column corresponds to the "correct” row, most of 
the time the simulated data will agree with the original. When it does not agree the errors will 
be chosen with the same frequency as in the posterior probability distribution. This process is 
illustrated in Figure 3, which show the generation of the simulated soils data. The other terrain 
data layers were simulated in a similar way, each using a different error surface with a 
different spatial correlation. Because the error surface is spatially correlated, the errors in the 
simulated data are also spatially correlated.  
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Figure 3 Process for simulating terrain data. 

4 Experiment 
This section describes an experiment that illustrates the TST methodology. The experiment 
involved selecting a user application, in this case a military performance model, that depends 
on terrain data, choosing the metrics for terrain data to be simulated, simulating terrain data, 
simulating an operational decision using the terrain data, and evaluating the decision using the 
ground truth data. These steps are explained in the subsections that follow.  

4.1 Experiment Overview 
For the experiment a Cross Country Mobility (CCM) tactical decision aid (TDA) product was 
chosen as the military performance model. A CCM TDA is a terrain analysis product that 
estimates the maximum speed that a specific military vehicle, or military unit, will be able to 
move across country (off roads).  

Experiment Scenario: A commander is required to move his unit cross country to a specified 
location, to arrive no later than (NLT) a specified time. The commander’s decision process 
involves selecting a route and choosing a departure time. If the unit arrives on time the 
outcome is successful, if the unit arrives late the outcome is a failure.  



7th International Symposium on Spatial Accuracy Assessment in Natural Resources and Environmental Sciences. 
Edited by M. Caetano and M. Painho. 

 765

The route selection and the departure time are based on a CCM product produced from terrain 
data. The experiment is conducted as follows: 

• Identify an operational area, and obtain existing terrain data. The existing terrain 
data is designated as “ground truth”. Generate a “ground truth” CCM product from 
the “ground truth” terrain data. 

• Use TST to simulate terrain data sets with different qualities. 
• Simulate the commander’s decision process. This involves route selection and 

selection of a departure time, both based on CCM products. 

For one run of the experiment: 
• Generate simulated terrain data using user defined data quality attributes. 
• Generate a CCM product using the simulated terrain data. 
• Generate a decision problem by selecting random start and end points for the cross 

country movement. 
• Simulate a decision by selecting a route and a departure time using the CCM product 

generated from the simulated data. 

Evaluate the decision by comparing the route and departure time to the “ground truth” CCM 
product. 

The experiment consists of a large number of repetitions for a given data quality – to generate 
P(success), and is repeated for varying data quality. The result is a graph of performance as a 
function of terrain data fidelity (accuracy / quality). 
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Figure 4 Example simulated soil type data generated with different terrain data quality parameters. 

4.2 Performance Model - CCM 
There are a number of CCM algorithms in use by military organizations. This experiment used 
the ETL CCM algorithm (Pearson, and Wright, 1980). For “ground truth” terrain data we 
selected a subset of a terrain analysis data set over an area of South Korea. This data was used 
in the CCM algorithm with vehicle parameters for an M1 tank to generate the CCM “ground 
truth” for the experiment. 
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4.3 Simulations  
A large number of simulated data sets were generated for the experiment. Two parameters 
were used to control the quality of the simulated data sets: one for categorical data quality, and 
the other continuous real value that controlled the spatial correlation distance. For categorical 
data quality, the parameter was the fraction of entropy between 0 and max entropy. For each 
simulation, the defined CPT for that data layer was modified so that the entropy of each row 
matched the set entropy value. The correlation distance (for all data layers) was controlled by 
the real data quality parameter. 

The categorical data parameter was varied from 0 (entropy equal 0) to 1 (entropy equal max 
entropy) with a step size of .1. The real data parameter was also varied from 0 (minimum 
correlation distance) to 1 (max correlation distance) with a step size of .1. 

For each set of terrain data quality parameters, 10 different terrain simulations were performed. 
This resulted in 1210 sets of simulated terrain data [ number of categorical data quality steps 
(11) x number of real data quality parameter steps (11) x number of simulation per set (10) ]. 
Each set of simulated terrain data was used to generate a CCM product. 

For each CCM product – generated from simulated terrain data, we simulated 100 operational 
decisions. Each decision required choosing a travel time to travel across country from a 
random start point to a random end point on the CCM product. A route planning algorithm was 
used to find the least cost route between the start and end point, and to determine the travel 
time expected. Then the route was evaluated to determine the “true” travel time if it is 
executed on the “ground truth” CCM product. A Total of 121,000 simulated missions was 
generated [number of simulated terrain data sets (and CCM products) (1210) x number of 
simulated missions per CCM product (100)]. 

The success of the simulated decision processes was scored by comparing the expected travel 
time to the “true” travel time. The simulated decision is a success if the ratio of evaluated 
travel time (et) to the planned travel time (pt) is less than a user selected factor: et / pt < X, 
where X is 1.1, 1.2, 1.3, 1.4. The factor X corresponds to a planning factor (“fudge factor”) 
used by prudent decision makers to make some allowance for possible errors. 

This “military system performance” model: P(success) as a function of terrain data quality is 
operationally meaningful to military decision-makers. 
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Figure 5 Experiment results. 
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4.4 Results 
This section presents and discusses the consolidated results of 121,000 simulated decisions 
from 1210 simulated terrain data sets. 

Figure 5 shows box and whisker charts of the probability of success as a function of 
categorical data quality. Two charts are shown, for two choices of planning factors ( 1.2, 1.4). 
These charts do show, as expected, a decrease in the probability of success as the terrain data 
quality decreases. 

Results like these could be used in the following ways: 

For requirements analysis, the user can appreciate the way data quality impacts the probability 
of success for potential operational missions, and can select a data quality that meets the users 
requirement for probability of success. For example, the user may choose 1.2 as a reasonable 
planning factor, and decide that 80% success is acceptable. Then the required categorical data 
accuracy is .1 (proportion of maximum entropy). This would be converted to a requirement in 
the product specification. The requirement would probably be expressed as specification on the 
feature classification error matrix. 

For tactical appreciation of the potential impact of a given data quality. In this application the 
user is planning a mission with available terrain data of known data quality. For example 
assume the categorical data quality is .3 (proportion of maximum entropy). If this user wants to 
be confident that more that 80% of his decisions will be successful, then he must accept a 1.4 
planning factor.  

4.5 Applications 
The immediate application of this TST capability is in requirements analysis – determining 
what terrain data is required to support user applications. There are two broad classes of 
requirements analysis: strategic, where the Services evaluate requirements for new terrain data 
products to be produced by NGA, and tactical, where specific users evaluate the terrain data 
requirements for specific operations.  

Strategic Requirements As an example of a strategic requirements analysis application, one or 
more of the Services develop new weapon systems or new doctrine or operational concepts 
that have terrain data requirements that are not met by currently available products. The 
process of identifying new terrain data product requirements involves interaction between the 
users and data producers. The goal is to define a product specification that appropriately 
balances the user needs for high quality data with the production costs for the data product. 
After one or more iterations of prototype specification and prototype product, the users and 
producers agree on the new product, which then becomes a standard product that can be 
requested from when needed. Currently this requirements process is done within the Services 
by a user survey that asks individual units / commands, and weapon system programs to state 
their opinions on the utility of the prototype data. The shortfall in this process is that while it is 
relatively easy to estimate the costs of different data quality options, there is no scientific way 
to evaluate the impact of terrain data quality specifications on the performance of military 
systems. As a result, the costs of producing data may have more weight and a larger influence 
on the final product specification. 

The terrain data simulator provides a way to evaluate terrain data quality specifications against 
performance requirements for military systems. An existing data set (perhaps the prototype 
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product) can be chosen as a “ground truth” data set. Additional data sets can be simulated 
using a range of data quality specifications that bracket the specifications in the specification. 
Then an experiment can evaluate the impact of variations in the data quality specification and 
the evaluation can appropriately take into account production costs and military utility.  

Tactical Requirements for evaluation fitness for use There is also a need to be able to evaluate 
terrain data requirements in tactical settings. As an example, a Navy seal team may have an 
operational mission to infiltrate a defended enemy shoreline to achieve specific objectives 
within a firm timeline. Available foundation data provides sufficient data to specify the overall 
mission parameters, but planning and conducting a successful mission might require detailed 
environmental data for the littoral area that is not available in the foundation data: detailed 
bathymetry, surface and underwater currents, waves, water temperature and turbidity, bottom 
materials, as well as beach materials, topography, and vegetation cover. Typically, in this 
situation the tactical commander will have an opportunity to request mission specific data, and 
may even have the option of requesting specific terrain data from Army or Marine Corps 
topographic teams, as well as data collection by intelligence sensors. Part of the analysis 
requires a tradeoff between collecting lots of data – at lower quality, or collecting detailed high 
quality data of specific key locations. The requirements analysis challenge is to determine 
what specific mix of data content and quality will best support the mission – and which can be 
collected in the time to support the mission’s timeline. 

This kind of requirement analysis is required every time a commander is faced with a specific 
operational mission. The analysis is often handled by the commander’s topographic or 
intelligence staff, but other than experience, default requirements, or gut feelings, there is no 
methodology for performing this analysis. The terrain data simulator provides a way to 
evaluate terrain data quality specifications against predicted performance of a specific mission. 
An existing data set (perhaps of a similar area where detailed data is available) can be chosen 
as a “ground truth” data set. Additional data sets can be simulated using a range of data content 
and quality specifications that bracket the available collection options. Then an experiment can 
evaluate the impact of variations in the data availability and quality. In this case the evaluation 
would use a mission planning and rehearsal system to evaluate the probability of the success of 
the mission with each data collection option. In this way the requirements analysis can manage 
the tradeoff between data utility for the operation and the production time line (based on 
collection and production assets available).  

5 Implementation 
A key part of the concept for the terrain product simulator is interaction with the ERDAS GIS 
software produced by Leica-Geosystems. ERDAS is widely used throughout the US 
Department of Defense, as well as by government and commercial organizations. ERDAS is 
one of the Commercial GIS package included in the standard terrain analysis software 
provided to terrain analysis units in the US Army and Marine Corps. The TST software 
includes an installer that will install the TST software as an integrated module in Leica-
Geosystem’s ERDAS Imagine software package. The TST module appears as a new button on 
the ERDAS toolbar and a new menu item in the ERDAS menu. When selected, the TST 
software guides the user through selection of terrain data layers, parameters of error models, 
and parameters for the terrain simulation.  

Interaction with ERDAS GIS software provides immediate access to a complete set of data 
import routines that allow the terrain product simulator to access existing terrain data in a wide 
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range of DoD, government, and civilian data formats. In addition, ERDAS data conversion and 
export capabilities allow simulated data generated by the terrain product simulator to be 
exported into any desired standard format. 

6 Conclusions 
Currently, the DoD topographic community lacks tools and methodology for understanding 
and evaluating terrain data quality, and the impact terrain data quality will have on military 
operational decisions and performance.  

The Terrain Product Simulator, along with a demonstrated methodology for generating and 
using simulated terrain data products provides a potential solution to this shortfall. The Terrain 
Product Simulator is based on an innovative approach to understanding and measuring terrain 
data quality, and uses advanced probabilistic models to generate simulated terrain data. The 
simulated data can be used to evaluate terrain data requirements and to understand the impact 
of terrain data quality on military operations and decisions. There are strategic and tactical 
applications for this technology. 
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