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Definition

Epidemiology is the study of patterns of health in a popu-
lation and the factors that contribute to these patterns. It
plays an essential role in public health through the elu-
cidation of the processes that lead to ill health as well
as the evaluation of strategies designed to promote good
health. Epidemiologists are primarily concerned with pub-
lic health data, which includes the design of studies, evalu-
ation and interpretation of public health data, and the main-
tenance of data collection systems.
Computational Epidemiology is the development and use
of computer models for the spatio-temporal diffusion of
disease through populations. The models may range from
descriptive, e. g. static estimates of correlations within
large databases, to generative, e. g. computing the spread
of disease via person-to-person interactions through a large
population. The disease may represent an actual infec-
tious disease, or it may represent a more general reac-
tion-diffusion process, such as the diffusion of innova-
tion. The populations of interest depend on the disease,
including humans, animals, plants, and computers. Simi-
larly, the interactions that must be represented depend on
the disease and the populations, including physical prox-

imity for aerosol-borne disease, sexual contact for sexu-
ally transmitted diseases, and insect feeding patterns for
mosquito-borne diseases. In general, then, computational
epidemiology creates computer models of diffusive pro-
cesses spreading across interaction networks.
The basic goal of epidemiological modeling is to under-
stand the dynamics of disease spread well enough to con-
trol it. Potential interventions for controlling infectious
disease include pharmaceuticals for treatment or prophy-
laxis, social interventions designed to change transmis-
sion rates between individuals, physical barriers to trans-
mission, and eradication of vectors. Efficient use of these
interventions requires targeting subpopulations that are on
the critical path of disease spread. Computational models
can be used to identify those critical subpopulations and to
assess the feasibility and effectiveness of proposed inter-
ventions.

Historical Background

Epidemiology did not emerge as a distinct discipline until
the mid-19th century as the medical sciences sought to
determine the efficacy of different medical practices. John
Snow famously interrupted the 1854 cholera outbreak in
London by removing the handle of the Broad Street pump,
an event that is widely credited with bringing epidemi-
ology into the mainstream. His studies along with those
of many others were responsible for bringing about wide-
ranging public health reforms and laid the foundation for
the development of the germ theory of disease causation.
Once etiological agents were identified as the cause of
disease, the sanitary reforms of the late 19th and early
20th centuries greatly reduced the incidence of infectious
disease in the human population. Epidemiology contin-
ued to identify novel causes of disease but also matured
and began to consider the social determinants of health.
Aided by improved statistical tools epidemiologists were
able to focus on more nuanced analysis of population-wide
health data, for example, linking lung cancer to smok-
ing. The pharmaceutical revolution of the mid-20th centu-
ry required epidemiology to assess the efficacies of the new
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therapies being created. Epidemiology has further gained
from the ability to manipulate large bodies of data and per-
form complex calculations on this data using computers.
As technology has improved the sophistication of tech-
niques to analyze public health data used by epidemiol-
ogists has kept pace. Recent years have seen the emer-
gence of computational epidemiology which focuses on
using complex computer models and innovative forms of
data analysis. At its core, epidemiology is still focused on
improving the health of the public, however, recently, epi-
demiologically inspired methods and techniques have been
harnessed to analyze computer security, network rout-
ing, distributed databases, marketing strategies, and other
social phenomena.

Scientific Fundamentals

The spread of infectious disease depends both on prop-
erties of the pathogen and the host. An important factor
that greatly influences an outbreak of an infectious disease
is the structure of the interaction network across which it
spreads. Descriptive models are useful for estimating prop-
erties of the disease, but the structure of the interaction net-
work changes with time and is often affected by the pres-
ence of disease and public health interventions. Thus gen-
erative models are most often used to study the effects of
public health policies on the control of disease.
Aggregate or collective computational epidemiology mod-
els often assume a population is partitioned into a few
subpopulations (e. g. by age) with a regular interaction
structure within and between subpopulations. The result-
ing model can typically be expressed as a set of coupled
ordinary differential equations. Such models focus on esti-
mating the number of infected individuals as a function of
time, and have been useful in understanding population-
wide interventions. For example, they can be used to deter-
mine the level of immunization required to create herd
immunity.
Disaggregate or individual-based models, in contrast, rep-
resent each interaction between individuals, and can thus
be used to study critical pathways. Disaggregate models
require neither partitions of the population nor assump-
tions about large scale regularity of interactions; instead,
they require detailed estimates of transmissibility between
individuals. The resulting model is typically a stochastic
finite discrete dynamical system. For more than a few indi-
viduals, the state space of possible configurations of the
dynamical system is so large that they are best studied
using computer simulation.
GIS tools and techniques play an important role in building
these computational tools. The overall approach followed
by disaggregate models consists of the following steps:
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Pandemics, Detection and Management, Figure 1 Schematic diagram
showing how various databases and integrated to create a synthetic popula-
tion. GIS plays an important role in constructing these synthetic populations

Step 1 Creating a set of (agent) synthetic interactors,
Step 2 Generating (time varying) interaction networks,
Step 3 Detailed simulation of the epidemic process.

Step 1 creates a synthetic urban populations [3,4,5,6], and
is done by integrating a variety of databases from commer-
cial and public sources into a common architecture for data
exchange that preserves the confidentiality of the original
data sets, yet produces realistic attributes and demograph-
ics for the synthetic individuals. Figure 1 shows a schemat-
ic diagram. The synthetic population is a set of synthetic
people, each associated with demographic variables drawn
from any of the demographics available in the census [3,7].
Joint demographic distributions can be reconstructed from
the marginal distributions available in typical census data
using an iterative proportional fitting (IPF) technique. Each
synthetic individual is placed in a household with other
synthetic people and each household is located geograph-
ically in such a way that a census of our synthetic popu-
lation yields results that are statistically indistinguishable
from the original census data, if they are both aggregated
to the block group level. Synthetic populations are thus sta-
tistically indistinguishable from the census data; neverthe-
less, since they are synthetic they respect privacy of indi-
viduals within the population. Note that, census tables are
precisely constructed so as to respect privacy. The synthet-
ic individuals carry with them a complete range of demo-
graphic attributes collected in the census data. This include
variables such as income level, age, etc.
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In Step 2, a set of activity templates for households
are determined based on several thousand responses to
an activity or time-use survey. These activity templates
include the sort of activities each household member per-
forms and the time of day they are performed. Each
synthetic household is matched with one of the survey
households, using a decision tree based on demograph-
ics such as the number of workers in the household, num-
ber of children of various ages, etc. The synthetic house-
hold is assigned the activity template of its matching sur-
vey household. For each household and each activity per-
formed by this household, a preliminary assignment of
a location is made based on observed land-use patterns, tax
data, etc. This guess must be calibrated against observed
travel-time distributions. However, the travel-times corre-
sponding to any particular assignment of activities to loca-
tions cannot be determined analytically. Using sophisti-
cated techniques in combinatorial optimization, machine
learning and agent based modeling the populations, their
activity locations and their itineraries [3,5] are refined so
as to be structurally and statistically consistent. See Fig. 1
for a schematic diagram. Thus for a city – demographic
information for each person and location, and a minute-
by-minute schedule of each person’s activities and the
locations where these activities take place is generated by
a combination of simulation and data fusion techniques.
This forms the basis of the interaction network that can be
abstractly represented by a (vertex and edge) labeled bipar-
tite graph GPL, where P is the set of people and L is the set
of locations. If a person p∈P visits a location l∈ L, there is
an edge (p, l, label)∈E(GPL) between them, where label is
a record of the type of activity of the visit and its start and
end points. Each vertex (person and location) can also have
labels. The person labels correspond to his/her demograph-
ic attributes such as age, income, etc. The labels attached
to locations specify the location’s attributes such as its x
and y coordinates, the type of activity performed, maxi-
mum capacity, etc. Note that, there can be multiple edges
between a person and a location recording different visits.
Step 3 consists of developing computational model for
representing the disease within individual interactor and
its transmission between interactors. The model can
be viewed as a coupled probabilistic timed finite state
machine. Each individual is associated with a timed proba-
bilistic finite state machine – the state transitions are prob-
abilistic; the transitions may be timed – i. e. they may occur
at a specified time after the previous transition – or there
may be a fixed probability of transition for each discrete
time interval. Furthermore, the automata are coupled to
other automata – this coupling is derived from the social
contact network. The state of the automata correspond-
ing to an individual are updated probabilistically based

on the current state of the individual and the disease state
of his neighbors. This state transition is probabilistic and
depends on the duration of contact. It may also depend
on the attributes of the people involved (age, profession,
health status, etc.) as well as the type of contact (intimate,
casual, etc.), and it might not be symmetric (a child is more
likely to infect a teacher than the other way around). Again
GIS tools play an important role in constructing the mod-
els. The tools include: methods for integrating spatio-tem-
poral surveillance data, mapping of the disease outbreak
to geographic locations, designing intervention effective
strategies, such as closing specific public locations, social
distancing, etc.
An integrated information management system can now
be constructed using these computational models. The sys-
tems is usually event triggered and the supporting system
should ideally self organize in response to such a trigger.
Figure 2 shows a possible architecture for such a system.

Application Areas

Epidemiological simulations are a subclass of more gener-
al interaction processes called reaction-diffusion process-
es. In their general form, such systems consist of a set of
entities (interactors) and an interaction-hypergraph denot-
ing neighborhood relationships among interactors. At each
time step, based on certain criteria, subsets of neighbor-
ing interactors interact. The interactions can result in two
things: (i) the state or the function of the interactors can
change, the interaction-hypergraph can change. A number
of applications in physical and social sciences that can be
viewed in this framework. These include: (i) physical sys-
tems such as n-body dynamics, (ii) biological systems such
as bio-chemical reactions, (iii) social systems such as dif-
fusion of norms and fads, (iv) public health systems such
as epidemics, (v) communication networks such as spread
of worms on the Internet, routing of packets and updating
distributed databases, (vi) business and information sys-
tems such as viral marketing, etc.
The systems differ in the relative rates at which interac-
tions happen as compared to the change in the state of the
interactors, and the network structure. For example, in epi-
demics, an individual when exposed to an infectious dis-
ease can become infected after a certain time period that
depends on the demographic properties of the individu-
al and the disease characteristics. When routing packets
over a wireless ad-hoc network, the state of the interactor
and the the connectivity of the underlying network changes
rapidly.

Public Health

Computational epidemiology is a new and fast growing
branch of public health. Using sophisticated and highly
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tuned computer simulations, different public health inter-
ventions can be evaluated that would be unfeasible and/or
unethical in the real world. Furthermore, as these tech-
niques become more and more sophisticated, these popula-
tion and disease dynamics can be better analyzed in silico
than in vivo. See [6,8,12,13,14,15,17,18,23].

Social Sciences

Social Sciences have a rich history of studying social phe-
nomenon using epidemic style models. This includes, dif-
fusion of norms, fads, etc [21,26,29].

Epidemic/Viral Marketing and Advertising

This class of applications consist of marketing techniques
to spread brand awareness. The information about brands,
products, etc. can be exchanged via word of mouth using
social networks that capture individuals meeting each oth-
er in physical or cyberspace (via e. g. blogs, chat rooms).
Viral marketing is popular because it is usually easy and
affordable to execute the marketing campaign. It is becom-
ing all the more popular due to the Internet which allows
for much more rapid dissemination.

Computer Network Security

Epidemic style models are being used to study the spread
of worms and viruses on the Internet [2,27]. Computer

models can be used to study the propagation of viruses as
well as ways to control its spread. A unique feature of these
systems is that unlike biological systems, computer viruses
usually spread extremely fast, usually in a matter of hours
if not minutes. Moreover, the viruses are synthetic; humans
construct these viruses and their genetic variations.

Distributed Computing, Communication
and Information Systems

A number of tasks in computing, communication and
information systems can be achieved by using epidem-
ic style algorithms. This includes: routing using local
information under unreliable conditions [10], location of
resources [11], and updating replicated distributed data-
bases [9,11].
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Synonyms

Moved planning process; Negotiation; Spatial decision
making of groups; Sincerity; Walking, joint; Self-referen-
tial context; Group decisions

Definition

In participatory planning processes planners have the task
to organize the process of negotiation in a field of dif-
ferent interests and to develop a common space for act-
ing. In participative planning processes planners care for
an understanding of all steps of informing and decision
making. Planners aim for sincerity, avoiding manipulation
and incorrectness, showing cost, benefits and risks of deci-
sion [13,26].

Historical Background

Building a planning process from the human resources
(skills, knowledge, ideas) of the participants contributes to
the development of self responsibility and self initiative of
the participating group. The assumption is that the shared
possibilities of understanding, decision making, and act-
ing are growing and enable a planning process of balance
between an orientation-giving concept and a patchwork of
decisions and actions. This orienting concept corresponds
with the spatial developments which can be solved within
a concrete task through an orientation in values [11,12].
Planners have to organize participative planning processes
to develop a common goal in space. A participative plan-
ning process occurs in a shared constructed reality related
to the concrete space. Shared reality emerges out of inter-
action, understanding, decision making, negotiation, real-
izing, and the shared experiencing of the outcome within
groups [1,2,7,23].
The moved planning process is a special design of plan-
ning participation processes for empowerment of partic-
ipants [21]. Usually the participation processes last for
two or more years. The design of these processes is based
on interdisciplinary research results about knowledge con-
struction and decision making in groups. The research cov-
ers the changing interaction structure of the attentive sub-
groups of participants, the building of networks, and the
decision making process of the groups.
The mutual experience of concrete situations create corre-
sponding structures between participants [20]. Groups of
people affected by a plan are invited to show their dai-

ly environment, the “object” of the plan. Every meeting
is started with walking together through the space to be
planned. After the walk follows a sitting period together to
reflect the shared experiences, to find topics and tasks until
the next meeting. During the walk starts an exchange about
the experience and knowledge about the special place;
everybody is an expert of her daily live with the place [8].
• During concrete experiences the meanings get related

to the ever changing shared experiences. The previously
constructed reality of individual participants often dif-
fers from the encountered reality during the walk. Dif-
ferences can be pointed out and erroneous conceptions
corrected. For example, plants that indicate the presence
of nutrients show directly a fertilizer usage. The feed-
back from the visible evidence forces the participants
to learn about the consequences of their actions. In the
shared experience and speaking about it different reali-
ties are explained.

• The participants get familiar with the walking situa-
tion, find their style of interaction and take over roles as
experts of their daily environment and show their mean-
ings and usage of space. Then they experience move-
ment and space.

• Body exercises, which require coordination of differ-
ent body parts, strengthen the connection of neurons
between many parts of the central nervous system.
Even simple walking activates different neuronal net-
works for motor control, integrate vestibular systems,
and optical and acoustical stimuli. Simple walking leads
further to a parallel processing for integration of percep-
tion. Walking regularly creates an awareness of perceiv-
ing, feeling, thinking, an acting [10].

• Movement is orientated action. Joint movement leads
to actions together. The theory behind different body
therapy forms deals with the connection of involuntary
movement and acting, and leads to insights about move-
ment together and common acting [15]. To each per-
sonal movement-behavior belongs a shared movement-
behavior [18]. This effect is exploited in groups which
work with body therapeutic methods, e. g. as in authen-
tic movement [19].

Joint walking creates experiences together, namely the
common rhythm of step, the regular breathing, the phys-
ical effort, and the feeling of fatigue. Pictures are per-
ceived through senses and attending people are encouraged
to trust in their senses while moving their bodies.
Planning as an instrument for preparing decisions depends
on various factors. It happens in a social system of dif-
ferent pressure groups. There are advices, rules, adminis-
trative and technical restrictions, right in ownership and
neighborhood. There are political influences or competing
projects [16].
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Decision making, acting, and bearing responsibility are
connected processes within the planning group. A plan-
ning group consists of person responsible, planners, and
of people affected by a planning intention; at the begin-
ning of the planning process, they form a heterogeneous
group. There is no shared language, no shared way of look-
ing at issues, no common assumptions. Every participant
brings her histories and perspectives to the group. From the
beginning it is necessary to look at differences and com-
monalities. In order to transform needs and interests into
a more comprehensive understanding (which takes other
needs into account), it is necessary to look at the process of
shared knowledge construction in groups. Participants can-
not transcend their particularity [11]. If participants make
decisions appropriate to their personal context, they have
to express (and need to get space for doing so) their par-
ticularity to others, and learn about the particularities of
the other. This leads to a shared knowledge based on con-
crete situations [14]. Participants have particular knowl-
edge that arises from experiences, also experiences in their
social positions, and those social positioning influence the
assumptions and interests they bring to the meeting.

Scientific Fundamentals

The Human Theory of Action [9] describes a human as
an organism-environment entity. A human is embedded as
a body-mind person in a social ecological environment.
Experiences and knowledge are stored up in the body, and
used in each concrete situation [18]. Related to these con-
crete situations are the possibilities of reflection and imag-
ination. According to this theory knowledge construction
and action are immediately connected.
A human is active, orientated in the future [9]. She puts her
own theories and goals, and makes hypothesis about the
outcome of her acting in everyday acting. These hypothe-
ses are immediately verified through acting, and correc-
tions of the actions. Integrated in a planning theory, it
is important to consider how to integrate steps of deci-
sion making, experiencing the outcome of these decisions
into the technical issues and the design of a planning pro-
cess [26]. Decisions are made continuously during the
planning steps.
Mutual understanding between people is possible, if the
coding and decoding participants have corresponding
perceiving capacities and interpretation patterns. When
a planner comes to a planning group of a village a base
for shared perceiving and interpretation patterns has to be
found. Understanding of perceived acts becomes meaning-
ful by the different context of social interactions.
The personal acting has a self referential meaning to give
continuity and identity to the own being and acting. The

“I” is a live system which has emotional, spiritual and cog-
nitive abilities. This is adapting permanently the changing
environment. For the internal structure it is crucial to have
self awareness for these changes and anchor them to iden-
tity. A personal history is experienced and humans develop
through those experiences. New competences are acquired
through the contact with others.
From the base of this “I” it is possible to get into con-
tact with “you” and with the experiences of the “you” [6].
Within this self referential context it is easier to understand
behavior of the others as an expression of their “I”.
At a meeting and a joint walk this concrete context is
strengthened. People find a common rhythm and breath,
and have joint experiences. The immediate behavior
evokes primarily patterns of existence and less patterns of
thinking. New experiences, understanding, and knowledge
are shared [14]. The participants experience themselves
mutually within every new meeting and the structure of
interaction in the concrete situation is new defined.
Participants develop new roles and test them in new behav-
ing patterns and acting. This is the condition that they
are able to perceive new contents and information, and
integrate it into their personal experience, knowledge, and
acting. This flexible interaction enables to anticipate and
imagine the future [17].
During walking the meaning of symbols are related to the
ever changing joint experiences. Our understandings of
symbols and behavior are exchanged. Not only are mean-
ings expressed, but humans become more aware of what
others think of them [8]. Through communication, humans
look at themselves through the perspective of their part-
ners, and take on their role. Mutual expectations have an
effect on communication. When a person is walking, the
location is present as a context for talking. There is one
base of experiencing an understanding reality.
The research points out that concrete experienced cor-
respondence in a group links participants and leads to
grounded knowledge construction and decision making.
Empirical evidence shows that networks between partic-
ipants are strengthened because of the common experi-
ence in concrete situations [14,15,18]. The usual group-,
and decision structures are enlarged and new ones rebuilt
by experiencing movement and living space; and a shared
reality grows avoiding a bargaining of interests. Walk-
ing in concrete situations contributes to the decision pro-
cess in groups because it strengthens the concrete experi-
ence.
Participants form subgroups reflecting the social struc-
ture of the village. Walking breaks up subgroups and aids
interactions among all participants [3]. The emotional cor-
respondence is increasing in these changing subgroups.
After the start of walking the different subgroups reach
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Participatory Planning and GIS, Fig-
ure 1 Correspondence in Movement

Participatory Planning and GIS, Fig-
ure 2 Correspondence in Movement
and Contact in Verbal Expressions

Participatory Planning and GIS,
Figure 3 Correspondence and
Contact in the Whole Group

Participatory Planning and GIS,
Figure 4 Correspondence without
Decision in the Whole Group

Participatory Planning and GIS,
Figure 5 Correspondence with
Decision in the Whole Group

a synchronized moving which is observable [4,5]. In com-
parison with verbal expressions it is ascertainable that at
that time there was mostly no correspondence in verbal
expressions as shown in Fig. 1.
Figure 2 shows the beginning verbal correspondence and
contact in the subgroups.
Figure 3 shows an event from the whole group. The sub-
groups open and experience together a concrete situation,
exchange state, attitudes, and meanings. After this “inter-
vention” the participants keep together, and build new sub-
groups within the whole group relating to the topics they
found together.
Figures 4 and 5 show generalizations of events during the
sitting period within the whole group. An emotional corre-
spondence in nonverbal behavior is observable. Typically

the movements get slower, and participants turn towards
each other. Figure 4 describes the situation when partic-
ipants stay side by side without discussion and without
a decision.
Figure 5 describes the comparison of nonverbal correspon-
dence with verbal expression. Here a person named a deci-
sion and all participants agreed. These decisions are then
realized quickly.
During the sitting phase participants narrate in the first
person. They start “naming” what they experienced and
perceived, and they “name” their joint expectations. The
participants make decisions, recognize jointly tasks, and
assign duties. Small successes advance the process of deci-
sions and acting, and create an identity in the group. This
interaction base is strengthened with every new meeting.
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Participatory Planning and GIS,
Figure 6 Shared Knowledge
Construction

Future Directions

The objective of participative planning processes is to de-
velop a common goal in physical space. To develop a com-
mon goal it is necessary to get knowledge about social and
physical usage of space. Knowledge construction, decision
making, acting, and the bearing of responsibility are imme-
diately connected within the planning steps of the planning
group. The outcome of participative planning processes
should be a special form of collaboration organizing social
and physical usage of space. Therefore a shared knowledge
construction is one important preconception for successful
public participation [24].
Movement together through the space to be planned in-
creases an inter corporal existence of the group. This inter
corporal existence is the basic human experience of rela-
tionship, and contains all information of experiences and
knowledge, and influences feeling, thinking, and acting
patterns. In this inter corporal existence participants can
feel, see, and interpret the actions and intentions of other
participants.
Imagination and understanding emerges from the embod-
ied experiences [25]. Human bodily movement and inter-
action integrate recurring patterns and develop new ones.
It is possible to integrate information and transform it into
knowledge in a mutual experiencing and understanding.
Joint movement bring up joint experiences.
This concept is the backdrop for the assumptions about
understanding, decision making, and knowledge construc-
tion processes among participating persons within a plan-
ning process. They integrate information and transform it
into knowledge in a mutual understanding. Experiencing
actions together leads to a shared knowledge construction.
The knowledge the participants just brought with them,
their constructions, their feeling and thinking patterns,
remain. The concrete experience enlarges the shared
knowledge [14]. The participants have to experience the
concrete outcome of first decisions to strengthen the base

of common action. Structures of social interaction are
opened and renew the base of contact. The participants
experience themselves mutually within every new meet-
ing; they experience the concrete situation, make a com-
mon decision about this situation, and experience the first
outcome of the decision.
Further the participants develop slightly changed roles and
test them in new behaving patterns. This is the pre-condi-
tion: they are able to perceive new contents and informa-
tion, and integrate it into their personal experience, knowl-
edge, and acting. This flexible interaction enables to antic-
ipate and imagine the future, to make decisions, to act, and
to experience the outcome step by step.
How participants get more and more linked is shown in the
next two figures.
Figure 7 shows the usual structure of the whole group.
The subgroups build by the participants relate to the social
structure of the village.
After a meeting and after experiencing concrete situations
participants are better linked [22].

Key Applications

For planning issues GIS should support the context of
knowledge construction of planners and participants to cre-
ate meaning out of collaborative extraction of information,
and to contribute to group decisions that use geospatial
information.
To achieve effective group work with geospatial infor-
mation it is essential to ask how the common experi-
ence of concrete situations can be combined with medi-
ated decision making within a planning context. This sug-
gests 1) that in virtual systems attention must be paid to
the connection of the virtual situation to concrete previ-
ous experience of participants so that they are able to inte-
grate new contents and information into their personal and
shared experience, knowledge, acting, and experiencing of
the outcome of acting, and 2) the interaction among par-
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Participatory Planning and GIS, Figure 7 Initial Group Structure

Participatory Planning and GIS, Figure 8 Connection of subgroups

ticipants in virtual communities should be structured to
achieve changing subgroups for building networks relating
to changing tasks.
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Synonyms

Correlated; Negatively-correlated; Spatial association; Co-
location; Frequent itemset mining

Definition

Complex spatial relationships capture self, positive, neg-
ative and mixed relationships between spatial entities.
These relationships abstract the commonly occurring rela-
tionships in ecology, cosmology and other disciplines
where spatial referencing plays an important role. Table 1
enumerates the different types of complex relationships
using the example of elliptical and spiral galaxy types from
the field of cosmology. More formally, the definition of
complex relationships is predicated on the concept of colo-
cation.

Definitions 1 (Co-location) Two spatial objects are said
to co-locate if the Euclidean distance between the objects
is less than or equal to the user-specified neighborhood
distance d.

Definitions 2 (Positive) A positive relationship in spatial
data is a set of features that co-locate at a ratio greater
than some predefined threshold. In spatial data, the confi-
dence of a positive relationship A→B is given by the frac-
tion of unique Bs that co-occur in a clique containing the
feature A.

Definitions 3 (Negative) A negative relationship in spatial
data is defined as where a feature is absent from a given
co-location at a ratio greater than a predefined threshold.
Negative relationships are often denoted by “−”.

Definitions 4 (Self-Co-location) A feature is defined as
self-co-locating in spatial data if the items representing
that feature co-locate with each other at a ratio greater
than some predefined threshold. A Self-Co-location is
denoted by “+”.

Definitions 5 (Self-Exclusion) A feature is defined as self-
excluding in spatial data if the items representing that fea-
ture co-locate with each other at a ratio less than some
predefined threshold.

Definitions 6 (Complex) A complex relationship in spatial
data is any relationship containing the properties of two or
more of the other relationships.

Historical Background

The study of spatial point processes is a core topic of
research in the spatial statistics community [2,3,6]. The
breakthrough in the data mining community is due to
a series of papers by Shekhar et al. [8] and Huang et al. [4].
The two papers introduced a series of new measures which
made it possible to efficiently discover colocation relation-
ships in large spatial data sets. Furthermore, the measures
introduced were closely related to the cross-K function [2].
This made it possible to mine for spatial relationships as
opposed to test for them, which is the usual practice in
Statistics.

Scientific Fundamentals

The methodology of discovering complex spatial relation-
ships is based on a foundational data mining framework
known as frequent itemset mining. The basic idea is as fol-
lows. Suppose there are n binary variables (also known as
items or features) and the objective is to discover which
elements of the power set of the n variables are correlat-
ed. A brute-force approach is computationally infeasible
because the size of the search space is exponential in the
number of variables. Instead, the elements of the power
set can be examined in a leveled fashion and pruned as
the power set lattice is being examined. The basic insight
(known as the Apriori or anti-monotonic Property) is that
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Patterns, Complex, Table 1 Types of Complex Spatial Relationships [5]

Relationship Notation Description Example

Positive A→ B Presence of B in the neighborhood of A Sa type Spiral Galaxies → Sb type Spiral Galaxies

Negative A→−B Absence of B in the neighborhood of A Elliptic galaxies tend to exclude spiral galaxies. E→−S

Self-Co-location A→ A+ Presence of many instances of the same
feature in a given neighborhood

Elliptic galaxies tend to cluster more strongly. E→ E+

Self-Exclusion A→−A+ Absence of many instances of the same
feature in a given neighborhood

Two or more of the same type of spiral galaxies are rarely
found in the same neighborhood. Sa→−Sa+

Complex A+→−C ,B combination of two or more of the above
relationships

Clusters of elliptic galaxies tend to exclude other types of
galaxies. E+→−S

If a set of variables is not interesting, then neither are its
supersets. This observation can be used to prune the power
set lattice of variables in a computationally efficient man-
ner.
The notion of interestingness is crucial in the frequent
itemset mining framework. For example, the traditional
measure of correlation does not satisfy the Apriori Prop-
erty, but the simple COUNT function (known as the sup-
port) does. Huang et al. [4] have introduced the Maximal
Participation Index (maxPI), which possesses a weak form
of the Apriori Property and can be used to discover rare
but interesting spatial relationships. Later, Arunasalam et
al. [1] have formally and empirically shown how maxPI
can be used to mine for complex spatial relationships. We
briefly elaborate on the maxPI measure.
(Participation ratio) Given a co-location pattern L and
a feature f ∈ L, the participation ratio of f , pr(L, f ), can
be defined as the support of L divided by the support of f .
For example, in Fig. 1, the support of {A, B, C} is 2 and
the support of C is 6, so pr({A,B,C},C)= 2/6.
(Maximal Participation Index) Given a co-location pattern
L, the maximal participation index of L, maxPI(L) can be
defined as the maximal participation ratio of all the fea-

Patterns, Complex, Figure 1 An Example of spatial co-location patterns

tures in L, i. e., maxPI(L)=maxf ∈L{pr(L,f )}. For exam-
ple, in Fig. 1,

maxPI({A, B, C}) = max

(
2

5
,

2

3
,

2

6

)
= 2

3
.

A high maximal participation index indicates that at least
one spatial feature (which we call the maxfeature) strongly
implies the pattern. By using maxPI, rules with low fre-
quency but high confidence can be found, which would
otherwise be pruned by a support threshold.
Maximal participation index is not anti-monotonic with
respect to the pattern containment relations. For example,
in Fig. 1, maxPI({A,C})= 3/5 < maxPI({A,B,C})= 2/3.
Interestingly, the maximal participation index does have
the following weak monotonic property:

If P is a k-co-location pattern, then there exists at most
one (k− 1) subpatterns P’ of P such that maxPI(P′) <
maxPI(P).

Complex relationships are not restricted to mining com-
plex rules. Complex relationships can be used to provide
stronger definitions and more accurate significance testing
for simple relationships. In terms of confidence, the signif-
icance of a rule is given by the extent to which the observed
confidence of a rule differs from the expected confidence
given by a random distribution. Given a set of confident
rules, the significance of these rules will depend on the rel-
ative size of the space from which they were taken. For
example, Munro et al. [5] have shown that

No Clique

i C1, D1

ii C5, D1

iii C5, C6

iv A4, D2, D5

v A5, C3, D3

vi A5, D3, D6

vii A1, B1, C2

viii A2, B2, D4

ix A3, B3, C4

Patterns, Complex, Table 2 Cliques in Fig. 1
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The significance of a confident rule of the form A→B is
independent of the self-co-location/exclusion of A, but is
dependent on the self-co-location/exclusion of B.

Confidence is a measure of conditional probability. The
confidence of A→B is P(B|A). Thus, the probability of
finding instances of B in a clique where A already exists is
measured by the propensity of B’s to appear in the clique.
This is the same if instances of A appear in one (self-colo-
cation) or every clique (exclusion).

Key Applications

Traditional statistical techniques are designed for hypoth-
esis testing: Is the spatial relationship between two fea-
tures significant? In data mining, where large data sets
with a multitude of features are the norm, the question
of hypothesis generation is perhaps also interesting: Find
all multiple combinations of features such that the spatial
relationship between these features is potentially signifi-
cant. Accurate and computationally efficient methods of
discovering spatial relationships will help domain experts
in diverse domains such as anthropology, cosmology, ecol-
ogy, epidemiology, and geophysics. Additionally, many
other disciplines unlock and discover new relationships
and candidate theories in their respective fields.

Future Directions

One of the key computational challenges is to scale spa-
tial collocation algorithms to handle an increasing number
of spatial features. In traditional frequent mining, single
features (items) can be pruned by themselves. However,
because of the need to capture spatial relationships, single
features cannot be pruned on their own. Thus, all pairs of
features have to be initially computed leading to at least
quadratic complexity in the number of features.
Another challenge is to extend the discovery the approach
of mining for complex relationships to a spatio-temporal
setting. As noted in Schabenberger et al. [7], observed
point patterns are a snapshot of evolving patterns. For
example, naturally generating oak trees initially tend to be
clustered, then seem to be randomly distributed and finally
tend to be arranged in a regular pattern as they compete for
more space. Designing data mining techniques which can
capture evolving trends in a spatio-temporal setting pro-
vides an exciting opportunity for future research.
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Synonyms

Evolving spatial patterns; Spatio-temporal association pat-
terns; Spatio-temporal object association

Definition

Spatio-temporal data refer to data that are both spatial
and time-varying in nature, for instance, the data concern-
ing traffic flows on a highway during rush hours. Spa-
tio-temporal data are also being abundantly produced in
many scientific domains. Examples include the datasets in
computational fluid dynamics that describe the evolution-
ary behavior of vortices in fluid flows, and the datasets in
bioinformatics that study the folding pathways of proteins
from an initially string-like 3D structure to their respective
native 3D structure.
One important issue in analyzing spatio-temporal data is to
characterize the spatial relationship among spatial entities
and, more importantly, to define how such a relationship
evolves or changes over time. In the traffic flow example,
one might be interested in identifying and monitoring the
automobiles that are following one another far too close.
Such an issue is often summarized as finding interesting
spatio-temporal patterns.
A spatio-temporal pattern characterizes the spatial rela-
tionship among a collection of spatial entities and the evo-
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Patterns in Spatio-temporal Data, Figure 1
Examples of spatial association patterns. a Star.
b Clique. c Sequence. d minLink=2

lutionary behavior of such a relationship over time. As an
example, Fig. 1 illustrates four types of spatial patterns,
corresponding to four different types of spatial association.
In this figure, each rectangle represents a spatial entity, and
an edge indicates that the two involved entities hold a cer-
tain spatial relationship. For instance, an edge can mean
that the Euclidean distance of the two entities is within
a specified threshold. It can also mean that one entity is
located to the left of the other. Or it can mean both of the
above relations hold between the two entities. Assume that
a collection of spatial entities E = (e0, e1, . . . , ek) formed
a star-like pattern (Fig. 1a) at time t1 and continued in this
fashion until time t2. One can employ a spatio-temporal
pattern in the form of (Star, E, t1, t2) to effectively model
such an evolving process.
Due to the following reasons, spatio-temporal patterns are
often multifaceted. Furthermore, the spatio-temporal char-
acteristics captured by such patterns often vary from appli-
cation to application [6,9,10]:
• Diversity of spatial relationship. For any pair of spatial

entities, there exist a variety of spatial relations between
them, such as directional relation, distance-based rela-
tion, and topological relation. Which of these relations
should be captured in a spatio-temporal pattern is often
specific to individual applications.

• Complexity of temporal relationship. For instance,
there exist 13 possible relations between two time inter-
vals [1]. Again, it is often governed by the applications
to decide what relations should be considered in the
spatio-temporal patterns.

• Representation of spatial entities: points or geometric
objects?

• Varying application-specific requirements. For in-
stance, one application might require one to capture
how the distances between entities change in time,
whereas another application might be interested in
investigating both the distance and relative directional
arrangement between entities.

Note that evolving spatial clusters—collections of spatial
entities that are similar to one another (e. g., entities with-
in the same vicinity)—are another type of spatio-tempo-
ral patterns. The main difference between evolving spatial
clusters and the above-described spatio-temporal patterns
resides in the number of involved spatial entities. A spa-

tial cluster often consists of much more spatial entities
than a spatio-temporal pattern. Additionally, spatio-tempo-
ral patterns are more versatile in the sense that a variety of
spatial and temporal relations can be considered simulta-
neously as needed, whereas spatial clusters are often con-
cerned about only the distance-based relationship among
entities.

Historical Background

The history of spatio-temporal association patterns is
closely related to that of spatial association patterns, since
the former is often derived by incorporating the temporal
dimension into the latter. Spatial association patterns were
first studied by Koperski and Han [4]. This early work
focuses on extracting patterns specified in advance. Fol-
lowing this work, a considerable amount of work was con-
ducted to detect spatial clusters [2]. Such clusters main-
ly captured the spatial proximity among entities. Driv-
en by the widespread location-based services at the turn
of the century, researchers started to take a special inter-
est in identifying spatial patterns that involve a smaller
set of entities within a confined spatial neighborhood [6].
Such patterns were later termed as spatial collocation pat-
terns [3]. For instance, the collocation pattern (weather,
airline schedule, Starbucks coffee shops) captures the phe-
nomenon that the customers at Starbucks coffee shops
tend to request weather information and airline schedules
together through cellular phone. However, the research
work up to this point often simplified spatial entities to
point objects and mainly considered the Euclidean distance
between objects. Recently, several studies were carried out
to overcome such limitations [9]. In these studies, spatial
entities are represented as geometric objects of different
shape and size. In addition, the spatio-temporal patterns
are capable to capture multiple spatial relations (e. g., both
distance-based and directional relation). Consequently, the
term spatial or spatio-temporal object association patterns
were coined to emphasize such facts [10].
Another prominent development of spatio-temporal pat-
terns analysis is that it has found more and more applica-
tions in scientific domains, such as astronomy, meteorol-
ogy, biochemistry, and bioinformatics. This is in contrast
to its earlier application mainly in geographic information
systems.
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Patterns in Spatio-temporal Data, Figure 2
A Generalized Framework for Analyzing Spatio-
temporal Scientific Data

Scientific Fundamentals

The process of identifying spatio-temporal patterns can be
decomposed into three main phases. The first phase is data
preprocessing. Main tasks in this phase include the fol-
lowing: (1) Determine the representation scheme of spatial
entities: points or geometric objects? If it is the latter case,
what geometric properties and domain specific attributes
need to be considered? (2) Concretize the spatio-tempo-
ral patterns: what spatial and temporal relations should the
patterns be modeling? (3) Identify and define the mea-
surements that measure the “interestingness” of a pattern.
For instance, support and prevalence have been proposed
by Yang et al. to characterize the significance of a pat-
tern [10]. The second phase is to efficiently and effective-
ly discover interesting spatio-temporal patterns. One main
challenge is to achieve good scalability and performance
in the presence of a large volume of data, which are often
in the range of gigabytes and even terabytes. Efficient data
structures and optimization strategies are often employed
towards improving scalability and performance. The third
and final phase is to evaluate the identified spatio-temporal
patterns and put them into use. The nature and implemen-
tation of this phase is often application-specific.
In scientific domains, the discovery of spatio-temporal pat-
terns often brings up new challenges. For instance, to dis-
cover spatio-temporal patterns of vortices in fluid flows,
one needs to first detect and extract vortical objects at dif-
ferent time. This task by itself is still under intensive study
currently. Readers are referred to [10] for more details on
a generalized framework for analyzing scientific spatio-
temporal data. This framework is illustrated in Fig. 2.

Key Applications

Spatio-temporal association patterns have been used to
address various issues in many domains. Below is a list
of representative applications from different domains.

Traffic Management

Spatio-temporal association patterns can be used to identi-
fy and predict potential accidents by modeling automobiles
within dangerous distance. Such patterns can also be used
to redirect traffic flows, thereby avoiding potential traffic
jam.

Behavior Tracking in Security Surveillance Systems

Surveillance systems track and record the behavior of
human subjects aiming at identifying suspicious behaviors.
One can use spatio-temporal patterns to model such behav-
iors by associating a person’s movement with objects in the
surrounding area.

Astronomy

In astronomy, spatio-temporal patterns can be used to
capture the evolution of interactions among astronomical
objects in the vicinity by exploring the data accumulated
in the past.

Transmissible Disease Control

To control and predict the spreading rate of transmissi-
ble diseases (e. g., SARS), one critical issue is to have
a clear notion of how people in the infected areas regular-
ly relate to each other and with people in the disease-free
areas. Spatio-temporal association patterns can be applied
to model such people-people interactions.

Computational Molecular Dynamics: Interaction
and Evolution of Defects in Materials

It has been observed that multiple defects in materials
often interact with each other. Such interactions eventually
might lead to undesirable results, such as the amalgama-
tion of small defects and the breakdown of large defects.
Again, such behavior can be modeled and captured by
identifying spatio-temporal association patterns of defects.
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Computation Fluid Dynamics:
Characterizing Vortical Flows

Vortices—swirling regions around a common center—in
vortical flows can often produce undesirable effects, espe-
cially when such vortices interact with one another. For
instance, vortices in the air flows surrounding an airplane
can lead to audible noise and strong vibration. There-
fore, designers often resort to computer simulations to
study vortical flows around a certain model. Here one can
use spatio-temporal patterns to characterize the evolving
behavior of vortices at different locations of the model
under study.

Bioinformatics: Protein Folding Trajectories Analysis

A protein folding trajectory describes the folding path of
a protein from an initially string-like structure to its final
native and often complex structure. Along this path, amino
acids, the building blocks of a protein, interact with one
another. Such interactions often result in a variety of fold-
ing events, such as nucleation and secondary structure
formation. It has been demonstrated that spatio-temporal
association patterns could be applied to address several
issues: (1) summarizing a folding trajectory; (2) detect-
ing and ordering folding events along a trajectory; and
(3) identifying a consensus partial folding pathway across
different trajectories of a protein [11].

Future Directions

Discovering interesting and meaningful spatio-temporal
association patterns is still a relatively new problem.
Below are several potential research focuses related to this
problem: (1) design scalable algorithms that can handle
large volume of spatio-temporal datasets. Candidate solu-
tions include the following: integrating efficient indexing
schemes in the process and developing parallel or dis-
tributed algorithms; (2) implement effective approaches
to incorporate domain-specific knowledge in the pattern
discovering process; (3) utilize visualization techniques to
facilitate an easier verification and a better understanding
of the discovered spatio-temporal patterns; and (4) imple-
ment generalized software systems to discover spatio-tem-
poral patterns similar application domains.
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Phenomenon Spatial Field
� Geosensor Networks, Estimating Continuous
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Photogrammetric Applications
THOMAS LUHMANN

Institute for Applied Photogrammetry
and Geoinformatics, Oldenburg, Germany

Synonyms

Photogrammetry; Application; Aerial; Close range; Data
acquisition; 3D city models

Definition

The numerous application areas for photogrammetry can
be categorized into two major groups: topographic applica-
tions based on aerial and satellite imagery, and close-range
applications.

Historical Background

Photogrammetry was invented between 1850 and 1860
independently by the French Laussedat and the German

Meydenbauer. Aerial photogrammetry became a focus
with the development of aircraft and fast film material. It
was further developed by the coming of color film and,
in the second half of the twentieth century, by satellite
imaging systems. The photogrammetric industry devel-
oped analog optical and mechanical stereo plotting devices
and image rectifiers to meet the practical demands. Since
the 1960s, computer-based analytical processing meth-
ods have been used intensively. Consequently, digital pho-
togrammetry became state of the art in the 1990s, when
digital imagery and digital imaging devices came into use.
In close-range photogrammetry, the main fields of appli-
cation were addressing architecture and cultural heritage,
accompanied by a variety of very specialist applications
and solutions. With the development of self-calibrating
bundle adjustment programs around 1980, industrial pho-
togrammetry was strongly used mainly for large scale
metrology, e. g., for antennae or in the aerospace indus-
try. Again, the development of high-resolution digital cam-
eras pushed the technique further ahead. Nowadays, pho-
togrammetry is an accepted and widely used tool in many
industrial, medical, and engineering tasks.

Scientific Fundamentals

Please refer to the entries on Mathematical Concepts
of Photogrammetry, Photogrammetric Products, and Pho-
togrammetric Sensors.

Key Applications

Aerial Applications

Applications in aerial photogrammetry can be character-
ized by often similar imaging configurations, i. e., equal
or similar cameras, nadir imagery, large imaging distances
(flying height) and image scales usually between 1:2,000
and 1:30,000. The most important products of aerial pho-
togrammetry are orthophotos, 3-D terrain and city models,
and vector data usually used as input for geographic infor-
mation systems (GIS).
The following examples show a small spectrum of the
applications in aerial photogrammetry.

GIS Data Acquisition Photogrammetric data generation
for GIS purposes is the most important application of aeri-
al photogrammetry. An example of photogrammetric data
acquisition and modeling for a GIS application is shown in
Fig. 1. The task was the extraction of data about the harbor
of the German town Emden in order to provide 2-D and
3-D information for an internet-based information system.
Besides aerial photographs, additional data sources such
as cadastral maps, sonar depth measurements and terrestri-
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Photogrammetric Applications, Figure 1 Photogrammetric data extraction and modeling for a harbor information system. a Superimposition of
geographic information systems (GIS) data and aerial image. b 3-D depth model of port basin

Photogrammetric Applications, Figure 2 Examples of 3-D city models from Los Angeles and Salzburg (CyberCity)

al images have been used. Photogrammetric data compila-
tion is performed using a digital stereo workstation.

3-D City Models Aerial images are the most important
data source for measuring 3-D city models. Image infor-
mation is used to extract 3-D points and topological infor-
mation (wire frame models). In addition, the operator can
identify different types of buildings and other objects in
order to classify the scene in terms of database attributes.
3-D city models are increasingly used for touristic purpos-
es, urban planning, real estate management and emission
monitoring and prediction. Figure 2 shows examples of
city models that have been extracted from aerial imagery
interactively. The facades of the buildings can be textured
from terrestrial images. For visualization of the resulting

huge amount of data, specialized visualization software
and data structures are employed.

Flood Monitoring Monitoring of rivers is becoming
increasingly important for environmental protection and
flood disaster management. Aerial or high-resolution satel-
lite imagery give fast access to regional terrain and flood
information, often in combination with additional GIS data
such as terrain models and water resources. As an exam-
ple, heavy floods have repeatedly affected the German
river Elbe region. Precise and up-to-date maps are there-
fore indispensable for the prediction of water levels and
streams, but also for disaster management and rebuilding.
Figure 3 shows an aerial image of the Elbe river from
August 2003 taken by a digital aerial camera ZI DMC.
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Photogrammetric Applications, Figure 3 Original image (a) and reconstructed groyne (b) (BfG Koblenz, EFTAS Münster)

Photogrammetric Applications, Figure 4 Original images (a–i) and resulting orthophoto mosaic (j)(IAPG Oldenburg)

These images have been used to measure digital terrain
models of the river banks in order to complement airborne
laser-scanning data which was acquired during high water.
As an example, Fig. 3 right shows a 3-D model of a groyne
as part of a larger terrain model that has been reconstructed
from imagery.

Close-Range Applications

In contrast to aerial photogrammetry, the application areas
in close-range photogrammetry are much broader. The
most common applications address architecture and cultur-
al heritage, industrial production control and quality assur-
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Photogrammetric Applications, Figure 5 Original image (a), 3-D point cloud (b) and example visualization (c) (Riegl)

Photogrammetric Applications, Figure 6 Accident scene recording and photogrammetric processing (Photometrix)

ance, medicine, forensic and scientific applications. Imag-
ing systems range from simple video to high-resolution
digital cameras, from panoramic to high-speed cameras.
Cameras are configured as single cameras or as multicam-
era setups. Imaging systems for the close range are often
not designed as highly stable metric cameras, and hence
they often must be calibrated either at shorter time inter-

vals, or simultaneously with bundle adjustment for object
reconstruction. The hybrid combination of cameras with
other sensors, e. g., terrestrial laser scanners, is of increas-
ing interest.
Close-range systems can be categorized into online and
offline systems. Online systems generate 3-D data within
a continuous data flow directly on the object site, e. g., for
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Photogrammetric Applications, Figure 7 a–c High-speed image sequence processing for dynamic deformation analysis

Photogrammetric Applications, Figure 8 Stereo navigation system (a) and hand-held probe (b)

the navigation of tools in medical applications, or for the
control of machines and robots in industry. In offline sys-
tems, image acquisition is often separated from image pro-
cessing and object reconstruction. Hence, both parts can be
performed in different locations, at different times and by
different people. Products of close-range photogrammetry
range from simple 3-D coordinates to process parameters,
from free-form surface models to animated 3-D objects in
static or dynamic environments.
The following examples cover four major application
areas of close range photogrammetry, namely architec-
ture, forensic analysis, industry, and medicine. Additional
examples are given in [1,2,3,4,5,6,7].

Visualization of Architectural Objects Recording and
visualization of buildings, archaeological sites or cultur-
al heritage objects is one of the traditional photogram-
metric applications. Besides 2-D drawings and plans, an

increasing demand on rectified orthoimagery and 3-D
models can be observed. Figure 4 shows a high-resolu-
tion image mosaic that consists of nine digital images with
4,000 × 4,000 pixels each.
Through a combination of close-range photogrammetry
and terrestrial 3-D laser scanning it is possible to measure
the complex surface shapes that exist in diverse forms for
buildings, industrial process plants, archaeological exca-
vations and sculptures. The example in Fig. 5 shows the
Frauenkirche in Dresden, recorded by digital images, as
well as airborne and terrestrial laser scans from multiple
survey stations. The end result is a realistic, textured 3-D
model of the church created by 3-D monoplotting.

Accident Recording Recording of traffic accidents is
often characterized by difficult imaging configurations
such as weak intersections of image rays or complex
object scenes. The desired use of consumer digital cameras
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requires powerful and robust image calibration and orien-
tation. Figure 6 shows an example of an accident scene and
a subsequent scene reconstruction processed by the iWit-
ness (Photometrix) software package.

Dynamic Surface Reconstruction Figure 7 shows the
results of a dynamic deformation analysis of a car body
part. The scene has been recorded by two high-speed cam-
eras with a frame rate of 1,000 Hz. The object surface
has been prepared by an artificial pattern in order to pro-
vide sufficient image texture for matching. In each epoch
the surface is reconstructed by stereocorrelation following
physical surface points through the image sequence.

Medical 3-D Navigation Figure 8 displays a stereo-
camera system based on two video cameras (AXIOS 3D
Services) that is used in medical applications for the mea-
surement of the body and navigation of tools for comput-
er assisted surgery. Usually this kind of system guides the
surgeon for precise handling of surgical tools with respect
to other tools, or part of the human body. The typical accu-
racy ranges from 3 mm down to 0.3 mm in a 1 m3 mea-
surement volume.

Future Directions

Photogrammetry serves as a flexible measurement tool in
many different application fields. For both major areas,
namely geotechnology and close-range applications, sig-
nificant market growing rates of 15% per year and more
have been predicted. It is therefore obvious that pho-
togrammetry and 3-D image processing are fundamen-
tal upcoming technologies for a broad variety of applica-
tions.

Cross References

� Photogrammetric Products
� Photogrammetric Sensors
� Visualizing Constraint Data
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Photogrammetric Methods1
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Synonyms

Camera model; Sensor orientation; Object reconstruc-
tion; Methods of photogrammetry; Single image; Image
pair; Image triplet; Multiple-image bundle block; Bundle
adjustment; Central projection; Central perspective; Fun-
damental matrix

Definition

The classical task of photogrammetry is the recovery of
information from images of a scene [1]. This entry math-
ematically describes the geometry of single-perspective
images, image pairs, image triplets, and blocks of sever-
al images. The notion “image” is very broad. Most wide-
ly used are images of frame cameras, i. e., the image is
a 2D mapping from 3D object to 2D image space where the
entire frame is exposed simultaneously through a lens. It is
assumed that a unique projection center exists, so that the
light rays between object and image points pass through
a single point. In some cases, in particular when generating
2D images with a sweeping line camera, a unique projec-
tion center for the whole image does not exist. However, in
all cases one assumes that one is able to determine a pro-
jection ray for a measurable image point in order to infer
3D information in object space from 2D measurements.

1This entry summarizes contents from the Manual of Photogram-
metry [5]

http://www.commission5.isprs.org/
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Photogrammetric Methods, Figure 1 Mapping
with a digital camera, object coordinate system
[X , Y , Z ], projection center O, camera coordinate
system [cX , cY , cZ ], image or sensor coordinate
system [gx ′, gy ′], principal point H , object point P ,
image point P ′ [5]

Historical Background

In 1492 Leonardo da Vinci graphically demonstrated opti-
cal projection. Albrecht Dürer constructed mechanical
devices to do perspective drawings of natural and stu-
dio scenes. In his classical treatise The Free Perspective,
Henry Lambert dealt with the concept of inverse central
perspective and space resection of conjugate image rays.
It contained the geometric fundamentals of the process
that 100 years later was named photogrammetry. With
prophetic insight Guido Schreiber had rendered a treatise
in 1829 on The Process and Formulae for Air Topograph-
ic Equations and Determination of the Camera Station,
envisioning the time when Earth’s image would be pro-
duced from a bird’s-eye view. In 1849 Aimé Laussedat,
an officer in the Engineering Corps of the French Army,
embarked upon a determined effort to prove that photog-
raphy could be used with advantage in the preparation of
topographic maps. His work in this field was so complete
that the principles demonstrated by practical applications
are still in use. Not much later Ernst Abbe, cofounder of
the Zeiss Works, placed the design of optical elements
and their combination on a rigorous mathematical basis.
In 1893, Albrecht Meydenbauer published a paper on the
new method of photographic surveying in which the first
use of the word photogrammetry appears. By the end of
the 1930s, the semicomputational processes of the early
days had fully been replaced by the optomechanical pro-
cess of orienting stereo imagery to form a stereo model.
This situation should change again with the advent of com-
puters. After World War II, Hellmut Schmid developed the
principles of multistation analytical photogrammetry. He
rigorously applied the least-squares method to the simul-
taneous orientation of any number of photographs with
a complete study of error propagation. In the 1960s there
was considerable activity in developing and implement-
ing practical adjustment algorithms for aerotriangulation,
e. g., Duane Brown came up with an elegant and general
treatment of least-squares adjustment and error propaga-

tion leading to computer programs, e. g., for extraterrestri-
al missions like Apollo. In the 1990s concepts of algebra-
ic projective geometry were used to derive general direct
solutions for photogrammetric problems advantageous in
the automation of image analysis using uncalibrated low-
cost cameras.

Scientific Fundamentals

In the following, a geometric model of the projection of
points into the image generated by a real camera is for-
mulated. It allows the projection process to be invert-
ed to infer the spatial direction to 3D points from their
observed images, and to use this to determine the spatial
position of the camera and the 3D position of the observed
points [2,3].
For modeling the projection, points are represented in three
coordinate systems (Fig. 1): the object coordinate system
So with object coordinates x= (X, Y , Z)t, the camera coor-
dinate system Sc with camera coordinates cx= (cX, cY ,
cZ)t, and the sensor coordinate system Sg with image coor-
dinates gx′ = (gx′, gy′)t. It is assumed that all coordinate
systems are Euclidean and right handed.
The exterior orientation transforms the coordinates xP of
a point P from the object coordinate system So into the
camera system Sc. This can be achieved in two steps by
a translation of the object coordinate system So into the
projection center O, and a rotation of the coordinate sys-
tem So into the system Sc. The rotation matrix R can be
represented by three independent parameters. In Euclidean
coordinates:

cxP = R(xP − xO) . (1)

Often, camera models are formulated using homogeneous
coordinates. Homogeneous coordinates e of an entity are
invariant with respect to multiplication by a scalar λ �= 0,
thus that e and λ e represent the same entity. For instance,
a 3D point with Euclidean coordinates x= (X, Y , Z)t has



862 Photogrammetric Methods

homogeneous coordinates x= (U, V, W , T)t which are
related by:

x =
[

x
1

]
=

⎡
⎢⎢⎣

U
V
W
T

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

XT
YT
ZT
T

⎤
⎥⎥⎦ .

In homogeneous coordinates (1) reads:

cxP =
[ cxP

1

]
=

[
R 0
0t 1

] [
I −x0
0t 1

] [
xP

1

]

=
[

R −Rx0
0t 1

] [
xP

1

]
=c MxP .

(2)

When mapping with an ideal central perspective camera
having a distortion-free lens and a planar sensor area, the
Euclidean sensor coordinate system Sg is centered at the
point on the image plane closest to the projection center,
i. e., at the principal point, and the axes of this system are
parallel to the axes of the camera coordinate system Sc.
Then the homogeneous coordinates of an image point are:

cx′
P
=

⎡
⎢⎣

cu′
P

cv′
P

ct′
P

⎤
⎥⎦

=
⎡

⎣
c 0 0 0
0 c 0 0
0 0 1 0

⎤

⎦

⎡
⎢⎢⎣

cXP
cYP
cZP

1

⎤
⎥⎥⎦ =c Pc

cxP .

The 3 × 4 matrix cPc performs the projection from the
object point P given in the camera coordinate system into
the point P′ in an ideal sensor coordinate system. For the
ideal camera cPc contains only one parameter defining its
interior orientation, namely its principal distance c.
Using (1) and (2), the composed mapping from object
space to image space with an ideal camera is expressed
as:

cx′ =c Px =c Pc
cMx

=
⎡

⎣
c 0 0 0
0 c 0 0
0 0 1 0

⎤

⎦
[

R −RxO

0t 1

]
x .

Introducing a calibration matrix:

cK =
⎡

⎣
c 0 0
0 c 0
0 0 1

⎤

⎦

the projection reads

cx′ =c KR [I |−xO ] x

The Euclidean coordinates of the image point are given by
the so-called collinearity equations:

cx′ = c
r11(X − XO)+ r12(Y − YO)+ r13(Z − ZO)

r31(X − XO)+ r32(Y − YO)+ r33(Z − ZO)

cy′ = c
r21(X − XO)+ r22(Y − YO)+ r23(Z − ZO)

r31(X − XO)+ r32(Y − YO)+ r33(Z − ZO)

derived by dividing through the third component.
In order to model a real camera the projection model is
extended in two steps:
• All terms which guarantee the projection to be straight-

line-preserving are added.
• Then additional terms allowing the modeling of gener-

al cameras still having a unique projection center are
introduced [4].

Note that the ideal point P′ is assumed to be identical to the
measurable point P′ observed in a skew coordinate system
being related to the ideal coordinate system by an affine
transformation. The parameters of this transformation are
the translation of the coordinate system into the principal
point

(
x′H, y′H

)t of the sensor coordinate system Sg, the
correction of the scale of the y′ coordinates with respect to
the x′ coordinates by the factor 1 + m, and the shear of the
cy′ axis s = tan(α), where α is the shear angle. Including
this transformation into the calibration matrix results in:

K = Hc
cK =

⎡

⎣
c cs x′H
0 c(1 + m) y′H
0 0 1

.

⎤

⎦

The final projection then reads as:

x′ = Px (3)

with the homogeneous projection matrix:

P = KR [I |−xO ]

which contains 11 parameters, namely the 5 parameters of
the interior orientation in matrix K and the 6 parameters of
the exterior orientation.
The mapping Eq. 3 with the elements pij of P is explicitly
given as:

x′ = p11X + p12Y + p13Z + p14

p31X + p32Y + p33Z + p34

y′ = p21X + p22Y + p23Z + p24

p31X + p32Y + p33Z + p34
.

It is called the direct linear transformation (DLT) [5], as
it directly relates the Euclidean coordinates of the object
points and measurable sensor coordinates of the image
points of a straight-line-preserving camera.
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Photogrammetric Methods, Figure 2 Geometry of an image pair [1]

In the above-mentioned second step an additional homo-
graphy-like transformation depending on the local position
cx′ in the image and additional parameters q is introduced:

gx′ =g H(cx′)x′

resulting in general image coordinates gx′ and using

gH(cx′) =
⎡

⎣
1 0 �x′(cx′, q)
0 1 �y′(cx′, q)
0 0 1

⎤

⎦

where the terms �x′(cx′, q) and �y′(cx′, q) are local cor-
rections depending on q usually defining polynomials.
Then real cameras showing distortions that do not preserve
straight lines, most notably radial distortions of the lens
system, can also be modeled.
The three dimensional object structure can be inferred
from two images taken from two different places. For this
purpose corresponding points P′

i and P′′
i in the two images

are measured. For a perfect orientation of the cameras the
two corresponding rays P′O′ and P′′O′′ from the image
points through the projection centers would intersect in the
object point P. This is the so-called coplanarity constraint,
since the corresponding rays of an oriented image pair are
coplanar (Fig. 2).
An explicit expression for the coplanarity constraint for the
relative orientation of two cameras is given by

x′t Fx′′ = 0 . (4)

For a derivation from the projections of the two cameras
according to Eq. 3 see [1]. The 3 × 3 fundamental matrix F

is determined by seven independent parameters, as it is
homogeneous and singular. Therefore, only seven corre-
sponding points are necessary to determine its elements.
The point P′′ in the second image corresponding with
a point P′ in the first image is located on a straight line.
This line, called the epipolar line, is very helpful when
searching for corresponding so-called homologous points.
The underlying geometry is the epipolar geometry (Fig. 3).
The epipolar plane ε (P) defined by the projection cen-
ters O′ and O′′ and the object point P intersects the image
planes ε′ and ε′′ at the epipolar lines l′(P) and l′′(P). The
epipolar lines of all object points intersect at the epipoles
E′ and E′′. These entities can be determined using the pro-
jection matrices or the fundamental matrix. Most impor-
tantly, due to the coplanarity constraint and the incidence
of image points and epipolar lines x′t l′ = 0 and x′′t l′′ = 0,
the epipolar lines are given by

l′ = Fx′′ l′′ = Ftx′ .

The relative orientation of three images gives constraints
on all image coordinates involved. As the previous treat-
ment of epipolar geometry shows, this is not the case for
the image pair which only gives constraints in one direc-
tion. Therefore, it is useful to investigate the geometry of
the image triplet expressed by the so-called trifocal ten-
sor. It can be used to predict points and lines given in two
images in the third one. The prediction of a line l′ in the
first image from given lines l′′ and l′′′ in the other images
can be obtained from

l′ =
⎡

⎣
l′′tT1l′′′
l′′tT2l′′′
l′′tT3l′′′

⎤

⎦ (5)

where Ti are the three 3 × 3 trifocal matrices stacked in the
trifocal tensor T. In simplified notation, (5) is expressed
as [6,7]

l′ = T(l′′, l′′′) .

Similarly, points can be predicted.
There exist relations between projection matrices, funda-
mental matrices and trifocal tensors. Owing to spatial lim-
itations these derivations are not given here.
The three-dimensional position of object points can be
determined by intersecting the rays defined by their image
points and the corresponding projection centers. This is
called photogrammetric triangulation and frequently based
on multiple images. As the imaging rays of a camera form
a bundle and the images overlappingly cover the object
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Photogrammetric Methods,
Figure 3 Elements of the
epipolar geometry: epipolar plane
ε(P ) through O′O′′P , with the
epipoles E ′ and E ′′ as images
of the other projection center (O′
or O′′), the epipolar lines l ′(P )
and l ′′(P ) which are the intersec-
tions of the epipolar plane ε(P )
and the image planes ε′ and ε′′.
The epipolar planes build a pen-
cil of planes with the base line
b′ = O′O′′ as axis, e. g., induced
by a different point R. There-
fore the epipolar lines also build
a pencil of lines with the epipoles
as carrier. Observe, P ′ does not
allow inference of where P sits
on the projecting line. Point Q,
also mapping to P ′, however, has
a different image Q′′ inducing the
epipolar line l ′′(P )= (E ′′Q′′P ′′) in
the other image [1]

space, this process is also called bundle block triangula-
tion. It is usually formulated as a least-squares adjustment
problem often termed bundle adjustment with, e. g., image
coordinates and object space coordinates of control points
as observations, and orientation parameters of the cameras
and object space coordinates as unknowns. For instance,
the collinearity equations, (3), could serve as observation
equations in a Gauss–Markov adjustment model.

Key Applications

Photogrammetric 3D reconstructions are applied in various
application such as acquisition of geoinformation, topo-
graphic mapping and terrain model generation using air-
borne imagery, and all kinds of close-range 3D reconstruc-
tions, e. g., in architecture, archeology, and engineering, as
well as many applications in computer vision.

Future Directions

Recent developments include mathematical modeling and
application of nonpinhole and uncalibrated cameras in
real-time environments requiring direct (explicit) solutions
for unknown parameters.

Cross References

� Data Acquisition, Automation
� Laser Scanning
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Synonyms

Map data; Cartographic data; Ortho-image; DEM; Digital
elevation model; Elevation reference surface (datum); Dig-
ital surface model; TIN; Triangulated irregular network;
Georectified; Ortho-mosaic; Oblique images; Root-mean-
square error; RMS error; National map accuracy standard;
3D models; Photo-textured
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Definition

A photogrammetric product is a representation of aspects
of a scene derived from imagery of the scene. The rep-
resentation may be geometric and include point coordi-
nates, object geometry or measurements, or other attributes
derivable from image geometry. In some cases, qualitative
object properties may be added onto the basic geometric
data.

Historical Background

Traditionally, photogrammetric products meant hardcopy
maps depicting elevation as contours and features as lines.
With the advent of digital softcopy photogrammetry for
production and the widespread adoption of GIS to utilize
cartographic data, emphasis has shifted almost exclusively
to products in digital form. The increasing availability of
digital imaging sensors has accelerated this trend. Indeed,
the most rapidly growing types of photogrammetric prod-
ucts involve digital imagery, geo-located and processed for
various GIS and consumer applications and delivered over
the Internet.

Scientific Fundamentals

The basis of a GIS is its geospatial information; pho-
togrammetry is unique in its ability to provide accurate
spatial data with high information content over wide areas.
The orthoimage is a prime example; when used as a GIS
base map, it provides a foundation for positional informa-
tion as well as context for the display and interpretation of
other data.

Elevation Products

Elevation products [1] represent the elevation of the earth’s
surface. Both raster and triangulated irregular network
(TIN) representations are used, with the choice depending
on the particular application.
Raster representations [1,2] are the most common, since
they can be displayed and manipulated using standard
image processing software and hardware. DEMs can be
defined relative to any coordinate system, either projected
coordinate systems such as UTM or directly in latitude-
longitude. DEMs are described by their resolution or post
spacing, the distance between adjacent elevation samples.
For instance, USGS DEMs are usually described as 30-
meter or 10-meter DEMs (for those in UTM), while NGA
Digital Terrain Elevation Data (DTED) comes with 3-arc-
second or 1-arc-second (latitude-longitude) post spacings.
European DEM products include, from the UK, Land-
Form PROFILE® Plus (2 m grid, 0.5 m RMSE for urban
and flood plain areas up to 10 m grid with 2.5 m RMSE

Photogrammetric Products, Figure 1 a Elevation raster, shown in hill-
shaded form. b TIN version of the raster

for mountain and moorland areas), from Germany, ATKIS
DGM5 or DGM 25 with 5 m (not available everywhere) or
25 m grid spacing, and from France, BD ALTI® with 50 m
grid spacing.
Another important property of DEM products is the eleva-
tion reference surface, or datum. DEMs in the past were
referenced to local height datums relative to sea level,
but today are usually referenced either to a global geoid
model (e. g., GEOID99) or to a reference ellipsoid (e. g.,
WGS84).
TIN representations [1,3] consist of a set of irregularly-
distributed points connected by edges to form a surface
consisting of connected triangles. TINs are typically more
efficient than rasters in terms of the storage space required
for an equivalent level of detail or accuracy, since more
points can be concentrated in complex areas and fewer
points used in flat areas, although three coordinates must
be stored for a TIN point versus only the Z coordinate
for raster representations. TIN points can be placed at the
edges of breaks or in the bottoms of depressions in the ter-
rain, whereas a raster’s fixed sampling interval may not
capture such terrain detail. In some cases rasters are aug-
mented by breaklines which depict abrupt changes in sur-
face slope.
TINs are more complicated to display than rasters since
3D graphics are required instead of simple raster displays.
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TINs work well for graphics and simulation applications
since current graphics cards are highly optimized to deal
with sets of triangles. Exploitation is also more complicat-
ed, since determining the elevation at a given X,Y coor-
dinate requires first identifying the triangular face of the
TIN containing it, then interpolating the elevation from the
three vertices of the face.
Contours (lines of equal elevation) [1,3,4] were formerly
the standard elevation representation, due to ease of visu-
al interpretation and their suitability for photogrammet-
ric extraction. However, they are now secondary products
derived from rasters or TINs as required.
Most elevation models depict the earth’s surface as it
would appear without buildings or vegetation and are
referred to as digital elevation models (DEM) or digi-
tal terrain models (DTM). Constructing a DEM requires
manual interpretation of the scene to remove non-terrain
objects and to estimate the terrain elevation. Current auto-
mated processes such as automated stereo correlation or
3D sensors such as LiDAR or IFSAR represent the first
(reflective) surface, containing buildings and the tops of
trees or vegetation. These are referred to as digital surface
models (DSM) and may be used for orthoimage produc-
tion. Automated editing methods are somewhat successful
in reducing DSMs to DEMs, but some manual editing is
still required.
The majority of DEMs are currently produced by pho-
togrammetric methods, although 3D sensors such as
LiDAR are being rapidly adopted. To produce a DEM, the
operator views the scene in stereo and places a 3D mea-
suring dot superimposed on the model on the ground at the
desired post spacing. Alternatively, the operator may cap-
ture 3D points at representative locations on the terrain and
thereby generate a TIN from which a DEM can be inter-
polated if required. Automated stereo methods replace the
operator by performing the stereo matching using image
correlation techniques.
DEMs may be distributed in image formats, such as geo-
tiff, or in special data formats such as USGS DEM or NGA
DTED. DEM specifications typically specify the Z RMS
error against some number of independently measured ele-
vation points. Common DEM errors include noise spikes
or pits due to measurement or processing errors. There
may also be systematic offsets due to operator biases or
caused by automated processes measuring the tops of veg-
etation instead of the ground surface.

Image Products Before an image can be used in a GIS,
there must be some means to relate the locations of objects
within the image to their locations in the world. This
geometric relationship between a pixel in the image and
a point on the ground is embodied in the sensor model,

Photogrammetric Products, Figure 2 Determination of the 3D position
of a point by the intersection of rays from two images or by the intersection
of a ray from either image with a DEM

sometimes referred to as the image metadata. The sensor
model includes:
• the location of the perspective center of the sensor in

world coordinates and the angular orientation of the
camera with respect to the world coordinate system.
This is sometimes referred to as the exterior orienta-
tion, since it places the sensor within an exterior refer-
ence system. For non-frame sensors, these parameters
may be expressed as functions of time to model the path
of the aircraft or the orbit of the satellite carrying the
sensor.

• the interior orientation, the geometric parameters of the
sensor itself. This includes the principal distance (the
focal length for images at infinity) and the specification
of origin, orientation, and scale of the image coordinate
system.

• a set of equations, based on the principles of perspec-
tive geometry and using the parameters of exterior and
interior orientation, which relates a point in the image
to a point in the world.

Given the sensor model, one can model the path of a ray
of light from a point in the world through the perspective
center of the sensor and onto the imaging plane to calcu-
late its image coordinates; alternatively, one can use the
sensor model and the image coordinates to calculate the
ray in space passing through the object in the world. Note
that a single image can specify only the direction in space
to an object: to calculate the 3D position of an object we
must intersect rays from two or more sensors or else have
external knowledge of the scene geometry, such as a digi-
tal elevation model, and intersect the ray with that surface
to determine a 3D position.
Very few GIS include the capability to deal with the variety
of sensor model types currently in use. Additionally, per-
spective effects present in unprocessed images make their
combination with other types of data problematic. There-
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Photogrammetric Products, Figure 3 Orthographic and perspective
projections, showing relief displacement due to the height of the object

fore, images are usually processed to transform them into
a more easily exploited form, both in terms of appearance
and sensor model.
Rectified or geo-rectified imagery [2] is produced by
reprojecting the image to a reference surface. Rectified
frame photos were widely used in the past, since the
film could be transformed into an equivalent vertical pho-
tograph using an analog rectifier. Digitally geo-rectified
images are reprojected to a reference plane or, in the case
of satellite imagery, the ellipsoid surface. This removes
perspective effects, but does not correct for displacements
due to differing elevations across the scene.
Orthorectified images (orthoimages) [2,4] are produced
by transforming the original image into an orthograph-
ic projection. In an orthographic projection the projec-
tion direction is perpendicular to the datum plane, as in
a map (Fig. 3), whereas in a perspective image objects
above the datum plane are displaced proportional to their
height (relief displacement). Since objects in an ortho-
graphic projection are shown at their true map locations,
orthoimages are often used as base layers in GIS databas-
es. Common examples of orthoimage products include the
U.S. Geological Survey’s Digital Ortho Quads, the UK
Ordnance Survey Mastermap® Imagery Layer (0.25 m),
the German ATKIS DOP (0.1–0.4 m), and the French BD
Ortho® (0.5 m). One of the most visible current applica-
tions of orthoimagery is as a base for systems such as
Google Earth, Microsoft Virtual Earth, and NASA World-
Wind.
Orthoimage production requires the 3D coordinates of
each point in the image, usually obtained by intersect-
ing the image rays with a DEM of the scene. For each
X,Y pixel location in the final orthoimage, the elevation
is determined from the DEM and the coordinates are pro-
jected into the perspective image. The intensity value at

that point in the orthoimage is then set to that of the per-
spective image. If multiple input images are available, the
orthoimage intensity value can be determined as a combi-
nation of the various input images.
However, a digital elevation model contains the elevations
of the terrain surface and not the elevations of structures on
the terrain. Buildings in the scene will therefore appear to
lean in the orthoimage (Fig. 4), due to the image perspec-
tive. Sometimes a digital surface model (DSM) is used,
which contains the elevations of the terrain and objects on
it. A DSM may be produced by photogrammetric methods
or by direct 3D sensors such as LiDAR or IFSAR. Alterna-
tively, 3D building models may be manually extracted and
used in conjunction with the DEM to allow building roofs
to be projected into their correct positions and occluded
areas to be identified. Orthoimages produced in this man-
ner are often referred to as true orthoimages. If multiple
images are available, the area occluded by the building can
be filled in from other viewpoints. To eliminate building
shadows from the final image, shadows can be detected
by comparing intensities among the images, or the shadow
geometry may be predicted from the sun angle.
Most orthoimages are actually orthomosaics [2] produced
from multiple images, permitting the coverage of large
areas and the selection of the best image for any particular
point. The images must be carefully blended for radiom-
etry and color balance and the seam boundary between
images must be carefully drawn to make it invisible.
Orthoimages are not suitable for all applications, since
they show only building roofs and outlines which are hard
to recognize from street level. Oblique aerial views (Fig. 5)
show building facades and make building recognition and
the determination of characteristics such as the number of
floors much easier. Several companies now offer oblique
aerial imagery covering sites from different angles, along
with the associated sensor models and tools to enable their
exploitation. The tools are designed to work either as plu-
gins to GIS or to interoperate with GIS tools and allow
measurements and positioning from the imagery. The posi-
tioning accuracy is typically limited by the precision of the
navigation information.
Oriented image stereopairs may also be supplied, with
their associated metadata, allowing exploitation within
GIS using photogrammetric software designed to work
within GIS packages. Several commercial satellite com-
panies supply such stereopairs and support data, ready for
exploitation by mapping companies. This is less common
for aerial photography, since few users are equipped to do
stereo extraction.
Distributing oriented imagery requires that the exploitation
software implement the appropriate sensor model. Given
the wide variety of sensor types currently in use, both aeri-
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Photogrammetric Products, Figure 4 Apparent building lean in an orthomosaic, particularly evident at the mosaic seams. Notice that features at
ground level are aligned

al and satellite, this poses a major implementation, veri-
fication, and maintenance burden. For this reason, there
has been much work on “generic” or “replacement” sen-
sor models, where the geometry of the sensor is modeled
by a set of polynomials derived from the original physical
model by the supplier of the imagery. Exploitation systems
then only have to support the common polynomial model.
Image products may be produced in proprietary formats,
but nearly all are available in standard formats. Orthoim-
ages are widely distributed in geotiff format, which is
based on the popular tiff image format and includes head-
er tags which contain the coordinate and projection infor-
mation. A newer standard is the JPEG2000 format, which
uses the JPEG2000 image compression format along with
header tags for geopositioning information. The US Dept.
of Defense has defined the National Image Transmis-
sion Format (NITF), which allows for the inclusion of
multiple images and their associated metadata as well as
graphic overlay and text information within the same file
structure.

Image product specifications have two main aspects, radio-
metric and geometric. Radiometric specifications are con-
cerned with the appearance and interpretability of the
image product. Good contrast and brightness are crucial;
both qualities refer to the distribution of pixel values across
the image histogram. Panchromatic (gray scale) images
most often have 8 bits per pixel, meaning that they can
represent 256 shades of gray. An image with good contrast
will distribute the pixel values across nearly all 256 pos-
sible values, maximizing the visual information content.
An image with good brightness level will have the values
peaking near the middle of the histogram, instead of con-
centrating at one end or the other. Many digital sensors
now collect data with 11 or 12 bits of radiometric resolu-
tion. This greater range must be mapped into the typical
8 bit display while preserving both fine detail and overall
structure and contrast.
The color balance of the image is also important, both its
relationship to the original colors in the scene (assuming
that it is a true color image, as opposed to a false-color or
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Photogrammetric Products, Figure 5 Oblique aerial image, supplied
with exterior orientation parameters to allow measurement and positioning.
Courtesy of Pictometry, Inc

infrared image) and its appearance on the computer mon-
itor. Tasks requiring precise image interpretation based on
color require the calibration of the monitor to color stan-
dards as well as correction for the color response of the
sensor.
Improvements in digital sensors have greatly reduced the
occurrence of image artifacts such as streaks or blooming
due to overexposure, but there may still be issues related to
the acquisition, such as haze, cloud cover, or bright spots
resulting from the relative alignment of the sun and sensor.
The geometric accuracy of an image product is speci-
fied in terms of the error computed by comparing iden-
tifiable image points with independent coordinate mea-
surements. These measurements will be in X and Y for
orthoimage products, or in all three coordinates for ori-
ented stereopairs. The accuracy is typically specified in
terms of the root-mean-square (RMS) error over a given
number of well-distributed check points. For instance, the
USGS specification for Digital Ortho Quads requires that

they meet National Map Accuracy Standards at 1:24,000
scale: 90 percent of the well-defined points tested must fall
within 40 feet.

Vector Feature Products Vector products [3,4] may be
considered “line drawings” of objects or areas in the scene.
They are most often used to describe man-made objects
such as roads or buildings, or to delineate areas. Vectors
features have three aspects: geometry, topology, and attri-
bution.
The geometry of vector features is usually expressed in
terms of the coordinates of individual points, although
sometimes the feature will reference a defined geometric
form such as a circular arc, spline, or rectangle. Features
may be points, lines, or polygons. Lines may be “poly-
lines” consisting of multiple connected lines. A 2D feature
has only X and Y coordinates; if the Z coordinate is includ-
ed for each point the feature is often called “2.5D,” since
non-horizontal faces of 3D objects such as buildings are
not explicitly represented. A true 3D representation con-
tains information on object faces, such as the direction of
the outward-facing normal vector (cf. below).
A topological representation allows reasoning over spa-
tial relationships between objects, such as “adjacent to,”
“inside,” or “connected to.” For instance, for a given line,
connected lines and adjacent faces can be easily deter-
mined. The elements of a topological representation are
nodes, points, lines, and faces. Nodes are connections
between lines, as opposed to points which only indicate
position. Lines consist of ordered sets of points, and con-
nect to other lines only at nodes. A line has a left and right
side and may be the border of a face. Faces may contain
other faces and also be contained within larger faces.
Topological encoding enables reasoning about the proper-
ties of a scene. For instance, a topologically-encoded road
network allows reasoning about routes, through the con-
nectivity information, or about the access of parcels of
land represented as faces to the road network, since the
neighboring face of each line is defined. The collection
of topological information also allows collected data to be
checked as it is added.
Vector features are usually collected with attribution
which stores visible or inferred properties of the feature.
Road features may contain attributes which indicate the
type of surface (concrete, asphalt, gravel), the number of
traffic lanes, or the type of road; buildings attributes may
include an inferred use (residential, commercial, factory)
or type of construction (brick, frame).
Specifications for vector data typically concern spatial
accuracy, the types of features to be captured, and the
degree of detail captured. Some examples of current vec-
tor datasets include USGS Digital Line Graph, UK OS
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Photogrammetric Products, Figure 6 a 3D building model without pho-
totexture. b Phototextured model

Mastermap® Topography Layer, German ATKIS Basis-
DLM and DLM50, and French BD TOPO®.

3D Models An increasingly-common product is 3D
models [3], used for both GIS and visualization applica-
tions. Most photogrammetric 3D models are collected as
wireframes, which are well suited for buildings composed
of planar surfaces, although some applications use combi-
nations of 3D geometric primitives. If 2D building foot-
prints are available, they may be extruded upward to the
measured building height to produce a 3D model, but in
most instances 3D models are extracted by measuring cor-
ner points.
The photogrammetric extraction of 3D models is extreme-
ly labor intensive. While some semi-automated systems
are being used in production, the problem for general
buildings is so complicated that efforts at fully-automat-
ed extraction have not yet been successful. The main cost
driver is the level of detail which must be represented.
For telecommunications applications concerned with sig-
nal propagation, fairly coarse models are acceptable, while
planning or security applications often require extremely
detailed models so that calculated lines of sight are accu-
rate or building appearances are realistic.
Building models are often phototextured, (have imagery
applied to the faces) for a more realistic appearance. The

simplest texturing is done by applying repeating gener-
ic wall patterns to building faces. When more realism is
required, actual imagery of the building is used. For pure-
ly visual applications, building phototextures can often
be substituted for detailed geometry—i. e., instead of col-
lecting detailed façade structure, an image of the façade
applied to the model will give the impression of the geom-
etry without the expense of detailed extraction. Aerial
imagery seldom works well for texturing, since the view-
ing angle is nearly parallel to the building surfaces and
results in a “smeared” appearance. Oblique aerial imagery
or ground imagery is usually much more satisfactory.
3D formats for GIS use are problematic. Most common
3D formats are designed for visualization purposes, sup-
porting geometry and textures but not attribution. The most
common example is OpenFlight® by Multigen-Paradigm.
Several vendors do offer proprietary solutions to allow
attribute query on 3D representations.

Key Applications

Photogrammetric products provide the location basis for
nearly all GIS applications, either as the primary source
of the information or as the context and framework into
which data is conflated and utilized.

Future Directions

The trend to 3D products, especially building models, can
be expected to continue as more consumer applications
based on such products are introduced. The visual aspects
will become more important, especially for consumer
applications where absolute cartographic accuracy is less
important. Photogrammetric products are just one compo-
nent of increasingly complex and multi-faceted databases,
which may include addresses, demographic information,
or commercial and advertising content.
There will be an ongoing competition between the automa-
tion of feature extraction processes and its outsourcing
to countries with lower-cost labor. For many areas, the
task will change from feature extraction to maintenance,
update, and enhancement of existing GIS systems. Licens-
ing of portions of large-area datasets maintained by one
vendor, such as road or address databases, will become
more common than the production of data for a single user
over a specific area.
Product distribution will occur through a growing num-
ber of channels, especially outside the traditional GIS/
mapping industry. Products will increasingly be embedded
in consumer applications and targeted to non-cartograph-
ic users and applications, for instance, 3D building models
delivered to cell phones for location-based services.
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Synonyms

Photogrammetric images; Photogrammetric cameras; Ae-
rial imagery; Image acquisition; Air borne sensors; Re-
mote sensing

Definition

Images are the main data source of photogrammetric data
processing. Hence the sensors used for data acquisition
are an elementary part of the photogrammetric process-
ing chain. In general, images are taken by satellite, air-
borne, or terrestrial sensors for photogrammetric applica-
tions such as object and terrain modeling and acquisition of
topographic data. This entry summarizes the state-of-the-
art and focuses on the strong trend towards digital image
recording.

Historical Background

The idea of using photographs for the reconstruction of
the imaged objects was born almost at the same time as
the invention of photography. Starting in the mid of the
19th century object coordinates were estimated from two
dimensional images based on the fundamental equations of
image geometry. The term “photogrammetry” appeared for
the first time in 1867 [1]. In the beginning photogrammet-
ric reconstructions were limited to terrestrial applications,
although first experiments to obtain imagery from the air
were already performed with balloons or kites long before
1900. The success of those attempts has been limited due

to the restricted maneuverability of the camera carrier. The
situation rapidly changed with the advent of airships and
airplanes. Since then photogrammetry using aerial photog-
raphy has been established as the preferred method for the
mapping of large areas.
Pushed by the growing need for airborne images the tech-
nical design of the cameras was continuously refined. The
first prototype of an aerial camera for serial photography
was already presented in 1915 [2]. Further on, the quality
of camera lenses and the image format was continuous-
ly increased to obtain larger terrain coverage per image.
The cameras were initially used hand-held, which was less
optimal for the layout of the image block formed from
several overlapping images. Thus, later airborne sensors
were fixed to aircrafts with special camera holes in their
body to realize a vertical viewing direction. High perfor-
mance and geometrical stable roll film material substitut-
ed glass plates. Refined and efficient techniques for image
data recording were introduced. They comprise high qual-
ity optical systems with extremely high resolving power,
forward motion compensation, stabilized platform mount,
photo flight navigation and aircraft guidance, as well as
direct measurement of sensor’s exterior orientation during
flights.

Scientific Fundamentals

The acquisition of imagery is based on the principles of
photography. Photography is a passive method, i. e. the
energy, reflected from the object is recorded by photo sen-
sitive material or elements. Until recently this was exclu-
sively done using analogue films. They are now increas-
ingly replaced by digital sensor elements. Consequently,
today in operational photogrammetric environments ana-
logue as well as digital sensors are employed.
The benefits of direct digital image recording in compar-
ison to the former digitization of analogue imagery via
scanning are obvious: There are cost and time savings
because analogue films and film development is not nec-
essary any longer. The time consuming film scanning is
dispensable. Besides this, digital recorded images provide
better radiometric quality. This positively influences the
later automated point measurements in photogrammetric
processing. Digital sensors allow for a parallel acquisition
of pan-chromatic and multi-spectral image data opening
up new fields of application.
Traditionally, photogrammetry is concerned with three-
dimensional object reconstruction from two-dimensional
images. Similar to human stereo vision photogrammet-
ric object reconstruction is based on two or more differ-
ent images from the same object with certain image over-
lap. This need of sufficient image overlap results in spe-
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cific image block structures. In terrestrial or close range
applications the images are mostly taken all around the
object of interest realizing convergent viewing directions.
In airborne applications the image acquisition is follow-
ing a pre-planned regular flight pattern. The images them-
selves are arranged in flight lines with overlaps within
the flight line and between neighbouring lines. For satel-
lite imagery the flight path is determined by the satellite’s
orbit. Many satellites are able to steer their imaging sensor
in cross-track and/or along-track orbit direction to obtain
stereo image coverage.
Since photogrammetry focuses on the precise geometric
reconstruction, the design of imaging sensors has to fol-
low certain requirements. Within three-dimensional object
reconstruction the correct reconstruction of imaging rays
is essential, i. e. the determination of the sensor’s interi-
or and exterior orientation. In order to obtain the interior
orientation of the sensor, a calibration is performed. Until
recently such calibration was mainly done in laboratories.
Today there is a clear trend towards alternative calibration
methods [3].
Particularly, the digital imaging sensors become more
complex and heterogeneous. Some of them are using more
than one optical component and they are often equipped
with additional components such as navigation sensors.
Calibration is shifted towards a more system oriented
approach. From this view point in-situ calibration pro-
vides a powerful tool to calibrate and validate such digi-
tal sensors. It is already well established for geometrically
less stable imaging sensors, e. g. for terrestrial close-range
applications. Here, in contrast to the stable geometry of the
traditional mapping cameras changes in sensor geometry
over time prevent an a priori laboratory based calibration.
In the remainder the focus is on the sensors used for air-
borne photogrammetric applications, as this is the by far
largest area of photogrammetry. Typically, large image for-
mats are employed in order to guarantee efficient data
acquisition. The available image format directly influences
the effort to cover a certain area with imagery. Therefore,
traditional analogue mapping cameras have been designed
for very large format films with standard formats of about
23 × 23 cm2. Typically focal lengths of 30 cm (normal
angle, yields a field of view (FOV) from corner to corner of
approximately 60 deg), 15 cm (wide-angle, FOV approx.
95 deg) and 8 cm (super wide angle, FOV approx. 125 deg)
are used to adapt to different application scenarios. Ana-
logue mapping cameras have been manufactured by differ-
ent system suppliers, while the majority of analogue aerial
imagery is taken by only two different mapping cameras,
namely the Intergraph Z/I (formerly Zeiss) RMK-Top and
the Leica Geosystems (formerly LH-Systems, Wild) RC30
series and their predecessors.

Both cameras are very similar, which in the past has
pushed the development of measuring and data evaluation
tools, independently from the imaging sensor itself. The
major part of the mapping system is the camera body with
the camera lens cone including the shutter and several lens-
es. In addition to its very high resolution the optical part
has to fulfil geometric requirements leading to measure-
ment accuracies in the range of a few micrometers. Dif-
ferently from consumer cameras the mapping camera has
to preserve its stable geometry for a long period of time
and under changing environmental conditions. The cam-
era is fixed in the aircraft (mostly) using an active mount
which isolates the camera from the aircraft vibrations and
additionally controls the attitude and heading of the cam-
era. Due to this stabilization the airborne images are taken
close to nadir viewing (i. e., horizontally) regularly. On the
other hand, the active control of attitude variations mini-
mizes the blurring effects caused by aircraft rotations dur-
ing image recording. The remaining image blur which is
due to the forward component of aircraft movement is typ-
ically compensated by shifting the film whilst image expo-
sure. This is called forward motion compensation (FMC).
As an example the Intergraph Z/I RMK Top15 is depicted
in Table 1. The camera is fixed in the stabilized mount and
on top of the camera body the removable film magazine
can be seen.
Almost 2000 large format mapping cameras have been dis-
tributed all over the world over more than four decades. As
of 2005 around 800 of them are still used in different kinds
of operational applications. Nonetheless, the era of ana-
logue imagery in photogrammetry comes to an end, simi-
larly to the development in the consumer market. In May
2006 the camera manufacturer Intergraph Z/I announced
that there are currently no plans to manufacture new RMK-
Top systems. This proofs that digital sensors can com-
pete with the analogue sensors. The official introduction
of commercial digital airborne cameras started in 2000.
In order to obtain large formats in digital imaging, two dif-
ferent sensor designs are used. The first relies on a small
number of digital CCD sensor lines which can be offered
with a reasonable length. These lines are grouped perpen-
dicular to the aircraft’s flight direction. Full terrain cover-
age is obtained via the aircraft’s motion. This line scanner
concept is also named pushbroom scanning and is known
from satellite imaging. In photogrammetry, the systems
are often referred as three-line scanners, although typi-
cally more than three lines are used to obtain three pan-
chromatic channels as well as four multi-spectral chan-
nels. All CCD lines provide the same number of pixels
regularly. Thus pan-chromatic and multi-spectral images
are obtained with the same geometric resolution. Since the
individual physical placement of the lines within the focal
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Photogrammetric Sensors, Table 1 The Intergraph Z/I RMK Top15 analogue mapping camera

Intergraph Z/I RMK Top15
– wide-angle lens, focal length 153 mm
– Angular field of view 93 deg (corner to corner)
– Aperture f/4 – f/22, continuously variable
– Exposure time 1/50s – 1/500s, continuously variable
– Remaining distortions �3μm
– Film length 150m with 0.1 mm film thickness
– Gyro stabilized mount with ±5 deg in ω, φ, ±6.5 deg in κ
– Weight ∼165kg (including mount, magazine and control unit)

plane is different, each CCD line provides a different view-
ing direction.
Contrary to this, large format frame based sensors com-
bine several individual camera heads, each one equipped
with one or more CCD frame sensors. All these camera
heads are fixed to one airborne platform. The smaller for-
mat images, taken by the separate individual camera heads,
provide certain image overlaps. This allows for the gener-
ation of one synthetic large format image afterwards. Typ-
ically, the large format image is taken in the pan-chromat-
ic channel. Additionally, multi-spectral channels are cap-
tured simultaneously by additional camera heads, but typ-
ically with less spatial resolution compared to the large
format virtual pan image. High-resolution colour imagery
is obtained from later processing, where the colour chan-
nels are combined with the high-resolution PAN images.
In these cases, the original radiometric colour informa-
tion will be more or less impacted, depending on the algo-
rithm and ratio used. This process is termed pan-sharpen-
ing. Similar concepts are used in satellite imaging.
In general the frame based digital sensors try to transfer
the classical concept of photogrammetric 2D image data
processing from the analogue to the digital world, whereas
the line scanning approach is following an alternative con-
cept with its long image strips compared to the individual
image frames from frame sensors.
Many of the digital airborne sensors are combined with
additional sensors for the direct measurement of exte-
rior orientation elements at the time of exposure. High
performance integrated GPS/inertial systems are available
to solve this task [4,5]. If the GPS/inertial exterior ori-
entation elements are obtained with sufficient accuracy,
the photogrammetric image orientation can be done with-
out any additional ground control (so-called direct geo-
referencing) [6]. In case of pushbroom scanners the use
of GPS/inertial components is inevitable. Due to their

less stable image geometry (only 1-dimensional lines are
recorded instead of 2-dimensional image frames) the addi-
tional GPS/inertial measurements are necessary to com-
pensate for the image distortions caused by the sensor’s
movement during image data acquisition.
The following Table 2 briefly summarizes the main char-
acteristics of three commercially available large format
digital sensors. Two of them – namely DMC from Inter-
graph Z/I [7] and Ultracam-X from Microsoft (former-
ly Vexcel) [8] – are following the frame concept, where-
as the Leica Geosystems (formerly LH-Systems) sensor
ADS40 [9] is one representative of the pushbroom line
scanners. Besides these, other digital sensors are available
and new ones are emerging.
ADS40 and DMC were officially introduced to the market
in 2000, whereas the Ultracam-D was presented in spring
2003. Already in 2006 modifications of Ultracam-D and
ADS40, namely Ultracam-X and ADS40 (2nd generation)
were presented to the photogrammetric community. Mean-
while, more than 100 systems altogether have been sold
(status 2006), with the digital mapping sensor market quite
equally distributed between all three sensors. System man-
ufactures expect future system sales of ∼ 15–20 individ-
ual systems per year. Restricted to the before mentioned
three different sensors, this will result in an annual increase
of 45–60 digital systems per year. Within another 5 years
period the number of available large format digital sensors
will be about 325–400 at least.
In addition to that, other camera formats with small to
medium image sizes are also used in airborne applica-
tions [10,11]. Those systems are based on the frame
sensor concept and now (2007) provide images about
4000 × 5500 pix or 7000 × 5500 pix. They were usually not
designed for the use in airborne photogrammetric environ-
ments originally and, therefore, cannot fully compete with
the large format sensors in terms of accuracy, image quali-
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Photogrammetric Sensors, Table 2 Overview on today’s commercial large format digital airborne mapping cameras

Sensor DMC Ultracam-X ADS40, 2nd generation

Manufacturer Intergraph Z/I Microsoft/Vexcel Leica Geosystems

# camera heads 4 + 4 4 + 4 1

Focal length PAN 120 mm 100 mm 62.5 mm

MS 25 mm 33 mm 62.5 mm

Image size PAN 13824 × 7680 pix 14430 × 9420 pixel 12000 × 1 pix staggered (nadir view)

MS 3000 × 2000 pix 4992 × 3328 pixel 12000 × 1 pix

Pan sharpening (for
colour imaging)

yes, applied yes, applied no (original spectral bands)

Physical pixel size 12 µm 7.2 µm 6.5 µm

Field of View

across-track 69 deg (PAN) 55 deg (PAN) 64 deg

along-track 42 deg (PAN) 37 deg (PAN)

Optics Carl-Zeiss Jena, system specific Linos/Vexcel, system specific Leica, system specific

ty and efficient coverage, especially for large area projects.
Nevertheless, due to their reduced physical size and high-
er flexibility these systems can be accommodated in small
aircrafts or even unmanned airborne vehicles (UAV). They
are well suited for local use, e. g., repeated flights for mon-
itoring or for quick response for disasters. It is interest-
ing to note, that the number of small to medium format
digital airborne cameras is by far exceeding the number
of large format cameras today. In many cases they are
not only used stand-alone but integrated with other sen-
sors like laser scanners and direct georeferencing compo-
nents.

Key Applications

Photogrammetry in its original sense is defined as the dis-
cipline of the quantitative analysis of photographs. The
focus is on the reconstruction of three dimensional object
geometry from two dimensional images. Traditionally the
main field was in mapping.

The key applications are highly correlated with the source
of sensor data and are divided in satellite, airborne, and
terrestrial / close range applications. For satellite images
the focus is on large area coverage and accuracies of 1
meter and less. For airborne photogrammetric tasks the
areas covered are less extended, but typically geometric
accuracies in the range of centimetres to few decimetres
are required. The highest accuracies are required for close
range applications, like highly detailed reconstruction of
architectural sites or in industrial or medical environments.
Especially for the later additional sensors besides cameras
are used. Here maximum accuracies in the range of sub-
millimeter to micrometer are realized.

Future Directions

As illustrated above, the world of photogrammetry is split
at the moment: New digital sensors are used parallel
to well established analogue cameras. Nevertheless, the
future of photogrammetric data acquisition will be fully
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digital – this is already almost the case for the processing
of data.
Although the focus in the sections above was almost exclu-
sively on airborne cameras, the world is more heteroge-
neous! Besides optical cameras (covering different image
formats) other sensors based on laserscanning (LIDAR) or
radar technology are used. In terrestrial and close range
applications additional measuring devices such as stripe or
pattern projectors are in use. In addition to pure geomet-
ric reconstruction multi-spectral data recording and anal-
ysis becomes more and more important. A clear trend
towards multi-sensor systems is obvious. Traditional plat-
form carriers such as aircrafts, helicopters and satellites
are supplemented by new carriers like remotely controlled
or autonomous flying model aircrafts, helicopters and air-
ships for low flying altitudes. On the other hand, high alti-
tude long endurance (HALE) UAVs allow for data record-
ing from very high altitudes of more than 20 km. Pushed by
various novel sensors and platforms new application areas,
e. g. monitoring, disaster mapping, precision farming, real
estate and tourism evolve. These applications have in many
cases less stringent geometric accuracy requirements.
New applications require new concepts for system design
and data processing. For example, for monitoring infor-
mation is needed with a (very) high update rate but con-
fined to a limited area of interest (i. e. daily monitoring of
traffic flows in a city). As a consequence a fast and ful-
ly automatic processing of data is needed. Fully automatic
image matching and feature extraction is highly desirable.
In future these tasks might be solved directly on the sen-
sor’s chip. This ultimately could lead to intelligent sensor
systems or sensor networks.
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Plane Sweep Algorithm
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Synonyms

Sweep line algorithm; Spatial join

Definition

The plane sweep (or sweep line) algorithm is a basic com-
putational geometry algorithm for finding intersecting line
segments. The algorithm can run in O(n lg n) time, where
n is the number of line segments. This algorithm can
be altered to solve many related computational-geometry
problems, such as finding intersecting polygons. In spatial
databases, we are generally looking at the special case of
finding the intersections of minimum bounding rectangles
(MBR, see definitional entry).

Historical Background

The plane sweep algorithm, or sweep line algorithm, orig-
inated from line segment intersection problem in compu-
tational geometry field. The paper and thesis written by
Michael Shamos in the middle of 1970 first addressed
the computational geometry problems. Later the book [1]
written by Preparata and Shamos in 1985 contributed to
making people widely aware of the problems. The plane
sweep algorithm is one of the main topics in the book,
along with other subjects such as convex hull, Voronoi
diagram, and all-line-intersections. The plane sweep algo-
rithm has been actively studied since then and expanded
rapidly with numerous journal articles. Many application
areas have also started using the algorithm. In robotics and
motion sensing, it is critical to detect when any two objects
intersect for collision. In computer graphics, the ray shoot-
ing method requires determination of the intersection of
ray with other objects. In spatial databases, the spatial join
algorithm deploys the idea of plane sweep algorithm as
described in this article.

Scientific Fundamentals

The most common use of the plane sweep algorithm in
spatial databases is to perform a spatial join. A spatial
join is used to answer questions such as, “list all cen-
sus blocks within 5 miles of an international airport.” If
we are dealing with a large dataset, such as a map of
the US which contains all census blocks and all airports,

this could be a very computationally intensive query. The
naïve approach to this problem would be to create a set
of 5 mile radius circles centered at the airports, then com-
pare the polygon of each census block to see if it over-
laps with each of the circles. This would be a very ineffi-
cient algorithm. Several different optimizations could be
applied to this scheme. First, a spatial indexing scheme
could be applied to organize the data so that only census
blocks physically near an airport would be tested for over-
lap. This is an important optimization for the plane sweep
algorithm, since it assumes that all the lines or polygons
to be analyzed will fit in main memory. Also, a filter and
refine strategy decreases the computation time for finding
the intersection of complex objects, while increasing the
number of objects which can be held in main memory at
one time.
The problem of finding the intersecting rectangles from
two sets of rectangles where exactly one rectangle comes
from each set is interesting from a spatial database per-
spective, because the filter step of many spatial joins can
be reduced to this problem. First, the geometric shapes are
simplified to their minimum bounding rectangles (MBR).
The filter step consists of finding the intersection of these
MBRs. Then in the refine step, only those shapes whose
MBRs have intersected are themselves tested for intersec-
tion. Orenstein [2] demonstrated the first use of the filter
and refine technique for spatial joins using MBRs. A plane
sweep algorithm is commonly used to find the intersection
of the two sets.

Algorithm Description

The plane sweep algorithm finds all overlapping MBRs
from two sets. There are two phases to this process. First,
the rectangles from both sets are sorted in increasing order
based on their left sides. Figure 1 shows an example of
this ordering. In the second phase, a vertical scan line is
swept from the left to the right, stopping at each left rect-
angle side. All rectangles which are crossed by the scan
line as it sweeps across the input are considered ‘active’.
Only active rectangles need to be tested for intersection.

Plane Sweep Algorithm, Figure 1 A set of MBRs
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Plane Sweep Algorithm, Figure 2 First iteration
of the algorithm

Plane Sweep Algorithm, Figure 3 Second itera-
tion of the algorithm

Plane Sweep Algorithm, Figure 4 Third iteration
of the algorithm

Every time the sweep line stops, all inactive rectangles are
removed, we test for intersection with the new rectangle,
and we add the new rectangle to the active list. A data
structure called a sweep structure, which can support the
addition, removal, and intersection operations in a time
efficient manner, should be used to store the active list. For
example, a dynamic interval tree (which is a Cartesian tree)
can be used.
Spatial joins require that we take rectangles which are par-
titioned into two sets, A and B, and find all the pairs of
rectangles which overlap, where one rectangle is from set
A and the other is from set B. We must therefore have
a sweep structure for each of the sets. When the list of rect-
angles is sorted in the first phase of the algorithm, we must
merge the two sets into a single list, while keeping track
of which set the rectangle is a member of. As we consid-
er each rectangle in the merged list, we test for intersec-
tion with the active rectangles which are members of the
opposing set.

Example of Algorithm Execution

We will use the following example to illustrate the basic
plane sweep algorithm used in the filter step of a spatial
join. Set A has three members, as does set B. The rectan-

gles are stored as the coordinates of their lower left and
upper right coordinates (e. g., (A1.xl, A1.yl) and (A1.xu,
A1.yu)). We use these values to determine whether a given
pair of rectangles intersect, and whether a given rectangle
is to the left of the sweep line. The sweep line is shown
as a dashed line. When the sweep line reaches a rectan-
gle from set A, we examine only the members of set B for
intersection, and vice versa.
Figure 2 shows the first iteration of the algorithm. There
are no elements currently in sweep structure B, so A1 can-
not intersect with any of the members of B. At the end of
this iteration, we remove A1 from the head of the sorted
list.
The second iteration is shown in Fig. 3. We compare the
y-values of A1 and all the elements of sweep structure B
(in this case just B1) to see if they intersect. They do not,
and there are no intersecting pairs found in this iteration.
Figure 4 displays the third iteration. When we compare
A2 with the one element in sweep structure B, we find
that they do intersect. This iteration therefore produces the
intersecting pair A2:B1.
The fourth iteration is shown in Fig. 5. We compare B2 to
the elements of sweep structure A, and find no intersecting
pairs.
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Plane Sweep Algorithm, Figure 5 Fourth itera-
tion of the algorithm

Plane Sweep Algorithm, Figure 6 Fifth iteration
of the algorithm

The fifth iteration is shown in Fig. 6. We have removed B1
from sweep structure B because it is no longer crossed by
the sweep line. This is not strictly necessary, but it keeps
the sweep structures from continually growing.We com-
pare B3 with the elements of sweep structure A, and we
produce the intersecting pairs B3:A1 and B3:A2.
In the sixth and last iteration, sweep structure B is empty,
so no intersections are produced.

Key Applications

The most common use of the plane sweep algorithm in
spatial databases is to perform a spatial join. A spatial join
is used to answer questions such as, “list all census blocks
within 5 miles of an international airport.”

Future Directions

The maximum number of rectangles which the sweep line
intersects at any point can be referred to as the maximum
overlap. This is an important characteristic for determin-
ing the performance of the algorithm. Many GIS datasets
have highly skewed data where a large percentage of the
data is clustered into small areas. This can greatly increase
the maximum overlap.When working with very, very large
datasets; the amount of memory available for the storage of
the active rectangles can become larger than the available
physical memory, which can cause a degradation in per-
formance. In this case, we can either reduce the number
of rectangles being compared by integrating spatial index-
es (such as R-trees) into our spatial join, or by using more
sophisticated adaptations of the plane sweep algorithm.
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� Minimum Bounding Rectangle
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Definition

The framework of constraint databases provides a rather
general model for spatial databases [4]. In the constraint
model, a polynomial spatial constraint database contains
a finite number of relations, that, although conceptually
viewed as possibly infinite sets of points in some real space
Rn, are represented as a finite union of systems of polyno-
mial equations and inequalities.

Main Text

More specifically, in a polynomial spatial constraint
database, a relation is defined as a boolean combina-
tion (union, intersection, complement) of subsets of some
real space Rn (in applications, typically n = 2 or 3)
that are definable by polynomial constraints of the form
p(x1, . . . , xn) ≥ 0, where p is a polynomial in the real vari-
ables x1, . . . , xn with integer coefficients. For example, the
spatial relation consisting of the set of points on the upper
half of the unit disk in R2 can be represented by the for-
mula x2 + y2 < q1 ∧ y ≥ 0. In practice, spatial relations
will occur extended with thematic alpha-numeric informa-
tion, like a name. In mathematical terminology, these spa-
tial relations are known as semi-algebraic sets and their
properties have been studied extensively [1].

Historical Background

The polynomial constraint database model was introduced
by Kanellakis, Kuper, and Revesz [2] in 1990. The appli-
cation of this model to spatial databases was described by
Paredaens, Van den Bussche, Van Gucht [4]. This mod-
el was studied extensively in the 1990s and a state of
the art book “Constraint databases,” edited by G. Kuper,
L. Libkin, J. Paredaens appeared in 2000 [3] and the text-
book “Introduction to Constraint Databases” by P. Revesz
was published in 2002 [5].

Cross References
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Synonyms

Daytime population; Mobile population; Nonresidential
population

Definition

Population distribution during the day can be defined as
the distribution of population in an area during the daytime
hours. However, a precise definition of daytime hours is
challenging, given the geographic variability in the length

1The submitted manuscript has been authored by a contrac-
tor of the U.S. Government under contract DE-AC05-96OR22464.
Accordingly, the U.S. Government retains a nonexclusive, royalty-
free license to publish or reproduce the published form of this contri-
bution, or allow others to do so, for U.S. Government purposes.

of a day or daylight hours. The US Census Bureau used
“normal business hours” as the span of time to describe
daytime population [1]. Given that censuses typically esti-
mate residential population, it represents a nighttime pop-
ulation distribution. In that respect, the daytime population
in an area may be broadly defined as distribution of popu-
lation at times other than when they are expected to be at
their residences at night which extends the duration from
business hours to include the evening hours as well.

Historical Background

Population data has served as a fundamental backbone for
planning sustainable development. There is evidence from
the early 1600s of a population census in Virginia where
people were counted in nearly all of the British colonies
that became the United States at the time of the Revo-
lutionary War [2]. Historically, it has been used to meet
a variety of long term socioeconomic and political plan-
ning needs. For example, the first US Census of 1790,
which counted 3.9 million residents, helped raise the mem-
bership in the US House of Representatives from an origi-
nal 65 to 105. Modern censuses that include not only pop-
ulation count, but also its demographic and socioeconom-
ic characteristics have had a tremendous impact on many
aspects of our society covering, among other things, urban
planning and housing development, transportation plan-
ning, energy demand and infrastructure planning, health-
care planning, environmental impact assessment, emer-
gency preparedness and response, and scientific research.
However, the majority of these planning activities have
been aimed at medium- to long-term solutions over a num-
ber of years and consequently a general geographic assess-
ment of population, described through their residential
locations, was adequate to address such planning process-
es. Movement of population during a day results direct-
ly from people traveling to the locations of their day-
time activities (employment, business, educational insti-
tutions, and recreational locations), away from their resi-
dences [3]. The patterns of such population displacements
depend on the relative geographic distribution of residen-
tial and business areas. In most modern societies, these
two activity locations are distinctly separated in space,
and employment or business locations contain fewer res-
idences than businesses. Consequently, a large number of
people move into these areas while only a few leave, result-
ing in a substantial swelling in the daytime population of
that area. The motivation to formalize the concept of non-
residential and daytime population distribution is rooted
predominantly in two areas. First, it is widely understood
that analysis of the daytime population distribution pro-
vides a very competitive economic advantage, as business-
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es are enabled to target specific consumer bases depend-
ing on their locations and convenience of access during
that majority of the 24-h period when people are out of
their residences. In recent years, a stronger requirement
for understanding daytime population has emerged from
the emergency preparedness and response community to
assess the at-risk population from the threats of technolog-
ical and natural disasters and deliberate attacks on human
lives such as terrorist events.

Scientific Fundamentals

Population movement is a function of both geographic
space and time. The mobility of a population during the
day is driven by people’s need to temporarily relocate
for activities such as education (schools, colleges, uni-
versities), employment, businesses (shopping, post offices,
restaurants, and others), or recreation (parks, museums,
other tourist attractions). In general, the daytime popula-
tion distribution of an area can be conceptually expressed
as:

Daytime Population = Workers + School children

+ Tourists + Business travelers

+ Residual Nighttime Residential Population

or,

Daytime Population = Nighttime Population

+ Daytime incoming population

− Daytime outgoing population

Deriving a quantitative estimate from the above qualitative
expressions involves further analyses of population data,
which can be represented as:

Daytime Population =
Nighttime Residential Population

− Workers leaving during the day

+ Workers moving in during the day

− School children leaving during the day

+ School children moving induring the day

+ Tourists visiting during the day

+ Businesstravelers coming into the area

Although this may not be the most accurate representa-
tion, it is largely accepted as the expression leading to
the best available daytime population estimates. It fol-
lows that the development of quantitative estimates of day-
time population distribution involves two distinct compo-
nents. The first component involves identification of day-
time activity locations such as businesses, schools, and

other recreational activities. The second component covers
the identification and distribution of the mobile population
that are at those locations. Usually, it is easier to gather
information on the first as these are static geographic fea-
tures and are commonly captured in public and commer-
cial databases for various infrastructures, or can be derived
from remote-sensing-based land-cover data, high-resolu-
tion satellite and aerial photographs, or state and local
government data. However, it is extremely challenging to
obtain information on the number and nature of movement
of people during the day that comprehensively captures
the net displacement of the nighttime residential popula-
tion during daytime. Although, detailed population move-
ment data sets may be available for isolated local commu-
nities, they are not available at a national scale. In fact,
the US Census Bureau’s compilation of journey-to-work
data is the only readily available and nationally consis-
tent data set for the US that describes people’s movement
from residences to employment locations. Consequently,
the US Census Bureau’s estimate of daytime population
based on the 2000 Census only reflects populations based
on travel to work. Similarly, it does not limit the work-
related commuting to specific hours. All worker-related
travel, irrespective of what time of the day it occurs, has
been used to derive these estimates of daytime popula-
tion [1].
An important aspect of daytime population distribution is
the geospatial scale at which it is estimated. Theoretical-
ly, the finest spatial resolution achievable through the map
algebra technique described above is directly tied to the
finest scale of the available input data. For example, the
US Census Bureau collects worker commuting data at the
census tract level and reports national daytime population
distribution at the county level. It also reports estimates
of daytime population for key cities in each state. Simi-
lar city level estimates of daytime population from govern-
ment and commercial sources are available for Japan [4],
Canada, and the US. All these data sets appear to be heav-
ily focused on worker population movement during the
day and the data is presented through vector data mod-
els (points and polygons). For example, daytime popu-
lation fluxes are restricted to individual county and city
boundary polygons. Some commercial databases repre-
sent individual activity locations as points that potentially
offer high spatial accuracy but mostly account for work-
er population at individual business locations. In reality,
the data sets necessary to comprehensively estimate day-
time population exist in the forms of points and poly-
gons, which makes it challenging to create a high-reso-
lution population distribution through simple map algebra
analysis. It requires integration of disparate spatial data
and advanced geospatial modeling where the spatial mod-
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Population Distribution During the Day, Figure 1 Example illustrating the use of land-cover data in the LandScan dasymetric model

el enables decomposition of the input data into finer spatial
resolutions and then representation through uniform raster
or gridded datasets.
Decomposition of population distribution estimates has
been a well-known problem. Several interpolation and
decomposition methods have been developed to address
this issue with census (polygonal) population data. They
include areal weighting, pycnophylactic interpolation,
dasymetric mapping, and various smart interpolation tech-
niques. Areally weighted interpolation is the simplest of
the methods, where a regular grid is intersected with the
Census polygon and each grid cell is assigned a value
based on the proportion of the polygon contained in each
cell [5,6,7]. This method implies an assumption of uniform
distribution of population, which is not a realistic solu-
tion for decomposition of population data. Pycnophylactic
interpolation extends the areal weighting methodology by
iteratively applying a smoothing function to the raster cell
values, with the weighted average of its nearest neighbors,
while preserving the total population count of the poly-
gon [8]. This method creates a continuous surface which
contradicts the obvious discontinuous nature of population
distribution. Dasymetric modeling is analogous to areal
interpolation but uses ancillary spatial data to aid in the
interpolation process. The ancillary spatial data is at a fin-
er spatial resolution and the variability in its values enables
an asymmetric allocation of population values. Land cov-
er/land use is the best example in this respect, where dif-
ferent land cover or land use categories for each cell can
be used as weighting functions for population distribution
such that urban areas will have a higher weight than forest-
ed areas (Fig. 1) [7,9,10]. Smart interpolation, in principle,
is a multidimensional version of a dasymetric model where
the allocation refinement comes from more than one ancil-
lary data sources, which are at a finer resolution than the
population polygon [10,11]. The utility of such interpo-

lation techniques at local scales are well documented. In
fact, there are two well-known publicly available data sets,
the Gridded Population of the World (GPW) [12] and the
LandScan Global Population database [13], which employ
such a method to produce global population distribution
data. While GPW is a product of simple areal weighting
interpolation at 2.5 arc-min or approximately 5-km cell
size, LandScan, at 30 arc-s or approximately 1-km cell size
is the finest resolution global population data available to
date, derived through advanced spatial data integration and
multidimensional dasymetric modeling or smart interpola-
tion.
Although both GPW and LandScan datasets are developed
using Census information, GPW depicts a nighttime resi-
dential population (i. e., directly decomposed Census data)
while the LandScan database represents an “ambient” or
average of the 24-h period population (because the mod-
el assigns some parts of the populations based on nonresi-
dential activities). Both databases are publicly available for
noncommercial usage from Columbia University [14] and
Oak Ridge National Laboratory [15] respectively. GPW
is updated periodically, while LandScan Global Popula-
tion database has been updated and released annually since
2000.
The development of daytime population distribution mod-
els and databases is significantly more challenging, as it
requires further integration and modeling of activity-based
datasets into the residential population distribution mod-
el. In 2004, the US Census Bureau released the following
three daytime population distribution data tables based on
the 2000 census [1]:
• Table 1. Leading Places on Percent Change in Daytime

Population, by Size (202 highly populated cities)
• Table 2. The United States, States, Counties, Puerto

Rico and Municipalities
• Table 3. Selected Places by State (6524 communities)
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Population Distribution During the Day, Figure 2 Difference in population distribution between nighttime and daytime as illustrated by LandScan USA
data for Washington DC

However, these data sets only take into account the com-
muting worker population in an area. The best spatial res-
olution of these data is still at the community level (small
cities) and thus is appropriate for general-purpose plan-
ning. Expanding on their LandScan Global Population
research program, since the early 2000s, the US Depart-
ment of Energy’s Oak Ridge National Laboratory has
played a pioneering role in developing an advanced scal-
able daytime population distribution model for the nation
called LandScan USA [16,17]. At an unprecedented res-
olution of 3 arc-second or approximately 90-m cell size,
LandScan USA demonstrates a consistent methodology
for developing daytime population distribution (Fig. 2).
This enhancement in resolution comes from the incorpo-
ration of a large number of high-resolution ancillary data
sets used in the LandScan USA dasymetric model. Some
of these ancillary data sets include:
• Population

• Census block population
• Census tract-to-track worker flow
• Bureau of Labor Statistics quarterly updates for

worker population.
• Roads

• Tele Atlas North America (formerly known as Geo-
graphic Data Technology) Dynamap

• US Census TIGER data
• Navigational Technologies (NAVTEQ) roads

• Land Cover/Land Use
• National Land Cover Data (NLCD)
• State and local level GIS databases

• Slope
• National Elevation Data (NED)

• Academic Institutions
• Department of Education

• Environmental Systems Research Institute(ESRI)
• Tele Atlas North America;

• Prisons
• Department of Justice National Jail Census

• Hospitals
• American Hospital Association (AHA)

• Business Employment
• ESRI Business Database (Info USA)

• Ortho Imagery
• Google Earth
• Earth Viewer
• Microsoft Terra Server

In addition to the worker population in an area, Land-
Scan USA database accounts for children of K–12 school
age, university students, institutional population (jails
and prisons), and a mobile daytime residential popula-
tion at various activity locations such as shopping malls,
post offices, cultural attractions, and recreational facilities
(parks). Development of LandScan USA version 1.0 has
been completed for the 50 US States and Puerto Rico but
the data is not publicly available yet. It should be noted
that both LandScan Global and LandScan USA are evolv-
ing databases and new ancillary input data sets are contin-
uously added to the model as they become available.
A similar approach [18] has also been adopted for esti-
mating daytime population at a lower resolution of 250-
m grid cells. The coarser resolution of this data set has
been attributed to coarser resolution of input variables in
the model such as county-to-county worker mobility data
from Census as compared to tract-to-tract worker mobili-
ty data used in LandScan USA. Moreover, this estimation
is solely based on worker and residential populations and
does not account for populations at academic institutions,
commercial retail locations, and recreational areas.
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Key Applications

Missions of national priority ranging from socio-environ-
mental studies to homeland security utilize population data
as one of the critical elements. High-resolution population
distribution data during daytime hours is even more sig-
nificant for successfully addressing research and practical
applications that require an estimation of mobile popula-
tion. Applications of daytime population distribution are
numerous and can be broadly divided into two categories.

Estimating Population at Risk from Disasters

Large numbers of human lives are at risk from natural and
technological disasters. Volcanic eruptions, earthquakes,
hurricanes, floods, wildfires, blizzards, droughts, and tor-
nadoes are examples of natural disasters that are slow
in their onset, predictable in most cases (except earth-
quakes and volcanic eruptions), and typically geograph-
ically restricted. However, natural disasters are unpre-
ventable and for the most part uncontrollable. Technolog-
ical disasters, on the other hand, occur suddenly (i. e., are
unpredictable) but can be controlled and their impact min-
imized through effective disaster planning and manage-
ment. Examples of technological disasters include explo-
sions, electrical blackouts, nuclear accidents, and bioter-
rorism. Critical application domains for estimating the
population at risk include national and homeland securi-
ty, where improved knowledge of where people live rela-
tive to sites of potential terrorist activities can refine esti-
mates of potential populations exposed [18] or injured for
rapid risk assessment; and emergency preparedness and
response where the daytime population can support emer-
gency response resource planning, emergency evacuation
planning, and disaster relief delivery.

Public Health and Socioeconomic Analysis

Public health is probably one of the most promising areas
that can take great advantage of daytime population distri-
bution information. Disease epidemiology with short- and
long-term exposure assessment and evaluating access to
health care facilities and locating future health care facili-
ties can be done effectively with an understanding of day-
time population distribution. Assessment of the mobility
daytime population with respect to their residences also
facilitates understanding of contagious disease propaga-
tion patterns. Exposure and risk assessment from environ-
mental pollutants for work-related activities can be per-
formed very effectively using the daytime distribution of
population. Given that workers are likely to spend 50% or
less of their time at home during work days, the daytime
population distribution provides a tremendous advantage

for occupational exposure analysis over using tradition-
al census data. High-resolution daytime population data
also reduces population distribution errors around point
and area sources and can be of significant help for environ-
mental justice analysis. Other socioeconomic applications
include demographic analysis to evaluate socioeconomic
disparity patterns of a region in terms of work-related com-
muting patterns for different demographic groups and esti-
mating rates and trends of urban sprawl.

Future Directions

Accurate estimation and representation of daytime popu-
lation distribution poses significant challenges. First, any
region witnesses an influx of tourists (or visitors) and
business travelers during the day, particularly in large
urban areas and cultural/natural attractions (such as nation-
al parks). In addition, a large number of people travel along
roads driving through major urban areas. Such transitional
population is not effectively captured in any consistent and
organized databases and will require advanced data inte-
gration and modeling techniques to be effectively included
in a daytime population distribution. Current spatial mod-
eling and population distribution techniques only locate
population at specific activity locations and do not account
for the commuting time when the mobile population is on
the transportation networks. Thus, a true average daytime
population distribution requires details of worker commut-
ing patterns and non-worker travel habits, which includes
data for the number of people at necessary service loca-
tions such as post offices, banks, shops, and parks. Anoth-
er important aspect of daytime population distribution is
to characterize the temporal variability. The nature of day-
time population distribution can be significantly different
depending upon whether the data represents a working or
a weekend day or holiday. Moreover, there is also a sea-
sonal and weather impact on the daytime population dis-
tribution. Summer days do not have students in academ-
ic institutions and have more people at outdoor locations.
In contrast, a larger population tends to be indoors during
days with weather extremes (such as extreme heat, cold, or
storms). Thus assessment of a true “representative” day-
time population of a region will require development of an
average distribution from such different daytime popula-
tion distribution scenarios.

Cross References

� Computing Fitness of Use of Geospatial Datasets
� Data Analysis, Spatial
� Geodemographic Segmentation
� Geographic Dynamics, Visualization And Modeling
� Homeland Security and Spatial Data Mining



P

Positional Accuracy Improvement (PAI) 885

� Intelligence, Geospatial
� Movement Patterns in Spatio-temporal Data
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Synonyms

PAI; Synchronization of spatial data; Map quality; Map
overhaul; Digitization of maps; Relative positional accu-
racy; Absolute positional accuracy; Rubber sheeting; Geo-
metric fidelity; Shifting geometries; Conflation

Definition

Positional Accuracy Improvement is the process of im-
proving the position of the coordinates defining the geom-
etry of a feature in a geospatial dataset to better reflect its
“true” position. This “true” position can either relate to the
absolute position in an overarching Coordinate Reference
System such as WGS-84 or ETRS-89 or to the relative
position in relation to the geometry of another feature in
the vicinity.
The PAI process is commonly utilized in two different, but
related ways:

PAI of Reference Data

This process deals with improving the position of ge-
ometries in a reference dataset that describes physical
or abstract features of the earth. These reference data-
sets are typically large-scale cadastral or topographic data-
sets issued by National Mapping Organizations but can
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also consist of other regional or local datasets, usually
described as “land bases” and used to reference other infor-
mation.

PAI of User Data

If a geospatial vector dataset is derived from a reference
dataset either by digitizing or copying geometries, both
datasets have a topological relationship in the sense that
the former is based on the latter. In regards to user data-
sets PAI describes the subsequent synchronization of one
or more of the user datasets with the already positionally
improved reference dataset in order to re-instate the rela-
tionships between geometries.

Historical Background

Mapping as a technology and means of communication
about entities of the real world has a history that can be
traced back to at least 3500 BC [1]. The quality of a map
is directly related to the methods of surveying and cartog-
raphy used at the time when the map was produced. It is
common in surveying and mapping to avoid a complete
recollection of the data every time a new map of a pre-
viously surveyed area is created. It is good practice to use
old maps as a basis and update and enhance them with new
and additional information. This technique, which can be
described as “map overhaul”, is used to create new themes
as well as updating a map to a more current status.
Many geospatial datasets that are used in today’s digital
environments are updated in the same way. In fact, many
of these datasets were originally digitized from paper maps
and subsequently updated. This means that many geospa-
tial datasets in use today are an amalgamation of data from
different sources, integrated at different times by different
methodologies.
With the move from paper maps to geospatial datasets
the ability to easily combine spatial data from differ-
ent sources has dramatically increased. This allows vari-
ous independently created datasets to be jointly present-
ed and analyzed. The spatial integration of data from var-
ious sources requires an understanding about the position-
al accuracies of the geometries in the datasets to avoid
mismatches and misinterpretations. Positional accuracy is
an important quality aspect of geospatial datasets, a view-
point that is underpinned in the data quality description in
ISO19113 [2].
To give an example: A dataset digitized from a small-scale
map will have a radically different accuracy than anoth-
er one surveyed by differential GPS. Geospatial reference
datasets, particularly large-scale topographic and cadastral
data issued by Local or National Mapping Organizations,
were typically created over the course of decades or cen-

turies. Varying accuracies have their origin in different sur-
veying and transformation methods that were applied to
the data after their initial creation.
Positional Accuracy Improvement as a term was initially
introduced by Ordnance Survey of Great Britain to de-
scribe its coordinated program to improve the positional
accuracy of large scale topographic data [3]. This program
was one of the major activities to obtain a large-scale ref-
erence dataset to express the topography of the whole of
Great Britain and is used as a case study later in this chap-
ter.
A series of subsequent publications and workshops [4,5]
have established the term PAI to articulate systematic
changes to improve the position of geospatial reference
data and its effect on datasets that were derived from these.
It was found that the issues that lead to PAI may vary in
different national contexts, but that the core technical prob-
lem is often identical [4].

Scientific Fundamentals
The positional accuracy of geodata can be described by the
terms relative and absolute accuracy, which are defined as
follows.
Relative Positional Accuracy, which has traditionally
been used to indicate the positional accuracy of maps, is
defined as

the difference of the distance between two defined
points in a geospatial dataset and the true distance
between these points within the overall reference sys-
tem.

Practically, the true distance can be measured using con-
ventional terrestrial surveying techniques, such as a tape
or laser distance measure, and can be compared to the cal-
culated length between the two data points. An example
for relative positional accuracy is given in Fig. 1.
In the 1980s satellite navigation technology, such as GPS,
introduced the possibility of obtaining a point’s coordinate
directly without relating to neighboring features. Therefore
another accuracy definition is needed.
Absolute Positional Accuracy is defined as

the distance between a defined point in a geospatial
dataset and its true position in the overall reference
system.

Positional Accuracy Improve-
ment (PAI), Figure 1 Relative
positional accuracy



P

Positional Accuracy Improvement (PAI) 887

Positional Accuracy Improve-
ment (PAI), Figure 2 Absolute
positional accuracy

Practically, the true position within the reference system
can be determined to centimeter accuracy using differential
GPS surveying. An example for absolute positional accu-
racy is given in Fig. 2.
Both the absolute and relative positional accuracy of a giv-
en dataset can be determined by calculating the differences
between the mentioned distances of a significant sample
of the dataset and can be expressed as a root mean square
error (RMSE) that relates to a one sigma (standard devi-
ation) confidence level. Assuming a Gaussian distribution
for the errors or differences, this means that the likelihood
that a measurement falls into the range expressed by the
RMSE—plus or minus one meter, for example—is 67%.
Historically, relative accuracy has been more important to
most users than absolute accuracy since it expresses a local
quality statement of a geospatial dataset taking the rela-
tionship of neighboring features into account.

Topological Relationships Between Geometries

Vectors between identical points of geometries in an unim-
proved and an improved (or shifted) datasets are called
Link Vectors. The start and end-points of these vectors
have coordinate values in the overall reference system.
This means that they describe the shift between the points
in both datasets. A Link Vector Field is a collection of
link vectors for a dataset or part of a dataset. An example
for a link vector field connecting identical points in two
displaced sets of geometries is displayed in Fig. 3.

Positional Accuracy Improvement (PAI), Figure 3 Link vector field

The process of altering the coordinate values of points in
a datasets by adding link vectors to individual coordinates
is called Rubber Sheeting. If the link vector field does
not contain a link vector that originates on the point to be
shifted, a link vector is interpolated within the link vec-
tor field. Commonly used interpolation algorithms include
nearest neighbor, inverse distance weighting or natural
neighbor [6].
The term Geometric Fidelity is used to describe how well
the shape of a line or area geometry is retained in a PAI
process [7,8]. Geometric fidelity is defined as

the difference between the shape of a geometry or
set of geometries as an ordered sequence of points
in a geospatial dataset and the sequence of the corre-
sponding points in the real world.

Practically, the geometric fidelity can be assessed for each
geometry either by visually checking the distortion of
a geometry or by calculating and comparing the angle
between edges in the dataset and the real world. The lat-
ter can be approximated by GPS measurements of the end
points of the lines.
The process of rubber sheeting will decrease the geomet-
ric fidelity of a dataset in a PAI process in most cases.
The geometric fidelity will not be altered if the link vec-
tor field leads to a close approximation of a linear shift and
or a rotation.

Shifting Geometries

In addition to re-surveying or re-capturing data, there are
three fundamental ways to move data in a PAI scenario.
They are illustrated in Fig. 4, the Shifting Triangle.
Shifting by Interpretation describes the method of mov-
ing features to their improved position by determining this
position on an individual basis for every geometry. It is
based on the perceived relationship between these features
and others in the vicinity. The new position is determined
by a human operator or, alternatively, an artificial intelli-
gence process, by interpreting the feature according to an
intangible or tangible capture specification.
Geometric shifting relates to the application of a link vec-
tor field that describes the difference between the old and
the improved base data by means of geometric transfor-
mations. Rubber sheeting is a commonly used example for
geometric shifts.

Positional Accuracy Improve-
ment (PAI), Figure 4 Shifting
triangle
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Rule based shifting make use of the specification of
the dataset and explicit relationships between features
in the base and user datasets. These can be expressed
by geometric constraints, such as preserving right angles
between lines or calculating distance functions between
user and reference geometries [9]. The distance function
is described in a later paragraph.
The shifting triangle implies that the most efficient pro-
cess to migrate user data is likely to be a combination of
the three fundamental methods. An often used combina-
tion would be to rubber sheet the data first, then ‘snap’
relevant features back to the improved reference dataset
according to a rule, followed by an interpretational correc-
tion of geometries that were incorrectly shifted.

Topological Relationships Between Geometries

The following three figures illustrate important relation-
ships between reference data (thick grey lines) and user
data (thin dashed lines) using polygon geometries as an
example.
In Fig. 5 the user data completely follow the geometry of
the reference data – the vertices of the user data are iden-
tical to the vertices of the reference data. Within a Geo-
graphic Information System many of this data are created
by digitization using a ‘snapping’ algorithm. Hence these
data can be described as ‘snapped’ user data. In Fig. 6 the
user data contain geometry that is not in the reference.
Therefore this part of the polygon can’t be linked to any

Positional Accuracy Improve-
ment (PAI), Figure 5 Snapped
user data

Positional Accuracy Improve-
ment (PAI), Figure 6 Partly
snapped user data

Positional Accuracy Improve-
ment (PAI), Figure 7 Roughly
digitized user data

geometry in the reference data. Figure 7 depicts a common
scenario where the user data are digitized against the ref-
erence data without using a ‘snapping’ algorithm. In this
case the user data vertices are not identical with the ref-
erence data vertices, but close to them. Since the quali-
ty of digitization could be better (as illustrated in Fig. 5),
this relationship can be described as roughly digitized user
data.

Distance Function

A spatial relationship between two polygons can be
described by a distance function [10]. The distance func-
tion reports the minimum distance separating two poly-
gons as a function f(n) of the perimeter n of polygon
A. Where two polygons are coincident, the function will
report a zero minimum distance. f(x) > 0 indicates that the
perimeter of polygon A falls within polygon B and there-
fore overlaps while f(x) < 0 shows that the perimeter of
polygon A falls outside polygon B.
For the two polygons A and B, as shown in Fig. 8, the
distance function between the boundary of polygon A and
polygon B is displayed in Fig. 9. It is created by follow-
ing the perimeter of polygon A from intersection point a
over b, c, d, e and f back to point a. For all points on the
perimeter (or a number of points that are placed in small
discrete intervals on the perimeter) the shortest distance to
polygon B is calculated.

Positional Accuracy Improvement (PAI), Figure 8 Two simple polygons
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Positional Accuracy Improvement (PAI), Figure 9 Distance function
expressing the relationship between the polygons in Fig. 8

The distance function for snapped user data (see Fig. 8)
constantly equals zero, while the distance function for
partly snapped polygons (see Fig. 9) will be zero for the
snapped part of the polygon and have a distinctive peak
where user data does not follow reference geometries. For
the scenario shown in Fig. 7, the roughly digitized data,
the distance function will be close to zero, with some noise
indicating the difference between the user data and under-
lying reference data [9].
A term related to PAI is Conflation, meaning automated
map compilation [11]. This technique, pioneered in 1985,
allows the integration of two overlapping geospatial data-
sets by matching some corresponding structures in both
sets and subsequent transformation of all features into one
dataset. While conflation is a technique that can be utilized
to execute PAI, PAI itself focuses on maintaining the syn-
chronicity between two or more datasets following geom-
etry changes to the reference dataset and allows a number
of different technical solutions.
A fundamental discussion of the Mathematical Models for
Geometrical Integration that are the basis for PAI as well
as links to additional literature can be found in an article
by Kampshoff [12].

Key Applications

Positional Accuracy Improvement introduces geometry
changes to geospatial datasets in order to improve their rel-
ative and/or absolute positional accuracy.
While an improvement of the relative accuracy is a possi-
ble scenario, today’s main application area is the improve-
ment of the absolute accuracy within a national or global
coordinate system. The influence of new surveying meth-
ods, namely the impact of Global Navigation Satellite Sys-
tems, on the production of large-scale topographic and
cadastral datasets has been the main driver to improve
the positional accuracy of these datasets. New surveys are
often very accurate within a global Coordinate Reference
System and need to be integrated into existing topographic
or cadastral reference datasets. A large part of the existing
data is typically based on historic surveys in local refer-
ence systems of a lesser accuracy.

Positional Accuracy Improvement (PAI), Figure 10 Reference and user
data

Reference Data and User Data

In practical terms geospatial data can usually be divided
into two categories: reference data that provide the geospa-
tial context and user data that comprise additional features
supporting a particular application. In many cases the user
data are generated by the users themselves while the ref-
erence data are provided by a National Mapping Agency
or private data provider. On a paper map both the base
map and the user data are usually drawn or printed onto
the same surface and cannot easily be separated from each
other. Digital datasets maintain both as two or more com-
pletely separate layers that are just combined for analysis
and publication on the screen or in print. An example for
reference and user data is given in Fig. 10. The thick, grey
lines represent reference data; the thin, red lines indicate
user data.

PAI on Reference Data

The improvement of an existing reference dataset can be
done by re-surveying the geometries, shifting them or
a combination of both. Figure 11 gives an example for
the difference between an unimproved (thick line) and an
improved (thin, dashed line) reference data set.
After a reference dataset is shifted, all future updates of
that dataset will typically apply to the improved dataset.
This usually triggers a PAI process on user data in con-
junction to datasets that were derived from this reference
dataset.

PAI on User Data

User datasets that were derived from or created to be used
in conjunction with a particular reference dataset may not
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Positional Accuracy Improvement (PAI), Figure 11 Reference data
before (bold line) and after applying PAI (dashed line)

be synchronized with that reference dataset after the latter
one has been improved. This means that the topological
relationships between geometries in the reference dataset
and the user data may be destroyed.
This can have a significant impact on the use of these
datasets. Applications such as automated searches for con-
veyancing, may produce incorrect results if a search is
done using improved reference data in conjunction with
unimproved user data.
Once a user dataset is shifted to its post-PAI position,
geometric interoperability between this dataset and the
improved reference is re-established and both datasets can
be used in conjunction again.

Use Case: PAI in Great Britain

In Great Britain, the original topographic surveys date as
far back as the early 1800s. More importantly, a large
amount of the surveys that form the backbone of today’s
large-scale digital reference data was acquired during the
first half of the 20th century. At that time it was com-
mon practice to use separate, county-specific reference and
coordinate systems to survey and display the maps (known
as County Series maps). A fundamental approach to inte-
grate those projections into one common metric coordi-
nate system for Great Britain, the British National Grid,
was started around 1938 and finished after the Second
World War. Today all large-scale reference data are held in
a national geographic database that currently holds about
440 million features as well as selected spatial relations
between features.
It was apparent, even before GPS was used as a survey-
ing tool, that new topographic details could not always be
seamlessly integrated into the national geographic data-
base, resulting in operational overheads to maintain the
database as well as using the data in conjunction with user
data.

While differential GPS methods deliver absolute position-
al accuracies of 10 centimeters or better, features in large-
scale Ordnance Survey data have an absolute position-
al accuracy of between 2.8 m RMSE in rural areas and
0.4 m RMSE in urban areas. This indicates the accuracy
of the absolute position of a coordinate in the context of
the British National Grid coordinate system. In contrast to
this, the relative positional accuracy has always been sig-
nificantly better.
Following earlier debates that go back to the 1970s, Ord-
nance Survey started to plan a national program to improve
the absolute positional accuracy of its rural large-scale data
in the late 1990s. It applies to 152,000 km2 (or about two
thirds of the area of Great Britain) and excludes the major
urban areas, which were already resurveyed to a high-
er standard from 1947 onwards, as well as mountain and
moorland regions, where improving the positional accura-
cy is not necessary or economically viable. The program
was completed in March 2006 and is future-proofing the
value of the national geographic database. The absolute
positional accuracy of the data after the improvement is
1.1 m RMSE in rural areas and 0.4 m RMSE in selected
rural towns.
In Great Britain this data set is widely used as a refer-
ence in conjunction with individual user datasets by sev-
eral hundred organizations throughout the country. The
need to improve the positional accuracy of associated user
datasets has created at least 30 different solutions and ser-
vices to shift user datasets [13].

Use Case: MAF/TIGER Accuracy Improvement
in the United States

In the United States the most prominent PAI program
is undertaken by the US Census Bureau as part of the
MAF/TIGER Accuracy Improvement Project [14]. The
program aims at improving the accuracy of the TIGER
(Topologically Integrated Geographic Encoding and Ref-
erencing System) database to 3.8 meters RMSE for all 50
states as well as Puerto Rico and the U.S Virgin Islands.
Unimproved data have been reported to differ up to 150
meters from its (true) Differential-GPS position. This will
allow the Bureau to match geographic locations to census
geographies in a more automated way.

Future Directions

It is anticipated that the widespread use of GPS and aeri-
al photography that is rectified against GPS control points
will significantly increase the importance of absolute accu-
racy. Therefore the need to positionally improve datasets
with a low positional accuracy is likely to increase in order
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to make them geometrically interoperable with datasets of
a higher absolute positional accuracy.
To date most PAI programs were implemented as coordi-
nated programs. These programs usually focused on the
improvement of a particular dataset and were focused on
the individual requirements for geometric interoperability
of this dataset with those of a higher positional accuracy.
In the future the development of a more generic process
to improve the accuracy of geospatial datasets would be
beneficial. Particularly the implementation of PAI as a web
service, performed on the fly, as the data are being prepared
or loaded into a client application, will be a powerful tool
in order to make datasets geometrically interoperable.
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This article has been prepared for information purposes
only. It is not designed to constitute definitive advice on
the topics covered and any reliance placed on the contents
of this article is at the sole risk of the reader.
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Synonyms

Postgres; OGIS; Spatial DBMS; Public-domain software;
Open source; Object-relational; Simple features model;
GEOS library; SQL, spatial; R-tree; GiST index

Definition

PostGIS is a spatial database extension for the PostgreSQL
(SQL being structured query language) object-relational
database. It is certified as a compliant “Simple Features
for SQL” database by the Open Geospatial Consortium
(OGC).
PostGIS adds geometry data types and spatial func-
tions to the PostgreSQL database. The supported geom-
etry data types are “Points,” “LineStrings,” “Polygons,”
“MultiPoints,” “MultiLineStrings,” “MultiPolygons” and
“GeometryCollections”. Spatial functions enable the anal-
ysis and processing of geographic information systems
(GIS) objects. Examples are measurement functions like
“Area,” “Distance,” “Length” and “Perimeter” and spa-
tial operators like “Union,” “Difference,” “Symmetric
Difference” and “Buffer”. Topological relationships, like
“Equals,” “Disjoint,” “Intersects,” “Touches,” “Crosses,”
“Within,” “Contains” and “Overlaps”, are processed by the
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PostGIS, Figure 1 Geometry class hierarchy of the “Simple Features for SQL” specification from the Open Geospatial Consortium. The geometry types
supported by PostGIS are gray shaded

Dimensionally Extended Nine-Intersection Model (DE-
9IM).
PostGIS and PostgreSQL are open source. PostGIS is
released under the GNU General Public License and Post-
greSQL is released under the Berkely Software Distribu-
tion (BSD) license.
The functionality of PostGIS is comparable to ESRI ArcS-
DE, Oracle Spatial, and DB II spatial extender.

Historical Background

The first version of PostGIS was released in 2001 by
Refractions Research. It is published under the GNU
General Public License [1] and development has contin-
ued since then. In 2006, PostGIS was certified as a compli-
ant Simple Features for SQL database by the OGC. It uses
libraries of other open source projects. The GEOS (Geom-
etry Engine Open Source) library [2] provides most of the
operations described by the OGC Simple Features and the
proj4 [3] library contributes the projection support.
Refractions Research is located in Victoria, British
Columbia, Canada. It is a consulting and product devel-
opment organization, specializing in spatial and database
application development [4].
The history of PostgreSQL begins at the University of Cal-
ifornia at Berkeley (UCB). PostgreSQL, originally called
Postgres, was created at UCB by a computer science pro-
fessor named Michael Stonebraker. Stonebraker started
Postgres in 1986 as a follow-up project to its predeces-

sor Ingres. Stonebraker and his graduate students actively
developed Postgres for 8 years. In 1995, two Ph.D. stu-
dents from Stonebraker’s lab, Andrew Yu and Jolly Chen,
replaced Postgres’ POSTQUEL query language with an
extended subset of SQL. They renamed the system to Post-
gres95. In 1996, Postgres95 departed from academia and
started a new life in the open source world under the BSD
license [5]. At the same time the database system was giv-
en its current name PostgreSQL. PostgreSQL began at ver-
sion 6.0 (1996); in 2007 the current version is PostgreSQL
8.2 [6].

Scientific Fundamentals

Like other spatial databases, PostGIS combines the advan-
tages of classical GIS software, mainly the possibility of
spatial analysis, with the advantages of database manage-
ment systems (DBMS) Such as indexing, transactions and
concurrency [7,8].

Simple Features for SQL

PostGIS follows the Simple Features for SQL specification
from the OGC [9]. This implies:
• PostGIS supports the Simple Feature Class Hierar-

chy according the Open GIS Geometry Model. This
includes geometry types for Points, LineStrings, Poly-
gons, MultiPoints, MultiLineStrings, MultiPolygons
and GeometryCollections (Fig. 1 and Fig. 2).

http://www.gnu.org/copyleft/gpl.html
http://www.gnu.org/copyleft/gpl.html
http://www.gnu.org/copyleft/gpl.html
http://www.gnu.org/copyleft/gpl.html
http://en.wikipedia.org/wiki/GNU_General_Public_License
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http://en.wikipedia.org/wiki/GNU_General_Public_License
http://en.wikipedia.org/wiki/GNU_General_Public_License
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PostGIS, Figure 2 Geometry types supported by PostGIS. a Point. b MultiPoint. c LineString. d MultiLineString. e Polygon. f MultiPolygon. g Geome-
tryCollection

• PostGIS supports the representation of geometry data as
Well Known Text (WKT), Well Known Binary (WKB),
as Geography Markup Language (GML) and as Key-
hole Markup Language (KML) for Google Earth. Addi-
tionally, it supports output as Scalable Vector Graphics
(SVG) path geometry.

• PostGIS implements SQL functions that test spatial
relationships. These functions include “Equals,” “Dis-
joint,” “Intersects,” “Touches,” “Crosses,” “Within,”
“Contains,” “Overlaps” and “Relate”. All these oper-
ators are based on the DE-9IM [9,10].

• PostGIS implements SQL functions that support spatial
analysis. These functions include “Distance,” “Buffer,”

“Convex Hull,” “Intersection,” “Union,” “Difference”
and “Symmetric Difference” (Fig. 3).

• PostGIS implements spatial operators for determining
geospatial measurements like Area, Distance, Length
and Perimeter.

• PostGIS provides information about the geometry type
and the spatial reference system. This spatial metada-
ta is stored in the Geometry Columns Metadata View
and in the Spatial Reference System Information View
according to the Simple Features for SQL specifica-
tion [9]. Each reference system has a unique identifier
called SRID according to the European Petroleum Sur-
vey Group (EPSG) code [11].
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PostGIS, Figure 3 Spatial functions supported by PostGIS. a Distance. b Buffer. c Convex hull. e Union. f Intersection. g The difference of polygon A to
polygon B. h The difference of polygon B to polygon A. i Symmetric difference. d The polygons used for the spatial operations of e–i

Spatial SQL

The implementation of the OGC “Simple Features for
SQL” offers GIS new and powerful features for manag-
ing, retrieving and analyzing geospatial data. The spatial
domain introduces a new set of functions to the SQL Lan-
guage. The following queries are not complete and give
only an elementary review of the potential of the spatial
SQL syntax provided by PostGIS:

List the names of all cities which are located inside
Bavaria.

SELECT city_name
FROM city a, country b

WHERE WITHIN (a.geom, b.geom)
AND b.country_name = ’Bavaria’;

city_name
----------------------------
Munich
Augsburg
...

List the names of all countries which are neighbors to
Bavaria.

SELECT b.country_name
FROM country a, country b

WHERE TOUCHES (a.geom, b.geom)
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AND a.country_name = ’Bavaria’;

country_name
-----------------------------
Thuringen
Baden-Wurttemberg
Hessen
Sachsen
(4 rows)

List the names of all cities which are located within 50 km
of the river Isar.

SELECT DISTINCT a.city_name
FROM city a, river b

WHERE DISTANCE (a.geom, b.geom) < 50000
AND b.river_name = ’Isar’;

city_name
----------------------------
Munich
Passau
...

Calculate the area of a buffer of 50,000 m around Munich
(see also Fig. 3b).

SELECT AREA (BUFFER(geom,50.000))/
10000 AS Hectares

FROM city
WHERE city_name = ’Munich’;

hectares
------------
780361.288064939
(1 row)

List the name, the population and the area of all countries
which have an area greater than 3,000,000 ha sorted by the
population (in ascending order).

SELECT country_name, pop_admin, AREA(geom)/
10000 AS Hectares

FROM country
WHERE AREA(geom) > 30000000000
ORDER BY pop_admin;

country_name | pop_admin | hectares
--------------------+----------+-----------------
Niedersachsen | 8000909 | 4733454.20332757
Baden-Wurttemberg | 10717419 | 3621827.63163362
Bayern | 12469000 | 7029553.1603014
Nordrhein-Westfalen | 18058000 | 3438200.2301504
(4 rows)

Show the geometry type of the table cities.

SELECT DISTINCT GEOMETRYTYPE(geom)
FROM city;

geometrytype
------------
POINT
(1 row)

Show the description of the spatial reference system for the
table countries.

SELECT DISTINCT SRID(geom)
FROM country;

srid
----
4326
(1 row)

With the result of the last query, e. g., the SRID= 4,326,
it is possible to get information about the used projection
from the table spatial_ref_sys.

SELECT srid, proj4text
FROM spatial_ref_sys

WHERE srid = 4326;

srid | proj4text
-----+---------------------------------
4326 | +proj=longlat +ellps=WGS84

+datum=WGS84 +no_defs
(1 row)

Show the point location of Munich as WKT.

SELECT city_name, ASTEXT(geom) AS “Location”
FROM city

WHERE city_name = ’Munich’;

city_name | Location
----------+-------------------------
Munich | POINT(11.5429545454545

48.1409727272727)
(1 row)

Show the point location of Munich as GML, transformed
to the coordinate system with EPSG code 31464 (Gauß
Krüger, Germany, 12th meridian).

SELECT ASGML(TRANSFORM(geom,31464),7)
FROM city

WHERE city_name = ’Munich’;

asgml
---------------------------------------
<gml:Point srsName="EPSG:31464">
<gml:coordinates>4466089,5333763

</gml:coordinates>
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<gml:Point>
(1 row)

Spatial Join (Query Processing)

PostGIS supports spatial joins. A spatial join is compara-
ble to a standard table join based on a spatial relationship.
A standard table join merges two tables into one output
result. The join is based on a common key.

SELECT a.city_name, b.country_name
FROM city a, country b

WHERE a.country_name = b.country_name
ORDER BY b.country_name, a.city_name;

A spatial join merges two tables into one output result
based on a spatial relationship. For example, the names of
the countries are stored in the table country and the names
of the cities are stored in the table city. If anybody wants to
list the name of the cities and the name of the countries, in
which the cities are located, in one table, they have to use
a spatial join:

SELECT a.city_name, b.country_name
FROM city a, country b

WHERE WITHIN(a.geom, b.geom)
ORDER BY b.country_name, a.city_name;

Indexing and Query Optimization

PostgreSQL supports compound, unique, partial, and func-
tional indexes, which can use any of its B-tree, R-tree,
hash, or Generalized Search Tree (GiST) storage meth-
ods. GiST indexing is an advanced system, which pro-
vides an interface and framework for developers to add
their own indexes. It allows the combination of a lot of dif-
ferent sorting and searching algorithms including B-tree,
B+-tree, R-tree, partial sum trees, ranked B+-trees and oth-
ers [6,12,13,14].
PostGIS indexes are R-tree indexes, implemented on top of
the general GiST indexing schema. R-trees organize spa-
tial data into nesting rectangles for fast searching ([4,15],
Fig. 4).
With PostgreSQL and PostGIS, several possibilities exist
for query optimization. It is possible to choose between
a sequential scan and an index scan for attribute data and
between a sequential scan and an index scan using the
GiST index for geometry data.
For mixed spatial/nonspatial queries it is possible to use
the index with the best selectivity to provide high-perfor-
mance query plans.
The spatial indexes are not used automatically for every
spatial request or operator. Because the R-tree index is
based on rectangles, spatial indexes are only efficient for

bounding box comparisons. In PostGIS, the indexed search
is activated by using the “&&” operator, which means
“bounding boxes overlap”. The following SQL statement
shows a short example:

SELECT river_name FROM river
WHERE geom && SETSRID(’BOX3D

(11 47, 12 49)’::BOX3D,4326)
AND DISTANCE( geom, GEOMFROMTEXT

( ′POINT(12.0 48.5)′ , 4326) ) < 1;

The example query demonstrates a characteristic “two-
step” approach to spatial processing:
• The first step, the so-called filter step, is the indexed

bounding box search, which runs on the whole table
(geom && BOX3D).

• The second step is the so-called refinement step. It only
operates on the filtered subset using the exact geome-
tries and represents the original query, in this case the
distance query. As this query runs only on the subset
returned by the filter step the high costs of processing
the exact feature geometries are minimized.

This highly recommended strategy to improve the per-
formance of spatial queries is called the filter-refine
paradigm [7].

Key Applications

Spatial data infrastructures (SDIs) facilitate access to
geospatial information using a minimum set of standard
practices, protocols, and specifications [16]. Every SDI
requires a spatial database server and PostGIS represents
an open-source- and OGC-compliant solution. Thus Post-
GIS is supported by many GIS applications, which cover
a broad range from server, over workstation and desktop,
to internet solutions.

Open Source Software

• deegree: http://www.deegree.org/
• GeoServer: http://geoserver.org/
• GeoTools: http://geotools.codehaus.org/
• GRASS: http://grass.itc.it/
• gvSIG: http://www.gvsig.gva.es/
• MapServer: http://mapserver.gis.umn.edu/
• OGR Simple Feature Library: http://gdal.maptools.org/

ogr/
• OpenJUMP: http://openjump.org/wiki/show/

HomePage
• Quantum GIS: http://www.qgis.org/
• Thuban: http://thuban.intevation.org/
• uDig: http://udig.refractions.net/
• . . .

http://www.sai.msu.su/%7Emegera/postgres/gist/doc/intro.shtml
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http://thuban.intevation.org/
http://udig.refractions.net/
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PostGIS, Figure 4 The bounding boxes that are used for the spatial indexes of the countries and rivers shown in a are given in b

Proprietary/Closed Software

• ArcGIS (with the Interoperability Extension): http://
www.esri.com/

• Cadcorp SIS: http://www.cadcorp.com/
• Feature Manipulation Engine FME: http://www.safe.

com/
• Ionic Red Spider: http://www.ionicsoft.com/
• . . .

Future Directions

The 1.2.0 release of PostGIS comes with the first support
for “curve” types, based on the International Organization
for Standardization (ISO) SQL/MM (SQL Multimedia and
Application Packages) model for curves. Also initial sup-
port for the ISO SQL/MM suite of spatial database func-
tions is implemented [17].
In addition to the ongoing implementation of the ISO
SQL/MM standard the PostGIS team works on three-
dimensional surface and spline curve support, topology,
networks, routing, long transactions and raster integration.
The initial groundwork for using PostGIS as an ESRI
ArcSDE style interface was also laid in version 1.2. This
includes support for most of the ST_* and SE_* spatial
SQL functions used by the ArcSDE spatial SQL interfaces.

Cross References

� Data Infrastructure, Spatial

� deegree Free Software
� Dimensionally Extended Nine-Intersection Model
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Synonyms

Geographic data management

Definition

Geospatial data refers to information about shapes and
extent of geographic entities along with their locations
on the surface of the earth. This definition, however, is
often extended to include any physical or logical entity
as long as it exhibits one or more geographic character-
istics such as topology of a proposed highway infrastruc-
ture or location of a moving vehicle. Geospatial data man-
agement pertains to the acquisition, manipulation and dis-
semination of geospatial data under a set of guidelines.
It has numerous applications including counter-terrorism,
climate-change detection and space exploration. For exam-
ple, global warming has been one of the major climate
changing events in recent years. The significance of global
warming lies in the severe impact that even small climate
changes could cause on weather patterns, ecosystems and
other activities. Understanding the causes and impacts of
global warming is therefore critical. Central to this mis-
sion are the thousands of stations capturing vast amounts
of geospatially referenced climate and weather data, both
on and off the Earth. The data is stored in hundreds of
geographically distributed databases, often in different for-
mats. Even more problematic is that the data lack a com-
mon semantics, and as a result tends to take on differ-
ent meanings in different places. These two problems are
major impediments to scientists in their ability to coherent-
ly and consistently analyze the data, and investigate global
trends, make predictions, and so forth.
One way to effectively analyze and detect climate changes
is to apply knowledge discovery techniques, also referred
to as data mining, for geospatial data sources. If the experts
are to systematically process the data in order to answer
important scientific and social questions, a coherent repre-
sentation of the geospatial data related to global warming
is needed. The semantic heterogeneity problem is handled
by establishing domain ontologies (e. g., emission mod-
el, temperature model, sea-level model) to aid in the pro-
cess of data annotation. A large number of existing envi-
ronmental parameters can be mapped to geospatial data
objects and the remaining ones could be added on grad-
ually.
While the geospatial data related to climate modeling and
changes, as well as much of the geospatial data such
for counter-terrorism applications such as photographs of
building and bridges, are usually publicly available, cer-
tain fields may be sensitive to a particular organization.
Furthermore, the results of the integration and analysis
of the geospatial data may also be sensitive. A recent
report by Rand Corporation has stated that geospatial data,
even those publicly available, have security needs that
must be dealt with [1]. National Oceanic and Atmosher-
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ic Administration (NOAA) has also discussed the strong
need for security policy enforcement for climate data
records (CDR) [2].
Much progress has been made on geospatial information
systems such as the specification of the geospatial markup
language (GML) [3] for data representations by organiza-
tions such as the Open Geospatial Consortium (OGC) as
well as information retrieval techniques. However several
areas including techniques for integrating geospatial data
as well as mining the data needs research. Furthermore,
security and privacy issues have received very little atten-
tion for geospatial data management integration and min-
ing. Research in the areas of geospatial data integration,
mining and security are being conducted.

Historical Background

Some past research work has been reported on secure
geospatial data management systems [4,5], as well as
secure web services and secure semantic web [6]. For
example, Atluri [4] has proposed a model that takes into
account the characteristics of geospatial data. Bertino et
al. [7] have developed a model called GEORBAC that
extends role-based access control (RBAC) for geospa-
tial data that take into consideration classification policies
depending on content, content and time. The OGC mem-
bers have also done some exploratory work in the use of
Public Key Infrastructure (PKI) and extensible access con-
trol markup language (XACML) for building and deploy-
ing more secure geospatial portal applications. The OGC
is also working on standards for geospatial digital rights
management. However, in the literature survey done there
is no work on developing secure geospatial semantic web
and web services except for the research being conducted
at the University of Texas at Dallas [8].
In a service-oriented architecture or a distributed system
where multiple parties collaborate to exchange geospatial
data, it is imperative that a strong security mechanism is
maintained to ensure participating parties’ continued will-
ingness to share data. The abundance of data exchange
protocols and the varying business needs of the parties
make it a challenging task to devise an appropriate secu-
rity model. The security specification from the Organiza-
tion for the Advancement of Structured Information Stan-
dards (OASIS) defines a web service security model that
unifies several popular security models and technologies
to be able to interoperate in a platform- and language-
neutral manner. XACML is the OASIS security standard,
which allows developers to write and enforce information
access policies for web services. The web service policy
language (WSPL) is another proposed language for web
services security framework. These languages lack infer-

ence and reasoning capabilities as they are not semantics-
aware frameworks for machines to interpret, although they
establish syntactical interoperability. GeoXACML [9] is an
access control language proposed for geospatial web ser-
vices.
There are two overlooked aspects in the existing securi-
ty models mentioned above. First, they are mainly suit-
able for a single-party environment. In an integrated envi-
ronment where resources come from various parties, the
individual policies of each party have to be combined to
apply in a global context. Bertino et al. [10] have proposed
an integration algorithm for combining access policies of
multiple autonomous parties in a distributed environment.
They extend XACML by including a set of preferences
that allow dynamic computation of policy integration need.
The other overlooked aspect in the current models is the
lack of semantics awareness in policy constructs. Seman-
tic Web allows a platform for policy reasoning and infer-
encing if the policies are written in a semantic-aware lan-
guage. Although the techniques for Semantic Web security
are yet to be standardized, there has been work involving
security ontologies. Different policy representations have
been proposed using semantic languages such as Rei, and
KAoS. KAoS exploits ontologies for representing and rea-
soning about domains describing organizations of humans
and agents. Rei is a deontic concept-based policy language
in Resource Description Framework-Schema (RDF-S).
One of the major challenges confronted in geospatial data
management is collection and assimilation of data with-
out major loss of fidelity. The most commonly employed
approach has been using geospatial systems or ad-hoc
programs to define methods that convert data from one
source or format to another with the help of wrappers. This
approach has limitations in so far as the wrappers are cum-
bersome and require manual translations every time a new
data format or standard appears. Several proposals have
been offered that utilize schema mechanisms (e. g., GML)
to define concepts in a standardized manner. Nonethe-
less, the semantics provided by the schemas for geospa-
tial resources are not machine-readable and hence are dif-
ficult to share between systems without prior coordination.
While there have been researches to address these limita-
tions (e. g., [11]), a comprehensive approach to developing
a geospatial semantic web with appropriate technologies
for specifying semantics as reasoning engines are yet to be
developed.

Scientific Fundamentals

There are different levels of interoperability issues that
need to be addressed when two or more geospatial data
sources are to be integrated. One of the major problems
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is semantic heterogeneity. An example is the following:
land cover classifications where definitions of forest, plan-
tation, wood, copse, scrub, orchard, etc. all relate to areas
with some tree cover but different organizations and coun-
tries may use them differently as well as use different
terms for the same entity. The other problem is structural
heterogeneity. For instance, a geographic location can be
expressed by, for example, a closed string, and two sepa-
rate coordinates or by a point. Research on semantic inter-
operability between geospatial data sources of the same
theme is underway. A major challenge is to integrate the
work of OGC and the World Wide Web Consortium (W3C)
to develop a geospatial semantic web that handles seman-
tic heterogeneity. Another challenge is in the development
of geospatial semantic web services that can discover and
manage resources in a global environment.
While integration of data sources is important, it has to be
done securely to ensure participating parties’ willingness
in sharing their data. An important security consideration
in this process is the integration of security policies. Since
the individual agencies implement their own security poli-
cies to protect the data, several critical issues arise during
the policy integration. The first issue is the mismatch of
policy rule semantics. That is, when a policy has to be inte-
grated with other policies, attributes and targets of the poli-
cies should be interpreted consistently by the system. For
example, if two policies from separate agencies use “man-
ager” and “supervisor” respectively, to specify the same
role attribute, the integration algorithm should be able to
interpret this equivalency. The second issue is rules mis-
match. Even if the assumption of no heterogeneity is made,
attributes sets and targets of separate policies have to be
matched properly.
Further security challenges include coming up with appro-
priate policies for climate and weather data, as well as lan-
guage to specify the policies. Policies may depend on con-
tent, context and time. Different agencies may enforce dif-
ferent policies. Furthermore, collections of data from mul-
tiple databases within an agency or from multiple agen-
cies taken together may be sensitive, while individually
they may not be classified. The geospatial semantic web is
expected to provide a level of semantics to help in design-
ing secure contextualized and georeferenced policies that
reason about their robustness.
A study was conducted to evaluate existing geospatial
web service standards against the requirements identified
in the use cases, in particular, identification of formal
change requests to enhance existing standards. In those
cases where existing standards will not work or cannot be
adapted, identifying and developing new web service inter-
face standards was investigated. In both cases, the focus
was on (1) geospatial semantic web services for applica-

tions such as discovering and managing geospatial data
resources, and (2) geospatial semantic web technologies
for information integration and related security considera-
tions. Both types of services are closely intertwined as the
information integration application will invoke the geospa-
tial semantic web services for providing various services.
Each web service has a high-level service description that
is written using Web Ontology Language for Services
(OWL-S). OGC specifies geospatial interface and encod-
ing standards. The key encoding standard is the GML.
OWL-S provides a semantic rich application level platform
to encode the web service metadata using descriptive logic.
The approach used is essentially the following:
• Semantic enrichment of the OGC web services frame-

work by using OWL-S ontology
• Query disambiguation of the service requestor using

semantics
• Automatic service discovery and selection using

capability-based matchmaking
• Automatic service composition and invocation
Since geospatial data involves geospatial constructs such
as overlap and boundary which are required to be dis-
ambiguated during the query phase, the registered ser-
vices will then be automatically discovered for the dis-
ambiguated query using capability-based search which is
a more expressive mechanism than the simple keyword-
based search currently used in the service registries. The
selected web services will be automatically invoked using
the WSDL groundings. Dynamic service compositions on
the fly are made possible for the service requestor’s query.
The research carried is for developing geospatial seman-
tic web technologies for information integration. Devel-
opment of a geospatial resource description framework
(GRDF) that extends GML to include semantics [8] has
been initiated. This is also intendend to enhance GRDF
(e. g., extensions to support climate data), which is the
foundation for a geospatial semantic web, and subsequent-
ly extend the reasoning engines (such as those in JENA;
JENA is a java framework for building semantic web appli-
cations) for geospatial data.
Research is also needed to investigate security issues for
geospatial semantic web and web services. The core of the
approach is represented by a semantically rich web service
access control model consisting of a policy layer that pro-
cesses user queries to geospatial web service agents. The
security policies have to be enforced and only the autho-
rized data is retrieved and returned to the user. In the case
of multiple geospatial data servers, each node may enforce
its own set of policies as specified and enforced by the
policy framework. Data access by a web service is medi-
ated by a broker and the request is then sent to different
locations. Since policy descriptions and granularity will
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be annotated in descriptive logic (i. e., OWL-DL), the pro-
posed access control model will allow automatic reason-
ing between communicating clients and agents. A secure
GRDF language is being developed examined to specify
the security semantics.
There are unique challenges for discovering knowledge
from climate-change-specific geospatial data. For exam-
ple, Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer (ASTER) data is used to model detailed
maps of land surface temperature, emissivity, reflectivity,
and elevation. This characteristic of ASTER data offers
opportunities to observe, understand, and model the Earth
system, enabling us to better predict change, and to under-
stand the consequences for life on Earth. ASTER obtains
high-resolution (15–90 m2 pixel) images of the Earth in
14 different wavelengths of the electromagnetic spectrum,
ranging from visible to thermal infrared light. Therefore,
there is a need to build higher-level knowledge from this
data for analyzing complex phenomena. Geospatial data
specific to climate change has spatial and temporal char-
acteristics that add substantial complexity to data-mining
tasks. The spatial relations, both metric (such as distance)
and nonmetric (such as topology, direction, shape, etc.)
and the temporal relations (such as before and after) are
information bearing and therefore need to be considered in
the data mining methods.
Data mining raises serious security and privacy concerns.
There are two aspects here; one is that the results of data
mining may be sensitive. The other is that while the indi-
vidual climate data records are sensitive, the results of the
data mining tool are unclassified. These issues have to be
investigated for geospatial data.
For climate change, current work focuses mainly on the
change detection of various classes (i. e., “urban area”,
“forest” and so on) that appear in images of a partic-
ular location over time. The tasks involved for such an
approach include identifying the class/label of pixels in
images, estimating contiguous areas in the map/image that
belong to the same class, and comparing areas of the same
class taken from two different images for the same location
and determining changes. For example, from 1986 to 1998,
urban areas increased a total of 52,019 ha or by 28.4%.
This number can be estimated by first classifying urban
areas in images for 1986 and 1998 separately and then esti-
mating the difference. To classify pixel value into various
classes, the current state-of-the art uses a maximum like-
lihood (ML) classifier; it has been observed that the accu-
racy of ML is not satisfactory. Lower accuracy may con-
tribute higher false positives and higher false negatives for
climate change detection [12].
As far as the authors know, security for geospatial data
mining has not received any attention. At the University

of Texas at Dallas research has started in this field with
respect to both confidentiality and privacy.
The approach consists of the following:
• Extracting features to facilitate climate change detec-

tion
• Training classifiers using extracted features and predict-

ing class/label of pixels that appear in images
• Comparing contiguous areas of the same class taken

from two different images for the same location to facil-
itate change detection

• Correlating these atomic concepts/classes to make
a decision of generic concept with the help of ontolo-
gies

For feature extraction, ASTER data has 14 channels,
from visible through the thermal infrared regions of the
electromagnetic spectrum, providing detailed information
on surface temperature, emissivity, reflectance, and ele-
vation. ASTER provides valuable scientific and practi-
cal data of the Earth in various fields of research. To
classify pixels that appear in images, research is by
exploiting various data mining techniques including sup-
port vector machines (SVM) combined with a devel-
oped technique called Dynamically Growing Self Orga-
nizing Tree (DGSOT) [13]. Investigation has shown
that SVM+DGSOT is a powerful method for classifica-
tion. This classifier will help to determine atomic class-
es/concepts. Change detection can be done by comparing
contiguous areas of the same class taken from two different
images for the same location. Exploiting ontologies with
embedded rules will enable the determination of gener-
ic concept/outcome. For example, a set of high-level con-
cepts (i. e., wildfire) can be inferred using ontologies and
a set of atomic concepts (e. g., low rainfall). In particu-
lar, exploiting ontology-based concept learning improves
the accuracy of the individual concept. This is achieved by
considering the possible influence relations between con-
cepts based on the given ontology hierarchy.
Two aspects with respect to security need examination.
First, the prior research on enforcing security and pri-
vacy constraints for data management systems must be
examined, and the inferencing techniques for classifying
the results produced by the data mining tools applied.
Previous work in secure multiparty-based cryptographic
approaches for privacy preserving data mining as well as
other approaches should also be examined, and techniques
developed for security/privacy preserving geospatial data
mining [14].

Key Applications

Geospatial data are becoming increasingly useful across
many different applications for enhancing the visual aspect
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of the raw data and providing additional dimensions to
enable decision making and analysis. Some of the most
promising and critical applications are described here.

Emergency Response System

In the case of an emergency, first responders and decision-
making personnel often need to gather and analyze georef-
erenced data on the fly. Without efficient data management,
collecting and presenting the pertinent data in a coherent
form would be unfeasible.

Climatology

Geospatial data includes information regarding weather
patterns, seasonal changes, wind velocity, and atmospher-
ic and sea-level pressure and so on. Proper collection and
filtering of this data is critical in studying climate trends.
Climate changes that are deviating from the norm or that
imply serious repercussions can be determined based on
the collected data.

Semantic Web

Semantic web refers to a distributed system where all kinds
of data stores and client applications are connected via
a framework that incorporates a loose data model, log-
ic, rules and reasoning. The basic idea behind semantic
web is to enable a minimum human-intervention infras-
tructure and maximum machine automation. The appli-
cations on the semantic web can tap into various data
sources to fetch the pertinent data, and then merge them
to present coherent and precise results to application users.
For instance, a semantic-web-enabled automated restau-
rant finder agent can extract restaurant data and georefer-
enced data to present not only the route to the destination,
but the weather and crime rate in the area as well.

Future Directions

This paper has provided an overview of geospatial data
management and discussed the need for security;, geospa-
tial data integration, geospatial data mining and the impact
of security and privacy on these functions have been dis-
cussed. For each of the functions, challenges have been
identified, along with the state of the art and research direc-
tions.
As stated earlier, security and privacy are important con-
siderations for geospatial data mining. Even through much
of the geospatial data is publicly available, according to
the Rand report there are many attributes that have to be
protected. Furthermore, the privacy of the individuals has
to be maintained. There is still much work to be done in
geospatial data interaction, mining, security and privacy.
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Synonyms

Privacy of location traces; Anonymization of GPS traces;
Privacy preserving in location based services

Definition

Techniques to evaluate and enhance the privacy of users
that contribute traces of their movements to a geographi-
cal information system (GIS). Due to the increasing preva-
lence of global positioning system (GPS) chips in con-
sumer electronics and advances in wireless networking,
GIS can collect GPS traces of large numbers of individ-
ual users. These traces give rise to privacy concerns, since
GPS traces can reveal visits to sensitive or private places
(e. g., home, medical clinics) and associated information
such as time of day or speed of travel.
Privacy can be enhanced through standard data protec-
tion techniques such as policy disclosure, obtaining user
consent, access control, and encryption. Anonymization,
another standard technique, is of particular interest for
GIS applications that aggregate data from many users,
since it also protects against accidental and insider data
breaches and enables public release of aggregate datasets.
Anonymization of location traces, however, poses special
challenges since the detailed time-series nature of a GPS
trace often allows re-identification of users. For exam-
ple, it is often straightforward to identify the home or
work positions based on a GPS trace, providing means
to re-identify the user. Thus, removing identity informa-
tion from a trace only provides weak anonymity. To obtain
a strong degree of anonymity, special location disclosure
control algorithms must be used that reduce resolution,
omit especially sensitive parts of the trace and divide traces
into shorter disjoint parts to prevent extended tracking.

Historical Background

Privacy concerns due to the misuse of new technological
inventions can be traced back at least to Louis Brandeis
article “The right to privacy” [4] addressing photography
in 1890. Since then technological advances have posed
repeated challenges and have given rise to new social
norms, legal concepts, and technological solutions. Ear-
ly technological solutions for data privacy include data
encryption for communication and storage, operating sys-
tem and database access control, and auditing. Over the

past few decades, as information technology has permeat-
ed our lives, several notable privacy technology develop-
ments occurred that have influenced the development on
techniques for GPS traces:
• Statistical Databases. These databases allow queries

that retrieve aggregate statistics about individuals’ data
but do not allow retrieval of any individual’s record. The
main challenge in the development of such databases is
protection against inferences that reconstruct individu-
al records from the results of several carefully selected
aggregate queries.

• Privacy-Aware Data Mining. The objective of these
techniques is similar to statistical databases in that
they seek to protect individual database records. Instead
of calculating precise statistics, these algorithms only
allow reconstruction of the approximate distribution of
attributes over the total population, which is sufficient
for many data mining tasks. For example, privacy tech-
niques, such as value-class membership or time-series
distortion, can increase privacy for individual records,
while still allowing classifications algorithms to oper-
ate on aggregate data [1].

• k-Anonymity. The k-anonymity concept provides a for-
mal model for evaluating privacy protection of
a dataset. Samarati and Sweeney [14] developed this
concept and an algorithm that can remove or gener-
alize sensitive data so that a user’s record is indis-
tinguishable from at least k− 1 other records. Thus,
this algorithm enables anonymizing a database table, so
that the table can subsequently be released to external
sources (e. g., releasing medical records to researchers).
Anonymity-based solutions were also developed for
enhancing communication privacy [5].

These concepts provide a foundation for the development
of location privacy techniques described in the following
sections, which were motivated by the advent of affordable
positioning and tracking technologies.

Scientific Fundamentals

A typical GPS trace contains a collection of individu-
al position samples, each comprising latitude, longitude,
timestamp, and optionally speed and heading. Privacy of
a dataset of such traces may be protected through well-
known data protection techniques, such as encryption and
access control. These techniques are effective, when only
a limited number of fully trustworthy users require access
to the dataset. The dataset can then be protected from
eavesdroppers or curious other users by encrypting the
dataset before communication or storage, for example.
Anonymization techniques may be more appropriate if the
dataset must be released to a larger number of not fully
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trusted parties or when the identities of data providers are
not needed for the application. The remainder of this entry
will concentrate on such techniques, since the techniques
used in this case a more specific to GPS Traces.
A first step towards effective anonymization is removing
explicit user identifiers, such as names or cell phone iden-
tifiers, that may be associated with the trace. We refer to
this as a (weak) anonymous trace.
The exact privacy implications of such anonymous GPS
traces depend on many factors, especially GPS accura-
cy, building density, sampling frequency, trace duration,
user density, and other data associated with each sam-
ple. First, consider a trivial anonymous GPS trace contain-
ing only a single position (latitude, longitude, timestamp).
This trace could pose a location privacy risk, if an adver-
sary can infer the user’s identity. Identification is possible
through
• Restricted space correlation. A restricted space is

a geographic area only accessible to one known person,
such as a home or office. If samples originate from this
location, the adversary can infer with high probability
the user identity associated with this sample.

• External observation correlation. An external observa-
tion is a sighting of a single known individual at a give
position and time through other means (e. g., electron-
ic toll booth records, credit card transaction data, video
surveillance tape, etc.). If no other uses were present at
the location and the position and time of the sighting
matches the GPS sample, the user can be identified.

Both methods require that some information about the
position of the individual is already known. Still, priva-
cy risks can exist when disclosing the GPS traces for three
reasons. First, an adversary may learn more precise infor-
mation about the whereabouts of the individual, for exam-
ple the exact time an individual was present or the exact
room a person visited. Second, the usage of GPS samples
poses a more general data privacy risk, if other sensitive
information is associated with the sample. For example,
a user might conduct an apparently anonymous location-
based search for the closest medical clinics on a cell phone,
which sends a GPS sample associated with the search
terms to an external search service provider. If one of the
above identification methods is possible, an adversary with
access to the service provider logs may connect the search
terms (e. g., a medical condition) with a particular individ-
ual by using the GPS sample. Third, the traces may reveal
information about other visits and activities, if they contain
multiple samples. We will discuss this case further below.
Generally, identification through unrestricted space and
external observation correlation is feasible, if correlation
data is available and the GPS resolution is high enough
to uniquely identify a person or space from the correla-

tion data. Modern GPS receivers typically achieve sub 10m
accuracy in open-sky areas, enough to uniquely identify
most suburban homes, but rarely sufficient to pinpoint an
apartment in an urban high-rise building. A similar rela-
tionship between GPS accuracy and user density exists for
observation identification.
Spatial cloaking [8] provides a countermeasure against
these risks. It dynamically adjusts the resolution of posi-
tion samples to maintain a constant degree of privacy
in situations with different user densities. Given a set of
traces from different users, the spatial cloaking algorithm
achieves k-anonymity by determining a square that enclos-
es the current positions of at least k users. Square corners
are chosen from an external reference grid, so that they
do not reveal any clues about current user positions. The
position samples of the k users are then replaced with the
square (or its center point).
The privacy risks for single positions are compounded for
longer GPS traces, which contain more than one position
sample. If a user can be identified at any one point, an
adversary can infer which buildings (e. g., stores, clubs,
medical clinics, entertainment venues) a person visited and
accurately measure time spend at work or at home. If the
frequency of location samples is high (at least one every
few minutes) one may also infer speed limit violations
while driving, for example, even if the GPS device does not
report speed information. Further identification risks are
higher, because a person could now be identified through
knowledge about the frequency of their visits to each loca-
tion in the trace [11].
A countermeasure against these particular trace risks is
path segmentation [2,9,15], which divides several anony-
mous traces into shorter traces, or in the extreme, into
a set of anonymous samples. Intuitively, this might reduce
the risks to those identified for anonymous samples. How-
ever, an adversary may frequently be able to reconstruct
the complete traces by “following the footsteps” (if one
segment begins where another one ends the trajectory of
both points into the same direction, they likely belong
together). This can be automated through location track-
ing algorithms that exploit the spatio-temporal correla-
tion between subsequent samples, such as multiple tar-
get tracking [9,13]. In essence, these algorithms predict
a user’s next position based on the previous trajectory and
add the sample closest to the prediction to the trace. This
approach fails, if many potential users are near the pre-
dicted position—thus, the segmentation approach is only
effective in areas where user density is high and many
users share common paths. Note that the target tracking
algorithms can also filter noise from the location sam-
ples, thus privacy techniques that add random noise to
each sample may be ineffective, unless the noise compo-
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nent is very large compared to the range of possible posi-
tions.
Better privacy protection for GPS traces can also be pro-
vided through special disclosure control algorithms such
as origin-destination cloaking (ODC) [10] or uncertainty-
aware path cloaking [12]. ODC is designed for GIS appli-
cations that primarily require applications from moving
users, such as traffic monitoring applications in the auto-
motive domain. ODC cloaking aims to suppresses the parts
of location traces that are close to locations that a user has
visited, but allow release of location information when the
user is moving. The intuition behind this approach is that
visited locations provide likely avenues for identification
and reveal potentially sensitive information. With ODC
the exact visited building remains hidden, only the gener-
al area is known. Thus, both restricted space identification
and compiling a dossier of visited locations becomes more
difficult. Uncertainty-aware path cloaking further limits
the tracking time when moving by dropping samples when
extended tracking was possible.

Key Applications

Many pervasive or context-aware computing applications
rely on the availability of periodic and accurate location
information provided by ever more cost-effective GPS
chips. Applications such as the following that make GPS
traces available to external service providers can benefit
from the described data privacy techniques:
• Traffic monitoring applications: Instead of camera or

loop detectors on the roads, probe vehicles, which are
equipped with GPS and sensors, are expected to be used
in many traffic monitoring systems [11]. Usage of the
described privacy techniques could better protect priva-
cy and increase participation rates in such schemes.

• “Pay as you drive” insurance: This approach allows
auto insurance carriers to customize insurance premi-
ums to individual driving patterns. In return for poten-
tial discounts, drivers let the insurer install a GPS device
that provides GPS traces to the insurer. To improve
risk assessment the insurer can then analyze the traces
for mileage driven, roads taken, speed, time of day for
trips, duration of rest periods, and other factors. While
this application likely requires drivers to identify them-
selves to the insurance provider, techniques like OD
cloaking may also be beneficial in this scenario, to
reduce the amount of information collected.

• Electronic toll payment: Some next-generation elec-
tronic toll collection systems use GPS to calculate
more fine-grained distance and time-based tolls. Cur-
rent radio-tag based systems (e. g., EZ-Pass in New Jer-
sey and FasTrak in California) have been regarded with

suspicion since the history of road usages are collected
with identity, this lets authority clearly see where sub-
scribers are driving. However, recent research [3,6] pro-
posed more privacy-aware toll collection protocols.

• Cell phone location-based services: Many US cell
phone handsets incorporate GPS chips that can pro-
vide very precise position information in many cases.
These are used primarily to satisfy the E911 regulato-
ry requirements, which mandate that cell phone service
providers must be able to locate emergency callers. This
infrastructure, however, is also being used for offer-
ing location-based services, such as point-of-interest
queries or navigation. Spatial cloaking allows users to
use these services with enhanced privacy.

Future Directions

Applications that have access to private GPS traces from
large numbers of users are relatively new. Thus this area
provides many topics for further research.
• Risk analysis and privacy metrics. To date little prac-

tical experience with such applications exist. Privacy
risks are typically identified by studying analogies to
risks in other information systems. Improved privacy
frameworks and metrics are needed to guide analysis of
privacy risks in applications. These frameworks should
include quantitative guidance on parameters such as
user density, sampling frequency and trace duration.

• Usable privacy preferences Since increased privacy
protection usually reduces the quality of service pro-
vided by the application, a complete privacy solution
should allow users to choose or specify different dis-
closure options. This requires research on user inter-
faces to understand how users can best express these
preferences. It also requires research in privacy algo-
rithms that must remain secure even if some users dis-
close more detailed information than others.

• Maintaining privacy when using multiple techniques.
When different anonymization techniques are simulta-
neously used, for example to satisfy different applica-
tion requirements, an adversary with access to the dif-
ferent produced datasets may be able to infer private
information. Further work is needed in understanding
these risks and offering appropriate solutions.

• Analysis and penetration testing. The described privacy
algorithms are relatively new and should be subjected
to more rigorous security analysis. As with other secu-
rity techniques, only continued analysis and penetration
testing over time will provide a good understanding of
the exact level of protection they offer.

Cross References

� Multiple Target Tracking
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Definition

Location-based services (LBS) are those services that,
based on the user’s current position, can provide location-
aware information. Typical examples are map and naviga-
tion services, services that provide information on close-by
public resources (e. g., gas stations, bus stops, pharmacies,
and ATM machines), services that provide localized news
(e. g., weather forecasts, road constructions, etc.), emer-
gency services (911, 118, etc.) as well as more personal-
ized services like proximity marketing or friend-finder.
Private information refers to the information a user does
not wish to be released associated with her identity. This
includes political or religious orientation, health informa-
tion, financial assets, or closeness to specific individuals
or organizations. LBS services play a role in this con-
text because both identity and private information can
be directly or indirectly released through a single or
a sequence of LBS requests. LBS requests can reveal, for
example, a) information on the specific location of indi-
viduals at specific times, b) movement patterns (specific
routes at specific times and their frequency), c) requests for
sensitive services (closest temple for a specific religious
worship), or d) personal points of interest (frequent visits
to specific shops, clubs, or institutions).
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A privacy threat occurs whenever the information con-
tained in one or more requests issued by a given user can
be used, possibly associated with external information, to
associate the user identity with the private information.
The study of privacy threats and protection techniques in
LBS is a subtle and challenging research topic.

Historical Background

Most of the approaches proposed in the literature to protect
LBS privacy consider scenarios that can be easily mapped
to the one depicted in Fig. 1.
Three entities are involved in the scenario:
• The User invokes or subscribes to location-based

remote services that are going to be provided to her
mobile device.

• The Location Trusted Server (LTS) is supposed to
have access to the precise location data of a large group
of users, act as a proxy for all LBS requests from these
users and to enforce privacy policies for those requests.

• The Service Provider (SP) fulfills user requests and
communicates with the user through the LTS.

As pointed out above, this can be considered the ref-
erence scenario for many of the existing approaches to
the privacy problem. Considering the model proposed by
the IETF geopriv working group [6], the so-called Rule
Holder and Location Server can be mapped as a sin-
gle entity to the Location Trusted Server in the reference
scenario; the Location Generator and Location Recipient
can be mapped to the User device/infrastructure and Ser-
vice Provider, respectively. The existence of an interme-
diate entity between the user and the service provider,
possibly organized in multiple modules, is assumed also
in [4,7,10,11,13,14,16].
Each user’s request contains parameters concerning the
identity of the user, the current time and position, and
the requested service. While the specific request message
may have an articulated structure depending on the specif-
ic parameters, three logical components can be identified:

r = 〈IDdata, STdata, SSdata〉
IDdata contains information on the user identity, STda-
ta contains the requested spatio-temporal information, and
SSdata specifies the service provider and the specific ser-
vice parameters.
Any request in the above logical format may be the
potential source used by attackers to violate user privacy.
Requests, once forwarded by the LTS, may be acquired by
potential attackers in different ways: they may be stolen
from SP storage, voluntarily published by the trusted par-
ties, or they may be acquired by eavesdropping on the
communication lines. On the contrary, the communication

Privacy Threats in Location-Based Services, Figure 1 The reference
scenario

between the user and the LTS is considered as trusted and
the data stored at the LTS is not considered accessible by
the attacker. Any entity that has access to the data of the SP
or that can intercept the data in the communication channel
between the LTS and the SP is a potential attacker. Hence,
without loss of generality, in the following sections, the SP
is considered as the potential attacker.

Scientific Fundamentals

A subtle problem in LBS privacy is the identification of
the possible threats. Section A provides a categorization
of the possible privacy threats; first considering isolated
requests, then sequences of requests issued by the same
user. In Section B, the various techniques proposed in the
literature are reported and their goals are specified with
respect to the identified privacy threat.

A Privacy Threats in LBS

Considering the literature that has appeared on this top-
ic, this section characterizes the typical scenarios of LBS
requests and the possible privacy threats. In the following,
there is a distinction between services that need to be aware
of the user’s identity (identity aware LBS) and services that
can work with a pseudo-id or in an anonymous way (iden-
tity unaware LBS).

A.1 Privacy Threats in a Static Scenario The specific
threats involved in the submission of each LBS request are
considered here.

s.1 Sensitive association: IDdata and STdata. When
a user submits an LBS request, an attacker could
associate the user’s identity with her spatio-temporal
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location. There are some situations in which this asso-
ciation is considered sensitive by the user. Examples
include all the spatio-temporal locations that can reveal
a user’s private information such as health status, polit-
ical affiliations or religious beliefs.

s.1a Identity aware LBS In this case an attacker can
always associate the identity of the user with her
spatio-temporal location.
Consider a service for localized news that collects
user identities in order to charge the cost of the ser-
vice. If a user submits the service request while
attending a political demonstration, an attacker
could associate user identity with her political affil-
iation.

s.1b Identity unaware LBS Though user identity is
not explicitly transmitted to the SP, an attacker can
infer it from SSdata and STdata. The problem of
discovering the identity of a user from a combi-
nation of values that refers to her has been exten-
sively investigated in the area of database sys-
tems [12,15].
Consider an LBS that provides driving directions
based on current traffic conditions. The service
is provided by a business for its employees usu-
ally working outside the business establishment.
The service is anonymous since the business can-
not monitor the movements of its employees due
to legal restrictions. However, if a user performs
a request from his suburban house, then an attack-
er can compute the address from the STdata and
associate it with the identity. This information can
be used by the business to understand that the
employee is not where she is supposed to be at that
moment.

s.2 Sensitive association: IDdata and SSdata When
a user submits an LBS request, an attacker could
associate the user’s identity with the specific service
and service parameters invoked by the request. This
data may be itself private information, or may be used
to obtain private information.

s.2a Identity aware case This is the case in which the
identity of the issuer is explicitly contained in the
request. This case does not involve handling of spa-
tio-temporal information and therefore is not pecu-
liar to LBS related privacy threats.

s.2b Identity unaware case As in s.1b, the attacker is
not aware of the identity of the user but can infer
it from SSdata or STdata. Differently from s.1b,
in this case a user’s private information is derived
from SSdata.

Consider a location based friend-finder service
that is designed to introduce a user to the peo-
ple that are close by and that have similar inter-
ests. Anonymous users send requests providing,
as SSdata, some personal data (gender, age, first
name) and an interests profile (sport, music, etc.).
Suppose the user sends a request from her apart-
ment. From the STdata, the attacker can discov-
er the address from which the request is sent.
Then, from a voter list (or other publicly available
source), the attacker can acquire a list of people
living at that address and obtain some information
about them, such as age, gender and first name.
These values can be compared with the ones pro-
vided by the user to possibly discover an identity
that is eventually associated with the user’s inter-
ests.

Note that a special case is that the STdata and/or SSda-
ta fields are empty. If both fields are empty, it could still
be a source for privacy violation, e. g., in threat s.1a, in
which the privacy information could simply be the fact
that the user has made a request. This also applies to the
threats in the dynamic scenarios detailed in the next sub-
section. Note, however, that such empty-field requests can
be seen as having special implicit (or default) values for
the requests themselves. For example, a request without
any SSdata to a toll booth could implicitly contain SSda-
ta “paying for toll”. Empty STdata could implicitly mean
that the location and time are irrelevant to the request and
therefore can be taken similarly as “any possible location
and any possible time”.

A.2 Privacy Threats in a Dynamic Scenario It is very
common that a user submits several requests to the same
LBS. If the requests are not related, each of them can be
considered individually as in the static scenario. On the
other hand, if it is possible for an attacker to link the
requests to the same user, new privacy threats are possi-
ble. Several techniques exist to link different requests to
the same user. The most intuitive one is the observation of
the same identity or pseudo-id. Since the ability of linking
requests is not a threat in itself, these specific techniques
are not herein addressed.
A request trace is a set of requests that the attacker can
correctly associate to a single user. Analogously, a STdata
trace (and SSdata trace) is the set of STdata (and SSdata)
that is contained in a request trace.
In a dynamic context, a user can consider as sensitive the
association of her identity with a trace of STdata or SSdata.
In this case, the LTS has to guarantee that the user identity
is not disclosed in the same request trace.
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d.1 Sensitive association: IDdata with STdata or SSdata.
Note that these are the same associations as in s.1 and
s.2; however, in a dynamic scenario new threats are
possible that reveal these associations.
There are situations in which a location, such as an
office or a house, may identify a small group of people.
However, a single request from that location may not
be sufficient to identify the sender. For example a user
can submit an LBS request from a colleague’s office
or from a house where she is not living in. However,
if a user submits LBS requests several times from that
location, an attacker can trace the requests and eventu-
ally identify the user.
For instance, an attacker can observe a user’s move-
ments that repeat frequently. Using empirical assump-
tion about users habits (like “users go from home to
work in the morning and back in the afternoon”) some
information can be acquired about the user.
Consider a service that provides driving directions
based on current traffic conditions. A professor uses
the service every day to go from home to the univer-
sity and back. The attacker sees that the pattern going
from the location of the house to the location of univer-
sity and back is frequent (almost every working day)
hence it can infer that the two locations correspond to
house and work. A cross check of the list of univer-
sity faculty and the list of people living in the house
leads the attacker to obtain the identity of the profes-
sor.

d.2 Sensitive association: IDdata and STdata trace.
There are situations in which STdata of a single request
can reveal personal information (e. g., threat s.1). How-
ever, in general, a trace of STdata or SSdata can pro-
vide the attacker with more reliable information.
An attacker that observes through a STdata trace that
a user goes to a Church every Sunday can deduce the
user’s religious beliefs with good reliability.

d.3 Sensitive association: IDdata and SSdata trace. In
many cases, the private information that an attacker
can obtain from SSdata trace is equivalent to the union
of the pieces of information that the attacker would
obtain from each single SSdata. However, in gener-
al, there is some private information that can only be
inferred from a trace of SSdata and not from a single
one.
Consider a disease that obliges a user to frequently
call a medical emergency service. In each request the
user specifies the symptoms. While a single request
could not reveal the disease, if the attacker observes
the SSdata trace, he could discover it.

d.4 Disclosure of visited locations. If an attacker knows
a user’s STdata trace, it could infer other positions the

user visited even if no request was performed from
those locations.
Consider a service for car accident monitoring. Each
user is identified by the SP with a pseudo-id. Suppose
that a user is traveling on a highway and frequently
communicates her position to the SP. On the highway,
there are cameras that recognize car plates (e. g., to
charge the road toll). The user is aware that revealing
her car plate number together with the service pseudo-
id can lead an attacker to associate her identity with the
trace (the user suspects that the attacker can also access
the data from the cameras). Hence, the user temporarily
suspends the service. However, the attacker knows the
user’s locations before and after the cameras and there-
fore can infer that the user traveled through the area
where cameras are positioned. Considering the aver-
age speed, the attacker can also estimate when the user
was there and hence can associate the identity with the
trace.

B Privacy Preserving Techniques

In this section the different techniques that have been pro-
posed to address the privacy threats are briefly illustrated.

B.1 Access Control Advanced access control models
can be used in the context of LBS services to specify
and enforce privacy policy rules. The rules can define,
for example, the type of data that each service provider
can access, the resolution of that data, and possibly other
constraints. With respect to our reference model, policies
can be defined by users as well as by service providers
and can be enforced by the LTS. Among the efforts
in this direction, in [16] a push-based LBS scenario is
considered; users can define authorizations that not only
select which service providers can access location/profile
information, but can also constrain the area and time in
which they can send their offers to the users. The LTS
is in charge of enforcing the authorizations. Among oth-
er efforts, the IETF Geopriv working group is proposing
a format for expressing privacy preferences for location
information [6]. With respect to the threats identified in
the previous section, access control is an important com-
ponent of a privacy preserving solution for all the threats.
However, the best results in addressing the threats would
probably be obtained by coupling access control with the
anonymization techniques discussed below.

B.2 Temporal and Spatial Generalization The threats
s.1b and s.2b illustrated in Section A.1 have many analo-
gies with the problem of guaranteeing anonymity of
personal data extracted from a relational database (see,
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e. g., [15]). Typical solutions involve either the de-identifi-
cation of data, essentially avoiding the presence of values
that may directly or indirectly identify the user, the obfus-
cation of sensitive data, or the separation of identifying
values from sensitive data. The first two solutions are usu-
ally based on the generalization or suppression of attribute
values. Despite there are specific issues that distinguish the
location-based problem from the analogous one in the rela-
tional database scenario, similar techniques can be applied.
Indeed, the dynamic change of spatio-temporal resolution
is an obfuscation technique based on generalization.
The idea of adapting spatio-temporal resolution to provide
a form of location k-anonymity can be found in [8]. In
the field of relational databases, a tuple is said to be k-
anonymous if, considering the values of the attributes that
could lead to re-identification, it is indistinguishable from
other k− 1 tuples. Analogously, an LBS request is consid-
ered k-anonymous if in the same area and temporal interval
of the request there are k users that could have submitted
that request. The privacy preserving technique consists of
enlarging the location area and time interval of a request
in order to include k − 1 other potential users. This work
is extended in [7,11,13]. The proposals in [7,13] support
the use of a different value of k for different users. In
[7], a slightly different notion of k-anonymity is used: the
authors require the other k − 1 users to have actually sent
a request. In [13], each user can also specify the parameter
Amin that indicates the minimum size of the area that the
LTS should forward to the SP. In [11], a possible problem
with the generalization proposed in [8] is pointed out and
a solution is presented. The notion of k-anonymity in LBS
has been more formally defined in [4], where, as in [8], the
only requirement is the presence in the same spatio-tem-
poral context of k − 1 potential senders, which is a much
weaker requirement.
The application of the techniques proposed in [7,8,11,13]
avoids the association by an attacker of the identity of
a request sender with a group of identities smaller than k.
Hence, the addressed threat is s.2b and indirectly s.1b. The
proposed solution partially solves the problem. Indeed, by
applying this privacy preserving technique, it is ensured
that STdata cannot be used to infer the identity of the
request sender. However, the case in which a combination
of values of STdata and SSdata is used is not considered.
The proposed solution ensures anonymity of the request
sender even in the case in which the attacker knows the
location and the identity of every person. If this very con-
servative assumption is adopted, it is always possible for
an attacker to associate the identity of a user to their STda-
ta (threat s.1) even if no requests are submitted. Therefore,
in this case, the scope of the technique is limited to the
prevention of threat s.2b.

B.3 Identification and Prevention of Critical Request
Traces An important aspect in the dynamic scenario is
how an attacker can identify a request trace and how a pri-
vacy preserving system can avoid it. Two cases have been
considered.
In [1,2], LBS’s that require a pseudo-id are considered.
The proposed privacy preserving technique is based on the
notion of mix-zone introduced by the authors and aims at
avoiding the instance that an attacker traces the requests
from the same user for a long period of time. The cen-
tral idea is to change a user’s pseudo-id each time the
user enters a mix-zone. A mix-zone is analogous to a mix-
node in communication systems [5] and can be intuitively
described as a spatial area such that, if an individual cross-
es it, then it won’t be possible to link his future positions
(outside the area) with known positions (before entering
the area). Here, “link” defines the association of different
requests to a single trace.
The results can be applied in the dynamic scenario, but
cannot be used to provide a complete solution to any of
the threats described in Section A.2. Indeed, the technique
aims at reducing the length of the request traces but does
not evaluate if sensitive information is released. Never-
theless, reducing the request trace length is an important
task that facilitates privacy protection in a dynamic con-
text. Hence, this technique could be very useful as a part
of a privacy preserving system (like in [4]).
A different approach to the issue of request traces is to
consider LBS’s that do not require pseudo-ids. This case is
considered in [9], where the authors experimented to see
if it is possible for an attacker to trace a user. A known
algorithm for tracking multiple objects is applied to trace
a small number of users whose locations are frequently
collected. The authors concluded that it is practically pos-
sible for an attacker to obtain request traces even if pseudo-
ids are not submitted to the SP. This paper does not propose
a solution to preserving privacy but is a preliminary step in
the definition of a technique that could be used by a priva-
cy preserving system to evaluate if a user is possibly being
traced by an attacker. In the absence of such a solution,
a privacy preserving system should adopt a conservative
approach assuming that a user can always be traced.

B.4 Techniques to Prevent Location Identification
In [10], it is assumed the case in which each user specifies
the sensitive areas, i. e., geographic positions that should
never be associated to the presence of that specific user.
The aim of the proposed privacy preserving system is to
avoid that an attacker can understand that the user visited
a sensitive area. The straightforward solution of suppress-
ing all the requests from these areas is not effective since
an attacker could infer that a user visited a sensitive area
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only from her request trace outside the sensitive area. This
situation is analogous to the one used for threat d.4.
The proposed solution is based on a partitioning of all
the areas (sensitive or not) in zones such that each zone
includes at least k sensitive areas. Then, each request
is suspended until the user crosses a zone boundary. If
the user has not visited a sensitive area, all the pending
requests are submitted, otherwise they are suppressed.
To our knowledge, the proposed technique is the first one
that addresses this kind of problem. However, it is not clear
if it is an effective solution. First, it is debatable if it is
appropriate to extend the concept of k-anonymity to sensi-
tive areas. Indeed, if a user specifies some sensitive areas,
she does not want her identity to be associated with any
of them; On the contrary, the proposed solution allows an
attacker to infer that a user visited a sensitive area even if
it cannot say which one it is in a set of k. Secondly, it is not
clear if it is acceptable to always postpone the submission
of a request until a user changes a zone. Finally, the way in
which the zones are constructed is critical. Indeed, it seems
possible in some specific cases that an attacker could infer
the exact sensitive area a user visits.

B.5 k-Anonymity Techniques in a Dynamic Scenario
The extension of location k-anonymity to the dynamic
scenario has been investigated in [4]. The investigation
presents a basic question. Is a trace k-anonymous if each
request in the trace is k-anonymous according to the defini-
tion for the static scenario? The answer is negative; indeed,
if m requests constitute the trace, the attacker may have
available m sets, each one with at least k candidate individ-
uals. However, since he knows that all the requests in the
trace were made by the same individual, he can perform
the intersection of the m sets, possibly obtaining less than
k individuals.
The formal property needed to guarantee k-anonymity of
a trace of LBS requests is called historical k-anonymity.
Some preliminary definitions are necessary to formally
define it. It is reasonable to assume that the LTS not only
stores in its database the set of requests that are issued by
each user, but also stores for each user the sequence of her
location updates. This sequence is called Personal Histo-
ry of Locations (PHL). More formally, the PHL of user U
is a sequence of 3D points (〈x1, y1, t1〉, . . . , 〈xm, ym, tm〉),
where 〈xi, yi〉, for i = 1, . . . , m, represents the position of
U (in two-dimensional space) at the time instant ti.
Note that a location update may be received by the LTS
even if the user did not make a request when being at that
location. Hence, for each request ri there must be an ele-
ment in the PHL of the user issuing ri, but the vice versa
does not hold. This has an intuitive motivation in the fact
that the anonymity set for a certain area and a certain time

interval is the set of users who were in that area in that time
interval and who could potentially make a request.
A PHL (〈x1, y1, t1〉, . . . , 〈xm, ym, tm〉) is defined to be LT-
consistent with a set of requests r1, . . . , rn issued to an SP
if, for each request ri, there exists an element 〈xj, yj, tj〉in
the PHL such that the area of ri contains the location iden-
tified by the point xj, yj and the time interval of ri contains
the instant tj.
Then, given the set R of all requests issued to a certain SP,
a subset of requests R′ = {r1, . . . , rm} issued by the same
user U is said to satisfy Historical k-Anonymity if there
exists k− 1 PHLs P1, . . . , Pk − 1 for k− 1 users different
from U, such that each Pj, j= 1, . . . , k − 1 is LT-consistent
with R′.
In practice, it is clearly difficult to keep request traces
k-anonymous, thus, techniques like mix-zone or frequent
change of pseudo-id reducing the length of traces are
indeed very important. In [4], a preliminary investigation
is reported on the techniques that could be used to preserve
historical k-anonymity.

Key Applications

LBS’s have been extensively used both in military as
well as in commercial applications. With the diffusion of
location-aware devices and with the increasing precision
of localization techniques, many new commercial applica-
tions based on LBS’s are being deployed. These applica-
tions are not only targeted to business users, but also to
generic users interested in LBS for their spare time activi-
ties.
LBS privacy preserving techniques can be implemented in
a middleware layer to provide privacy protection for most
of these applications. Clearly, the level of protection for
a given application and for a given user category will be
driven by different parameters and possibly with different
techniques.
Moreover, the assumptions on the available external
knowledge will also determine the most appropriate fea-
tures that the privacy protection middleware should have.
As presented in Section A, the functionality of such a mid-
dleware can be focused on protecting the association of the
user identity with
• location or trace information,
• service access information,
• both of the above.

Future Directions

Different research directions can be identified in this field.
• Definition of a formal framework. Existing approach-

es would benefit from a rigorous formalization of prob-
lems and solutions; In particular, formal definitions of
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privacy threat and defense technique should be pro-
vided. The formalization should also be sufficient-
ly expressive, modeling different kinds of knowledge
that may be available to the attacker. Indeed, existing
approaches do not explicitly define the knowledge that
may be available to the attacker; consequently, the pro-
posed defense techniques are subject to critique based
on counterexamples, assuming that there is specific
knowledge available to the attacker.

• Design of safe defense techniques. Based on the for-
mal characterization of a privacy problem either in the
static or in the dynamic case, new defense techniques
should be designed for that specific problem. Each
defense technique should be safe with respect to the
specific assumptions made about the knowledge that
may be available to the attacker. Moreover, defense
techniques should be optimized with respect to the
global processing costs at the LTS.

• Collection and/or generation of significant data for
experiments. The applicative and critical nature of this
research field makes it crucial to verify the effective-
ness of the proposed defense techniques with real-world
data. However, real-word data should include the move-
ment traces of a large number of users for a long period
of time and a significant collection of sensitive service
requests that these users have issued. Obtaining this
information or generating it with a sufficiently accurate
model is a challenging task.
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Synonyms

Activities and occurrences

Definition

The terms ‘process’ and ‘event’ both refer to things that
happen or go on in time, and are invariably associated with
some kind of change. The terms are often used loosely,
sometimes interchangeably, and there is little consensus
on how they should be defined or distinguished from one
another. The following definitions are suggested to bring
the terms into line with their main everyday uses while
providing a useful basis for technical discussions.

Process: An ongoing dynamic situation involving the
activity of one or more material things or portions of mat-
ter. Key properties of processes are that (1) they are con-
ceptualized as homogeneous, i. e., if a process is going on
over some interval of time then it is also going on over
all the subintervals of that interval (at least down to some
minimal length associated with the inherent ‘grain-size’ of
the process), and (2) they are open-ended, i. e., if a pro-
cess is going on at a particular time then in principle it can
continue going on into the future—thus processes are not
intrinsically bounded by an end-point or completion.
Event: An individual occurrence or episode singled out
from the ongoing processual flux, with a definite begin-
ning and end (which coincide in the case of instantaneous
events). Key properties of events are exactly opposed to
those of processes: (1) they are not homogeneous, since
if an event occurs over an interval then it does not occur
over any of the subintervals (so the event’s occurrence is
a global property of the interval, not a local property of
its subintervals), and (2) events are not open-ended—once
an event has occurred it cannot go on occurring (although
another event of the same type may begin).

Historical Background

Questions about the general classification of processes,
events, and related categories have been pursued in three
main areas: philosophy, linguistics, and artificial intelli-
gence. The philosophical contribution is largely in the
areas of metaphysics, ontology, and the theory of action.
In linguistics, the focus is on classifying verbs and verb-
phrases in order to explain the different ways in which
they are used, and in particular to account for their inter-
action with temporal elements such as tense and aspect,
temporal prepositions, and so on. In artificial intelligence,
the emphasis is on representing knowledge about process-
es and events in such a way as to facilitate reasoning about
them for purposes such as planning, prediction, and expla-
nation.
On the philosophical background, a useful point of entry
is provided by [2], which collects together a wide range
of papers on events. In linguistics, [6,7] provide useful
background on the classification of expressions denoting
processes and events. In artificial intelligence, two clas-
sic papers are [1,5]. A useful collection of papers which
includes work from all three background areas is [4].
In GI Science, while the necessity for handling temporal
phenomena has been acknowledged for some time now,
progress has been hampered by the lack of principled ways
of describing these phenomena; in particular, the failure
to distinguish adequately between processes and events
has led to a certain amount of confusion in the literature.
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As Worboys [10] says, ‘One person’s process is another’s
event, and vice versa’. It is important not to let the termino-
logical variation detract from the real merit of much of the
work that has dealt with dynamic phenomena in GIS, but it
remains true that progress would be expedited if a common
usage of the terms could be agreed.

Scientific Fundamentals

Any application which handles both processes and events
should also handle the relationships between them. Some
of these relationships are very general, belonging at a high
level of abstraction; such relationships can be systematized
into an algebra of processes and events. The operations
of such an algebra include ways of deriving events from
processes and ways of deriving processes from events. An
example of the former would be an episode of erosion lead-
ing to the ultimate separation of a promontory from the
mainland; an example of the latter would be flow of traf-
fic past a junction, which is a process consisting of many
individual events corresponding to the passage of individ-
ual cars past the junction.
The open-ended, homogeneous nature of processes means
that processes should be regarded as existing from moment
to moment, in contrast to an event which spans a whole
interval and is not present as a whole at individual
moments within the interval. It makes sense to say that
a process is in operation at a single time of observation
(even though certain methods of observation, such as the
capturing of a ‘snapshot’ image, may fail to reveal the pro-
cesses in operation), whereas events are normally identi-
fied retrospectively by synthesizing a sequence of states
over an interval or comparing some initial state of affairs
with an eventual outcome. Thus a process like the flow of
a river can be observed directly, and its properties (e. g., its
speed) measured at the moment of observation. A corollary
of this is that processes can change: the properties of a pro-
cess measured at a later time may differ from those mea-
sured earlier. This in turn allows the definition of second-
order processes such as the increase in flow of the river.
For events, by contrast, a different, historical perspective
is adopted. An event is a discrete unity1 that is located at
a particular time, either a point or an interval, so it does not
make sense to ascribe change to it: rather, it just happens
and then so to speak ‘sits there’ in the historical record.
(In cases where it seems as though an event is chang-
ing, it is invariably the constituent process of the event,
rather than the event itself, to which change is more prop-
erly ascribed—e. g., to say that a volcanic eruption became
more violent is to say that the erupting process changed in
this way; the eruption as an event is a unitary whole which

1The quality or state of not being multiple, i. e. oneness.

subsumes the profile of variable violence within its tem-
poral ‘shape’ but cannot meaningfully be said to undergo
change itself.)
Note however the word process is often used to refer to
what are in fact procedures, e. g., the process of refueling
an aircraft. This is something that follows a prescribed pat-
tern, involving various events and processes; it is typically
something for which explicit instructions could be given.
Each individual instance of a procedure being carried out
is an event, not a process in the sense used in this article.
Although the word ‘procedure’ suggests something involv-
ing human agency, similar ‘structured events’, proceeding
according to a fixed pattern, occur in nature, although per-
haps more typically in biological than geographical con-
texts, e. g., cell division.
With both processes and events, it is necessary to distin-
guish generic types from specific individual instances of
those types. This is particularly clear in the case of events:
there is an obvious difference between the notion of a vol-
canic eruption as a generic type of event that may occur
at many different places and times, and specific instances
of this type such as the eruption of Vesuvius in 79 A.D.
or that of Mount St Helens on May 18th 1980. This dis-
tinction is sometimes obscured by normal ways of speak-
ing: ‘the same thing happened again’ does not refer to the
same individual event but to another individual of the same
type. With processes, similarly, longshore drift as a generic
process-type can be distinguished from the current realiza-
tion of that process along a particular stretch of coastline.
Processes can be broadly classified as steady-state, cyclic,
irregular, or progressive, depending on the profile of their
temporal development.
A steady-state process maintains an existing state of
affairs: it can operate over arbitrarily long periods while
producing no net change. An example is the flow of water
through a lake, where the inflow is exactly balanced by the
outflow, resulting in the water-level remaining constant;
although there is undeniably a process in operation here, to
an outside observer it looks static. Even where movement
is discernible, a process can still be classed as steady-state
if there is no overall change, at a certain level of descrip-
tion: the flow of traffic along a stretch of motorway, for
example, can be regarded as steady-state so long as the
speed and density of the traffic remain more or less con-
stant.
In a cyclic process, there is a regular periodic variation in
the associated state of affairs. An example is the rise and
fall of the tides along a shoreline, endlessly repeating the
cycle of high tide followed by low tide followed by high
tide again. The periodicity does not have to take a simple
sinusoidal form: several cycles can be superposed to pro-
duce more complex profiles of variation. This is true of the
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tidal process, since the half-daily alternation of high and
low is accompanied by a monthly alternation of spring and
neap as well as longer-term alternations resulting from the
complex interaction of the relative motions of the earth,
moon, and sun.
Sufficiently complex superpositions of periodicities can
result in what appears to be a completely irregular pro-
cess profile, and of course it becomes a matter for scientif-
ic investigation as to whether an apparently irregular pro-
cess is, in fact, the product of some complex combination
of regular cycles. Many meteorological phenomena are of
this kind, which is what makes them hard to predict.
The final category of processes are those which may be
described as progressive, in which the operation of the pro-
cess results in a cumulative change in some state of affairs.
The process of urbanization by which some built-up area
steadily encroaches on what was open country is progres-
sive in this sense: the process does result in net change, and
the longer the process operates for, the greater the magni-
tude of the change.
How a process is classified can depend critically on the
temporal ‘grain size’, or granularity, under which it is
described. Many apparently steady-state processes appear
on closer examination to be cyclic or irregular. If the min-
imal temporal interval under consideration is greater than
half a day, the high tide/low tide periodicity becomes indis-
cernible, but the longer term spring tide/neap tide period-
icity may remain. Again, a steady-state traffic flow, when
described at a finer temporal granularity, consists of the
passage of an endless succession of individual vehicles,
and this may be viewed from a certain point of view as
a cyclic or irregular process.
Similarly a process which appears merely cyclic under
a fine temporal granularity can be revealed as progres-
sive when the focus is shifted to longer time periods. The
flow of traffic along a particular stretch of road is cyclic
to the extent that it undergoes regular and predictable dai-
ly and seasonal variation; superimposed on this there will
be many smaller-scale irregularities, but more significant-
ly, over a longer period of many years there may be a pro-
gressive increase in traffic levels. This might be under-
stood as one process which has steady-state, cyclic, irreg-
ular and progressive aspects depending on the temporal
‘focus’ under which it is described, or as the superposi-
tion of a number of separate processes operating over dif-
ferent time scales. The former view is more concrete in
the sense that the process simply is the flow of traffic that
is observed; under the latter view the processes become
more abstract and only accessible by inference from the
observed flow.
None of the above applies to events. It is true that an event
can be described as periodic, but in this case what is meant

is that there is a process consisting of the regular repetition
of some event type: each individual repetition is one event,
and as such is not itself periodic.
Events may be classified as punctual (i. e., point-like)
or durative (i. e., extended or interval-like) depending on
whether or not they have appreciable duration. This too is
a matter of granularity: on a scale of hours or days, a vol-
canic eruption may be an extended affair, but from a per-
spective spanning many years it may be effectively instan-
taneous.
Events may also be classified in terms of whether they
are characterized internally in terms of their constitution,
either as a ‘block’ of some process or as a composite
of two or more subevents, or externally in terms of their
effects, e. g., an event may be defined in terms of a tran-
sition between specified start and end states. A volcanic
eruption is internally characterized as an episode which
consists of the eruption process operating at a particular
location over some particular interval of time. The separa-
tion of Great Britain from the European mainland is exter-
nally characterized as the transition from a state of affairs
in which Britain and Europe formed part of a single land
mass to one in which they were separated by the sea. An
event which is externally characterized will usually in fact
come about as a result of the operation of some process;
but the external characterization does not explicitly refer
to this. It is also possible to describe an event using both
internal and external characteristics: the event reported in
the statement ‘John walked to the station’ is characterized
externally by the fact that it is a transition from a state of
affairs in which John is not at the station to a state of affairs
in which he is; and it is characterized internally by the fact
that it comes about as a result of John’s spending a while
walking.

Key Applications

Processes, by nature, involve some form of change; in
many cases, the change in question is motion, and it is usu-
ally continuous (or, if discrete, is only revealed to be so at
a finer temporal granularity than that at which it is being
represented as a process). The application areas in which
the notion of process is likely to be invoked are therefore
those in which there is change that is effectively contin-
uous. This has implications for the kinds of technologies
that can be used for modeling or otherwise representing
processes.
The simplest way of handling time and change in the con-
text of GIS is by means of a sequence of static “snapshots”
representing the world at times t1, t2, t3, . . . . Assuming that
individual snapshots contain no information about process-
es that are in operation at the times they represent, the
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existence of processes can only be inferred by tracking
the changes between successive snapshots. In effect this
presents a sequence of events of the form ‘between ti and
tj the world changed from this state to that state’. These
events by nature form a discrete series, which does not do
justice to the continuous nature of processes. The process-
es present in the world (which give rise to the events, as it
were forming their temporal substance), are not visible in
such a model.
To represent processes explicitly, therefore, some addition-
al technology is needed. One possibility is to include pro-
cesses as first-class objects within individual snapshots:
in effect, to treat a process as an individual entity which
may be in operation from one snapshot to the next, itself
perhaps undergoing change. An alternative approach is to
move beyond the snapshot model and present the course of
history directly, with all entities—processes, events, and
ordinary objects—modeled as four-dimensional ‘chunks’
of reality. One can then obtain different views of the world
by segmenting these chunks in different ways; for exam-
ple, a conventional snapshot is now a ‘slice’ of the four-
dimensional world orthogonal to the time axis, whereas the
history of an object encapsulates the changes it undergoes
in a ‘life-line’ that is extended along the time dimension.
As yet there is no clear consensus as to how best to handle
events and processes in the context of GIS, and it is there-
fore not possible to point to an established way of proceed-
ing.
Since processes and events are ubiquitous in the world,
almost any GIScience application may need to take them
into account. The following paragraphs present a sample
of areas where this need has been felt particularly keen-
ly, and which have therefore figured prominently in recent
discussions about how the temporal dimension should be
integrated into GIS.
Weather systems. Yuan [11] distinguishes a precipita-
tion event (i. e., ‘the occurrence of precipitation in the
study area’) from its constituent precipitation processes
(which describe ‘how it rains’). This is broadly in line
with the way in which the relationship between processes
and events was characterized above. Yuan describes algo-
rithms for assembling precipitation processes and events
from raw precipitation data and for computing informa-
tion about their behavior and interaction. This approach is
advocated to provide enhanced support for ‘complex spa-
tio-temporal queries on the behavior and relationships of
events and processes’.
Coastal Geomorphology. The sea coast is an excellent
place to see both processes and events in action. The break-
ing of a particular individual wave is an event, but the reg-
ular succession of waves breaking along the shoreline is
a process. On closer analysis, individual wave-breaks can

be seen to be made up out of various kinds of process-
es, and if different types of wave are distinguished accord-
ing to how they break (e. g., ‘spilling’ and ‘plunging’) then
this explicitly invokes different constituent process types.
In the longer term, erosion and deposition phenomena con-
stitute processes which, in aggregate, may result in discrete
events such as the separation of a headland from the main-
land or the formation of a spit. Methods of representing
such phenomena in an information system are described
by [9].
Oceanography. Often the focus of interest is the pro-
file of a process: its increases and decreases, its peaks
and troughs, or periods of stability. The general picture
assumed here is as follows: the raw data, as delivered by
various sensors, takes the form of sequences of quantita-
tive values of some time-varying observable. An exam-
ple would be quantities such as the speed and direction
of winds and current, wave height, air temperature and
so on that might be measured by a buoy tethered to the
ocean floor at a particular location. Ongoing changes in
any of these quantities are processes. Salient demarcat-
ed episodes in the evolution of any of these process are
events.
In the GoMOOS (Gulf of Maine Ocean Observing System)
project (see http://www.gomoos.org/), a number of buoys
at different locations across the Gulf of Maine are making
regular observations of key oceanographic variables; the
problem is then how to derive from these observations an
understanding of the large-scale oceanic processes operat-
ing in the gulf. To facilitate such understanding it is essen-
tial to have an appropriate ontology for classifying pro-
cesses and events, refined by careful consideration of the
spatial dimension.
Traffic systems. Worboys [10] uses algebraic methods to
specify traffic flow at a four-way stop. This is, essential-
ly, an open-ended process built up from a sequence of
atomic events. The atomic events are of two kinds: a vehi-
cle arriving at the intersection, and a vehicle moving for-
ward across the intersection. The specification shows how
the ongoing process can be generated from an appropriate
sequencing of such events. This describes the normal pat-
tern of events, but in addition the modeling of traffic sys-
tems should take into account events such as traffic jams
and accidents which arise from the particular conditions of
the traffic flow process.
Traffic flow can be regarded as a process which exists at
all points on the network at every time. It may be charac-
terized by various attributes, of which the most important
are
• speed (measured in units of distance/time)
• density (measured in units of vehicles/distance)
• rate of flow (measured in units of vehicles/time).

http://www.gomoos.org/
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These attributes vary both spatially across the network and
temporally. Each of the attributes has a value at each posi-
tion and time, the rate of flow being the product of speed
and density.
One thing which makes traffic flow particularly interest-
ing is that it may be viewed from two quite different kinds
of perspective, both of which will be important in differ-
ent contexts. On the one hand, there is the bystander’s
point of view, that is, the point of view of someone posi-
tioned at a particular point in the network and watching
the traffic flow past. This is the point of view that is rele-
vant to a pedestrian trying to cross the road, or to a speed
camera in a fixed position beside the road. It is also the
point of view of someone living next to the road and con-
cerned about traffic noise, the safety of their children, etc.
The process that is of concern here is the traffic flow past
a point; What the bystander observes is the fluctuation in
the attributes of this process.
A different point of view is that of the participant in the
traffic flow itself, i. e., the drivers of the vehicles whose
motion through the network constitutes the flow. The flow
as viewed from a given vehicle can be regarded as a pro-
cess in its own right, whose time-varying attributes may
be quite different from those of the process viewed by the
bystander. To illustrate this, consider a long stretch of road
with a single intersection half-way along, controlled by
traffic lights. Then someone stationed at a point close to
the traffic lights will observe a cyclical variation in the flow
along this road, but the driver of a vehicle traveling along
the road may, depending on the state of the lights when he
reaches the intersection, either observe a uniform flow, or
a flow which comes to a halt on one occasion and then a lit-
tle while later starts up again. It is important that what is
seen by each of these observers is a perfectly good process;
and clearly there are systematic relationships between the
processes seen by stationary observers at different points
in the network and the processes seen by moving observers
participating in the flow.

Future Directions

Temporal GIS is still an emerging field, and as such has
not yet arrived at an established consensus on the terminol-
ogy and classification of temporal phenomena—including
broad categories such as process and event. As a result,
development of temporal capability in GIS has mostly pro-
ceeded in a piecemeal and ad hoc fashion, with no solid
basis in underlying theory. On the other hand, such theoriz-
ing as exists has tended to be divorced from the practicali-
ties of implementing useful temporal functionality in GIS.
A key desideratum for the future is therefore to establish
an appropriate theoretical basis for describing the temporal
dimension that is firmly grounded in practicality.

One element in particular will need to be looked at: in
geographical information science it is customary to dis-
tinguish between object-based approaches, which think
of space as populated by a collection of discrete objects
each with a unique identity and attributes, and field-based
approaches, which think rather of variables taking differ-
ent values at different locations, providing a coverage of
space. The ontologies implicit in most formal represen-
tation languages are heavily biased towards the object-
based view of the world, but in application areas such
as oceanography, meteorology, and coastal geomorpholo-
gy a field-based view may be more appropriate. For this
reason, any adequate treatment of processes and events
must cover not only the changes undergone by individual
objects, but also the the phenomena that may be observed
in continuously varying fields. Indeed, as the examples
above show, it is precisely in this latter kind of example
that a proper treatment of processes is most urgently need-
ed.
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Definition

Aggregate queries are answered by computing a single
scalar value over a set of relevant data objects, e. g., the
average temperature over all sensors in a region of space.
Often, the precise value is not needed because the user
may not be interested in knowing the temperature to the
last decimal point. Additionally, the mode of visualiza-
tion of the answer, e. g., in a virtual navigation, may in
itself impose restrictions by necessitating either a high
frame rate or the color-coding of the answer at a specif-
ic resolution. Progressive approximate aggregate queries
compute the answer progressively, coming up with an ini-
tial estimate and refining it until the time deadline (e. g.,
time to render the frame), or answer quality precision
(e. g., ± 1°C) is reached. Thus, they are a flexible way of
query processing since they make no assumptions about
the time/accuracy specifications imposed by the user appli-
cation and can accommodate a wide variety of such speci-
fications in a unified way.

Main Text

On-line aggregation was proposed as an approximate
aggregation mechanism. Data objects are read and the
aggregate function is computed with them. Using statis-
tical techniques, probabilistic confidence intervals on the
answer are computed; the user can stop the query whenev-
er he is satisfied with the answer quality.
Progressive approximate aggregate queries using Multi-
Resolution Aggregate tree (MRA-tree) data structures are
another way of progressively approximating the answer.
They avoid calculating the aggregate over individual tuples

since these aggregates are pre-computed and stored in
nodes of the MRA-tree. Moreover, at each step they pro-
vide a point estimate of the aggregate value (e. g., 34C)
and a deterministic interval of confidence (e. g., the inter-
val [33, 36]) guaranteed to contain the exact answer.
Progressive approximation techniques are a powerful aid
for geospatial visualization systems incorporating large
amounts of data or requiring fast query answering, allow-
ing such systems to function efficiently and to produce
high quality answers with provable bounds using the avail-
able system resources.

Cross References
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� Open-Source GIS Libraries

Properties, Geometric
� Geography Markup Language (GML)

Properties, Simple
� Geography Markup Language (GML)

Property Register
� Cadastre

Protective Action Zone
� Emergency Evacuations, Transportation Networks

Provable Properties
� Geosensor Networks, Formal Foundations

Proximity Matrix
� Spatial Weights Matrix



P

Public Health and Spatial Modeling 919

PR-Quadtree
� Quadtree and Octree

PSS
� Geocollaboration

Public-Domain Software
� deegree Free Software
� PostGIS

Public Health
� Pandemics, Detection and Management

Public Health and Spatial Modeling
ANDREW B. LAWSON

Arnold School of Public Health,
University of South Carolina, Columbia, SC, USA

Synonyms

Mapping; Spatial models; Disease mapping

Definition

In this chapter the emphasis is on the analysis of health
data which are geo-referenced. Often data of this kind arise
in the analysis of clustering of disease, or in the estimation
of excess or relative risk in small administrative regions.
Another aspect of this analysis may be the need to assess
the relation between the spatial location of cases of disease
and covariates, often spatially distributed. This is often
called ecological analysis, especially when a change of
spatial scale is involved. Finally, the possibility of carrying
out prospective surveillance of disease maps is considered.

Historical Background

Spatial modeling of Public Health data is a wide subject
and encompasses a range of topics where the geographical
or spatial distribution of disease is of importance. In what
follows there will be an emphasis on disease analysis as
opposed to other aspects of Public Health sciences (such as
health services research, health promotion or education).
Statistical methods employed in this area are also diverse
in their range and besides basic exploratory and descrip-
tive methodology common to many subject areas, there
is a need to employ particular spatial statistical methods
which are designed for such data. The basic characteristic

of data encountered in this application area is its discrete
nature, whether in the form of spatial locations of cases of
disease, or counts of disease within defined geographical
regions. Hence methods developed for continuous spatial
processes, such as Kriging, are not directly applicable or
only approximately valid.
Often geographical hypotheses of interest in Public Health
focus on whether the residential address of cases of disease
yields insight into etiology of the disease or, in a public
health application, whether adverse environmental health
hazards exist locally within a region (as exemplified by
local increases in disease risk). The classic example of
the earliest epidemiological study was that of Snow [33]
who examined the cholera epidemic in London in rela-
tion to water supply pumps. Since the 1970s there has
been a growth in interest in geographical analysis of dis-
ease and this growth intensified in the 1980–1990 period
with the development of geographical information systems
(GIS) and public awareness of local environmental risks.
The importance of geographical analysis of disease can be
easily demonstrated. For example, in a recent study of the
relationship between malaria endemicity and diabetes in
Sardinia a strong negative relationship was found [4,25],
ch 9. This relation had a spatial expression and the geo-
graphical distribution of malaria was important in gener-
ating explanatory models for the relation. In public health
practice it is of considerable importance to be able to assess
whether localized areas which have larger than expected
numbers of cases of disease are related to any underly-
ing environmental cause. Here spatial evidence of a link
between cases and a source is fundamental in the analysis.
Evidence such as a decline in risk with distance from the
putative source of hazard or elevation of risk in a preferred
direction is important in this regard.

Scientific Fundamentals

There are four main areas where spatial statistical meth-
ods have been developed for Public Health data analysis:
relative risk estimation (sometimes simply called Disease
Mapping), Disease Clustering, Ecological Analysis, and
Disease Map Surveillance. Before looking in detail at each
of these areas, it is appropriate to consider some common
themes or issues which arise in all areas of the subject.
Before considering the study of the spatial distribution of
disease, there are some fundamental epidemiological ideas
that should be considered.

Relative Risk

Within any geographical area the local density of cases of
disease can be studied. There is a desire to examine this as
it gives information about local variations in disease. With
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census tracts then the count of cases of a particular disease
could be the data of interest. These crude counts of disease
cannot be used on their own as the density of cases will be
affected by the variation in the population of the area. This
is true whether observing case addresses (the residential
address of a disease case) or the aggregated count of cases
within small areas.
Hence underlying the disease incidence is the variation in
the population ‘at risk’ of the disease. This background
population will vary in its composition (age, gender, sus-
ceptibility groups) and in its density with spatial location.
Hence this variation should be accounted for in any anal-
ysis of the disease occurrence. Clearly, if areas of high
susceptibility (with frail population groups) coincide with
areas of high disease occurrence then there is likely to be
less interest in these areas (in terms of adverse disease
presence), than areas where there is high disease occur-
rence and low number of susceptibles. Local occurrence
of disease (counting of cases within areas) within short
time spans (e. g. individual months or years) is termed
incidence. Longer term accumulation of disease cases is
often termed prevalence. Here the term incidence is used
throughout. In general prevalence can be analyzed as for
incidence.
To simplify discussion, initially, assume there is a small
administrative area (such as a census tract, postcode, zip
code, county etc.) within which it is possible to observe
the disease incidence. Often there is a desire to compare
the observed count of disease with what would have arisen
from the underlying population. This will tell us if there
is any excess disease risk in the local area. Let’s assume
there are i = 1, . . . , p tracts or small areas in a study area.
Often a ratio of the observed count yi, in the ith tract to
the expected count ei derived from the background popu-
lation is used to examine excess risk: the relative risk of
a disease within the i th area can be estimated by yi

ei
. This

ratio represents the relative risk compared to that the local
population suggests should be seen in the area. Usually
the count yi will be available from government PH data
sources and the expected count (or rate) is usually com-
puted from known rates for the disease in population sub-
groups (broken by age and gender). This is known as stan-
dardization. The calculation of expected rates can be very
important and different methods of calculation could lead
to different conclusions about disease risk. Note that this
relative risk definition implies a multiplicative model for
risk. This is a common assumption in epidemiology.

Standardized Mortality/Morbidity/Incidence
Ratio(SMR or SIR)

The above relative risk ratio is commonly computed for
certain types of data. The most common is where incident

cases are involved and is called the standardized incidence
ratio (SIR). Sometimes live cases are described by the term
morbidity and so SMR is sometimes used. This can be con-
fusing as when deaths from a disease are recorded (mor-
tality) the same acronym is applied (SMR: standardized
mortality ratio). Of course, different expected rate calcula-
tions (denominators) would usually be used depending on
whether incidence or mortality were to be considered.

Standardization Expected rates in the small areas or
tracts {ei} are calculated (estimated) from the local pop-
ulation structure. Usually an external standard population
rate will be known and applied to the local population.
For example, suppose that the national US rate for prostate
cancer (PrCa) is to be used to standardize the rates in South
Carolina counties. The rate for different population groups
must be known. Hence the rate for each age × gender group
must be known nationally and also the population in this
groups must be known locally. Define the US rate for PrCa
in the kth age group and jth gender group as ekj. Define the
population in these groups in the ith area as pkji. Hence the
expected rate in the i th area will be simply:

ei =
∑

j

∑

k

ejkpkji . (1)

That is: the numbers in each tract in different age × sex
groups are multiplied with known rates for the disease for
equivalent groups in a standard population. The standard
population may be the national population (as above) or
even the study region population. The study region popu-
lation may be the most relevant if you want to study rela-
tive spatial differences across a study region. Note also that
other standardizations could be used where covariates are
used to standardize the rates.
The standardized ratio of either incidence, mortality or
morbidity is the relative risk ratio computed with standard-
ized expected rates, as specified above:

SMRi = yi

ei
. (2)

Figure 1 displays a standardized mortality ratio map for 26
census tracts in Falkirk central Scotland. The SMR map
is often used by PH professionals to examine the distribu-
tion of disease risk. Areas of the map with SMRs greater
than 2 or 3 (say) may be of concern. More formally, tests
can be carried out to assess whether risk excesses are sig-
nificant statistically. Visual assessment is not adequate for
this purpose. Note also that the SMR is one estimate of
relative risk, and there are many other ways to estimate
risk.
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Public Health and Spatial Modeling, Fig-
ure 1 Central Scotland: 26 census enu-
meration districts (EDs) in the center of the
city of Falkirk. Respiratory cancer deaths
(SMRs) for the period 1976–1983. Scottish
national rate used for standardization

Control Diseases and Expected Rates

Expected rates are commonly used to allow for population
effects when count data is observed. Count data is often
available readily from government sources. However, for
some purposes there is a need to examine the spatial dis-
tribution of cases at finer spatial resolutions. Commonly
the residential address of cases is the finest level of res-
olution that can be found. Usually this is only relevant if
a small geographic study region is examined. In this case
the data form a spatial point process. As for count data,
there is a need take population variation into account when
examining risk at this spatial resolution level.
Expected rates are usually only available at aggregated
geographic scales (census tracts or such like areas) and
cant be used effectively at fine resolutions to control for
population variations. An alternative is to use the incidence
of a control disease within the study region. A control dis-
ease is matched closely to the risk structure of the dis-
ease of interest, but must not display the incidence effect
under investigation. For example, live births could be used
as a control for childhood leukemia in clustering studies.
In that case the address locations of all births would be
used as a population surrogate. This leads to two point
processes: the leukemia case distribution and the live birth
distribution. Of course, live birth is not a disease but in
this case is a population indicator. Another example would
be the use of residential addresses of coronary heart dis-
ease (CHD) as a control disease for respiratory cancer in
studies of air pollution. CHD would be thought to affect
the same age structure as respiratory cancer, but may be
unaffected by air pollution hazards. Of course this may not

be a good control as it could be affected by lifestyle vari-
ables such as smoking. Lower body cancers (testes, penis,
ovaries etc.) has been proposed as a control disease for res-
piratory tract diseases. These are less affected by inhilatory
insults. However care must be taken as some air pollutants
can target lower body organs (e. g. nickel). In addition the
time lag of disease expression (which is long in the case of
cancers) should also be considered.
Note that this control disease is a geographical control
and is not matched to specific cases. The common feature
of each control disease is that it shouldn’t be related to
the effect of interest. There is some debate about use of
these controls as opposed to expected rates from external
sources.

The Ecological and Atomistic Fallacy

Many mapping studies attempt to relate incidence of dis-
ease in regions with some other measurable explanatory
variable relating to the etiology of the disease e. g. it may
be necessary to examine the relation between the num-
ber of smokers in regions and the incidence of respira-
tory cancer in the same regions. This might be achieved
by applying regression analysis to the disease incidence
and explanatory variable. The relation between these vari-
ables will be statistical and may suffer from the fact that
regional totals or averages are used in the assessment of the
relation. Hence an average relationship can only be mea-
sured. There is no direct link between whether an individ-
ual smokes and whether they develop lung cancer.
The ecological fallacy arises when such regional average
characteristics are ascribed to individuals within the region
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concerned. Any region-based analysis will suffer from this
problem. It is known in fact that in some extreme cas-
es the relation between the covariate and the outcome is
reversed when individual analysis is carried out. Hence,
ecological analyses are some times viewed with caution.
Of course, at the aggregate level the relation remains valid.
The atomistic fallacy occurs when analysis is based on
individuals, and the variability of individuals’ response to
disease is not accounted for in inference at the regional
level. These, and other aggregation issues, are further dis-
cussed in [15,31,36].

Confounders and Deprivation Indices

All disease maps contain the influence of variables affect-
ing, or pertaining to, the local population which are not
accounted for in standardized rates or control diseases.
There are two ways to try to allow for these effects:
1. include as many known explanatory variables in

the expected rate or regression model to allow for
these effects. (These variables are called known con-
founders.)

2. include the effect of unmeasured confounders via the
use of random effects.

In the first case the solution is to include in the study as
many known variables that affect the outcome so that extra
variation is explained. Of course it may not be feasible
to include all know confounders simply due to (realistic)
study limitations. To make allowance for unmeasured con-
founders (whether known or unknown) it is possible to
admit random effects into any regression models. These
are additional unobserved variates that will soak up extra
variation of various kinds.
Often adverse disease incidence is known to be related
to a range of poverty-related explanatory variables e. g.
unemployment, housing type,welfare status, car owner-
ship. That is, measurable adverse risk is expected in areas
where these variates indicate low income and poverty.
These variables are often available from national census.
There has been some effort to combine such variables in
composite measures known as deprivation indices [6]. In
North America these are often termed urbanicity indices.
Deprivation indices are now routinely available from gov-
ernment census data organizations and can be incorporat-
ed directly into a disease map as a covariate or as an offset
term.

Some Spatial Statistical Issues

A fundamental feature of geo-referenced data available for
analysis in Public Health applications is that it is usually
discrete (either in the form of a point process or count-
ing process), and the cases of concern arise from within

a local human population which varies in spatial densi-
ty and in susceptibility to the disease of interest. Hence
any model or test procedure must make allowance for this
background (nuisance) population effect. The background
population effect can be allowed for in a variety of ways.
For count data it is commonplace to obtain expected rates
for the disease of interest based on the age-sex structure
of the local population (see e. g. [9], chap. 3), and some
crude estimates of local relative risk are often computed
from the ratio of observed to expected counts (e. g. stan-
dardized mortality/incidence ratios: SMRs). For case event
data, expected rates are not available at the resolution of
the case locations and the use of the spatial distribution
of a control disease has been advocated. In that case the
spatial variation in the case disease is compared to the
spatial variation in the control disease. A major issue in
this approach is the correct choice of control disease. It is
important to choose a control which is matched to the age-
sex structure of the case disease but is unaffected by the
feature of interest. For example, in the analysis of cases
around a putative health hazard, a control disease should
not be affected by the health hazard. Counts of control
disease cases could also be used instead of expected rates
when analyzing count data.

Case Event Data

Figure 2 displays control event (a) and case data (b) maps
for a region of the UK for a fixed time period. In this
example, larynx cancer case incidence is the distribution
of interest while lung cancer distribution is the control dis-
ease for the same period.
Case event locations often represent residential addresses
of cases and the cases arise from a heterogeneous popula-
tion that varies both in spatial density and in susceptibility
to disease. A heterogeneous Poisson process model is often
assumed as a starting point for further analysis. Define the
first-order intensity function of the case event process as
λ(s), representing the mean number of events per unit area
in the neighborhood of location s. This intensity may be
parametrized as:

λ(s) = ρ.λ0(s).λ1(s; θ) (3)

where ρ is the overall rate of the process, λ0(s) is the
‘background’ intensity of the population at risk at s, and
λ1(s; θ) is a parametrized function of risk. The focus
of interest for making inference regarding parameters
describing excess risk lies in λ1(s; θ),, treating λ0(s)
as a nuisance function. The function λ1(s; θ) represents
the relative risk measured locally around location s, and
log λ1(s; θ) is often modeled.
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Public Health and Spatial Mod-
eling, Figure 2 Lancashire
UK: a lung cancer control disease
address locations, b larynx can-
cer address locations. Both maps
are for the period 1974–1983
and are for incident cases

It is possible that population or environmental heterogene-
ity may be unobserved in the data set. This could be
because either the population background hazard is not
directly available or the disease displays a tendency to
cluster (perhaps due to unmeasured covariates). The het-
erogeneity could be spatially correlated, or it could lack
correlation in which case it could be regarded as a type of
overdispersion. One can include such unobserved hetero-
geneity within the framework of conventional models as
a random effect.
This approach can lead to maximum a posteriori estimators
similar to those found for universal kriging in geostatis-
tics [23].This approach can also be implemented in a fully
Bayesian setting (see e. g. [25] amongst others).

Count Data

Figure 3 displays a typical count data example: congenital
death counts for South Carolina counties for the year 1990.
A considerable literature has developed concerning the
analysis of count data in spatial epidemiology (e. g. see
reviews in [3,9,25,26]).
The usual model adopted for the analysis of region counts
is to assume that {yi, i = 1, . . . , p} are independent Poisson
random variables with parameters {λi, i = 1, . . . , p}. Here

λi =
∫

Wi

λ(s)du , i = 1, . . . , p ,

where λ(s) is the first order intensity of the underlying cas-
es and W i is the i-th subregion. Often the λis are assumed
to be constant within areas. Usually the expected count is
modeled as

E(yi) = λi = eiθi , i = 1, . . . , p .

This model may be extended to include unobserved hetero-
geneity between regions by introducing a prior distribution

for the log relative risks (log θi, i = 1, . . . , p). Incorpora-
tion of such heterogeneity has become a common approach
and the Besag, York and Mollié (BYM) convolution mod-
el is now a standard model [29]. A full Bayesian analysis
using this model is available on WinBUGS (available free
from www.mrc-bsu.cam.ac.uk/bugs).

Key Applications

Disease Mapping

In this area, focus is on the processing of the disease map
to take out random noise. Often applications in health ser-
vices research require the production of an ‘accurate’ map
of relative risks. Models for relative risk range from sim-
ple SMRs to posterior expected estimates from Bayesian
models. In the count data situation, define the model for
the observed counts as

yi ∼ Poisson(eiθi)

log θi = xT
i β + random effect terms ,

where xT
i is the i th row of a covariate design matrix and

\beta is a regression parameter vector.
The simplest model assumes no linkages to covariates or
random terms and the ML estimator of θi is the SMR:
i. e. θ̂i = yi/ei. More often, and more generally, log θi is
assumed to be equal to a linear predictor involving covari-
ates and regression parameters (xT

i β). The final extension
includes random effect terms to allow for overdispersion
(uncorrelated heterogeneity UH: vi) and spatially-correlat-
ed heterogeneity (CH: ui). The model would then take the
form:

log θi = xT
i β + vi + ui .

In applications without covariates, when simple smoothing
of rates is required, a simpler random effect model would

http://www.mrc-bsu.cam.ac.uk/bugs
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Public Health and Spatial Modeling, Figure 3
South Carolina: counts of congenital deaths by
county in 1990

be used:

log θi = vi + ui .

This model assigns noise to two components: UH and CH.
Both components are usually fitted to capture all the noise
components thought to be present. This is often termed
the BYM convolution model. To be able to estimate these
components, prior distributions are assumed for each com-
ponent. Usually these consist of an uncorrelated zero mean
normal distribution for the overdispersion:

vi ∼ N(0, τv) ,

where τv is a variance parameter, and a spatial correla-
tion prior distribution for the CH component. This could
be chosen in a variety of ways. Commonly a Markov ran-
dom field (MRF) is assumed. The intrinsic singular Gaus-
sian distribution ([21,5,30]) is used where the conditional
mean of the region effect is based only on a neighborhood
of the region:

[ui|......] ∝ N(uδi , τu/nδi)

where δi is a neighborhood of the i th area, and nδi is the
number of regions in the i th neighborhood, and τu is a vari-
ance parameter which controls the degree of smoothing.
This can be sampled within a posterior distribution sam-
pling algorithm relatively simply. One alternative to this
specification is to assume a fully parametrized covariance
and a Multivariate normal distribution for CH:

u ∼ Np(0,)

where the elements of  are σij = cov(ui, uj). These
covariance elements can be parametrized with a distance-
based form such as σij = c0 + τ exp(−αdψij ). Here a sill
and nugget effect are specified and at zero distance the
instantaneous variance is c0 + τ . This is more heavily
parametrized than the MRF model above and the model
also requires the inversion of a p × p covariance matrix.
This of course allows for more detailed covariance model-
ing.
In a full Bayesian analysis, all parameters (β, u, v, τ∗ . . .)
would be assigned prior distributions and posterior sam-
pling of these parameters, usually via MCMC algorithms,
would be required.
For case event data, point process models must be con-
sidered initially. A heterogeneous Poisson Process model
could be considered for p case events {si} i = 1, . . . , p.
It is possible to extend such a model to deal with ran-
dom effects also. However when a control disease is also
available, then it is possible to consider a simpler condi-
tional logistic analysis. Define the joint realization of p
cases and q controls as i = 1, . . . , p for the cases and
i = p + 1, . . . , p + q for the controls. Assume that the first
order intensity of the cases is λ(s, θ) = ρλ0(s, θ)λ1(s, θ)
and of the controls λ0(s, θ). Define the binary indicator
variable yi as follows:

yi =
{

1 if si is a case

0 otherwise

then the conditional probability of a case at si is just

ρλ1(si, θ)

1 + ρλ1(si, θ)
.
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Hence, the likelihood of the realization is a logistic likeli-
hood ([8]) specified by

L(θ |{si}) =
p+q∏

l=1

[ρλ1(si, θ)]yi

1 + ρλ1(si, θ)
. (4)

A suitable specification for the relative risk λ1(si, θ) could
be log λ1(si, θ) = xT

i β + vi + ui where any covariates
would have to be available at all case and control locations.
Note that a model without covariates only requires random
effect estimates at locations. Specifying suitable prior dis-
tributions for such a model is not difficult and, for example,
first order neighborhoods of points can be obtained from
tessellation information ([2]), and so MRF prior distribu-
tions can be specified. Alternative semi-parametric models
have been suggested by [17].

Disease Clustering

In this area, the focus is not on reduction of noise, per
se, but the assessment of the clustering tendency of the
map and in particular the assessment of which areas of
a map display clustering. Here, clustering could be around
a known putative source of hazard (focused clustering) or
have no known locations of clustering (non-focused clus-
tering). A variety of testing methods are available for clus-
ter detection, see for example [19].
However it is also possible to consider modeling clusters.
In general the model formulation may not differ greatly
from that of relative risk estimation, depending largely on
the definition of clusters and clustering.

Focused Clustering Focused clustering is the simplest
case and usually assumes that some form of distance
decrease in risk happens around a fixed point or points.
For example, the count data model can be defined as

yi ∼ Poisson(eiθi)

log θi = log(1 + exp{−αdi})+ xT
i β + zT

i γ ,

where di is a distance measured to the small area from
the focus point (such as a chimney, mobile phone mast,
or waste dump site). Here the extra covariates appear in xT

i
while the zT

i is the i th row of a matrix of random effects
and γ is a unit vector. In this case focus is on inference
concerning α as this defined the distance relation. Within
xT

i there could also be directional terms such as cos(φ)and
sin(φ),where φ is the angle between the area (centroid) and
the focus point. This can be used to detect any directional
concentration of risk (which could be important particular-
ly if an air pollution risk is possible).
For case events, the case event locations are often assumed
to follow a heterogeneous Poisson process with first order

intensity λ(s). Denote this as {si} ∼ PP(λ(s)).If a con-
trol disease is available and the conditional logistic likeli-
hood (4) is assumed then the intensity can be parametrized
as:

logλ1(si, θ) = log(1 + exp{−αdi})+ xT
i β + zT

i γ ,

where di is the distance from any case or control event to
the focus point. Directional effects can be included here
also as for count data. When fixed effects are included
only with no covariates, then a frequentist approach would
allow the estimation of α via maximum likelihood. Equal-
ly, if a Bayesian approach is assumed then all parameters
would have prior distributions and the resulting posterior
distribution would usually be sampled. Some general ref-
erences for this area are [9 chap. 9,25 chap. 7].

Non-Focused Clustering When locations of clusters are
unknown then the statistical task becomes more difficult.
Not only are the locations of putative clusters unknown
but their number and size are also not predefined. This
area can be further divided into general clustering, where
the overall tendency of an area to cluster is assessed,
and specific clustering where the locations of clusters
are to be assessed. Many testing procedures have been
derived to assess general clustering tendency (see e. g. for
case events: [1,7]; and for counts: [20,34]). Fewer proce-
dures are available for specific clustering. Scan statistics
(SatScan) have been proposed ([19]).
Modeling of clusters can be approached in a variety of
ways. First, if clustering of excess risk is simply and liber-
ally regarded as significant excess risk found anywhere on
a map then pointwise determination of excess can be pur-
sued. This is known as hot-spot clustering. For example,
for count data, it could be assumed:

yi ∼ Poisson(eiθi)

as before, and examine either i) estimates of θi for unusual
features (usually significantly elevated values), or, ii) the
residuals from a fitted model:

r̂i = yi − eiθ̂i

to find out if, after model fitting, whether there are areas of
excess unexplained by the model.
The first approach assumes a model for risk and under
that model some form of cluster identification may take
place. Alternatively a model which simply cleans noise
out may be considered i. e. a model for log θi is assumed
such as log θi =xT

i β + vi. This model allows for covari-
ate adjustment and some extra variation but does not mod-
el CH (smoothing) as this may reduce its ability to detect
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aberrations in risk at the single region level. Following the
model fit an assessment of the significance of θ̂i could be
made.
If on the other hand a specific structure for clusters is
assumed then a formal clustering model may be assumed.
There is a gray area between relative risk estimation
(which focuses on the estimation of θi) and i) above where
estimates of θi are examined for significant excess. If some
form of cluster identification is included in the model then
that can be checked for location and size of clusters. This
can be useful when data are sparse and other global CH
models cant describe the cluster form. One proposal is for
risk to be related to a set of hidden (unobserved) cluster
locations:

log θi = xT
i β+vi + log{1 +

K∑

k=1

h(xi; ξk)}

where there are K unknown clusters with locations {ξk}, xi

is the centroid of the i th small area and h(xi; ξk) is a cluster
distribution function that describes the relation of any point
to a cluster location. Usually h(xi; ξk) is designed to have
a decline in risk with distance from ξk, but a range of forms
are available. Unfortunately, given that K is unknown,
a number of assumptions must be imposed on the analy-
sis to allow for estimation of parameters. Often reversible
jump McMC is employed here (see e. g. [13,27,28]). For
case event data, models for log λ1(si, θ) can be set up with
similar considerations (see e. g. [24]).
The second approach, that of examining residuals such as
r̂i = yi − eiθ̂i, may be useful if a noise reduction model
is used in the estimation of θ̂i. However the residual will
always include some form of noise unrelated to cluster-
ing. Even a perfect model will always have Poisson noise
around the true risk: eiθi. Hence it would be important to
specify the risk model carefully to allow for only clus-
tering effects to appear in the residual as far as possible.
‘Unusual’ residuals can be examined via Monte Carlo pro-
cedures such as parametric Bootstrap or, under a Bayesian
paradigm, a Bayesian Bootstrap using the predictive distri-
bution.
Finally alternative approaches that assume that clusters are
defined within areas or neighborhoods (as opposed to sin-
gle regions) can be considered and diagnostics for these
have been proposed [16].

Ecological Analysis

In this area, the relation between disease incidence and
explanatory variables is the focus, and this is usually car-
ried out at an aggregate level, such as with counts in small
areas.

Many issues of bias and misclassification error can arise
with ecological data and the interested reader is referred
to [36] and [14] for further insights.
Two important areas of concern are related to scale aggre-
gation issues: MAUP and MIDP. The Modifiable areal Unit
Problem (MAUP) concerns the scalability of models and
whether, at different spatial scales, a model is valid. In gen-
eral this is unlikely to be the case as far as covariance struc-
ture is concerned as this would lead to fractal covariances
which are not found commonly. However, the labeling of
scales of relevance of models is important and the extent to
which a model can be scaled is relevant in many applica-
tions. A related but different issue is how to use different
scales of data within one analysis i. e. should individual
level data be used in preference to aggregated data or can
they be combined. This is a focus of current research.
The misaligned data problem (MIDP) is related to the
last issue, but specifically addresses the issue of combin-
ing data from different spatial scales to provide analysis
at one level. For example health outcomes (disease inci-
dence etc.) may be observed within census tracts and there
are available pollution measurements at monitoring sites
around the study area. To make inferences about the health
outcomes it is best to use the pollution data relevant to the
census tracts. One simple solution would be to block Krige
the pollution data to provide block estimates for each of
the tracts (see e. g. [3, chap. 6,32]). This would ignore the
error in the interpolation of the pollution data of course
and a better approach is to consider a model where the true
exposure is modeled within the health model but the pol-
lution model is jointly estimated.
The model often assumed for count data is of the form

yi ∼ Poisson(eiθi)

log θi = xT
i β + zT

i γ .

Assuming that it is possible to observe count data ( yi) and
also observe measurements {x(sj)} made at q sites. Assume
the measures have mean E(x(sj)) = μ(sj), and they are
multivariate normal with covariance cov(x(si), x(sj)) =
σxij. Also  is the covariance matrix with ijth ele-
ment σxij. For a block, the mean is defined as μBi =
|Bi|−1 ∫

i
μ(sj)du, where Bi denotes the ith area, and an

estimate is μ̂Bi = |Bi|−1 ∫

i
μ̂(sj)du. It could be assumed

in this case:

{yi} ind∼ Poisson(eiθi)

log θi = βμBi + zT
i γ .

and jointly with

{x(sj)} ∼ Nq(μ(sj),) ,
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Public Health and Spatial Modeling,
Figure 4 Ohio county map: respira-
tory cancer SMRs for 4 selected years:
1968,1977,1983, and 1988

μBi can be estimated and the associated error can be
accounted for. Similar considerations can apply to case
event data.

Space-Time Modeling and Disease Map Surveillance

Space-Time Models The extension of mapping models
to space-time is straightforward in the case of counts with-
in areas within time periods. Figure 4 displays sequences
of maps of respiratory cancer for 4 year periods in the
counties of the US State of Ohio. Space-time variation in
risk is apparent from the variation from year to year for
given counties.
For example, yearly counts of disease within small areas
can be handled relatively straightforwardly. In this area,
the focus is the construction of methods which, usually,
examine the spatio-temporal variation of disease. A typical
count data model (for counts yij in the ith region and jth
time period) might be

yij ∼ Poisson(eijθij)

log θij = α + (covariates)+ uT
i γ + wT

j ξ + zij

where uT
i γ is a sum of spatial random components γ is

a unit vector), and wT
j ξ is a sum of temporal effects ξ

is also a unit vector) and zij is a space-time interaction
effect. This formulation can lead to a rich variety of models
depending on the definition of the structure of the compo-
nents. [18] discusses various possibilities in the Bayesian
context.

Map Surveillance Surveillance usually requires there to
be a prospective view taken of the data whereby new events

are recorded and detection of changes in the vent pattern
is important. This may be done in real- or near-real-time.
This area has become important due to bioterrorism threats
and the possibility of large scale PH disaster prediction.
Often a space-time model must be general enough to cope
with normal variation in risk but also capable of detect-
ing aberrations as they arise. One useful approach is to
consider the predictive distribution of data given previous
events and compare this with the new events. This leads to
so called surveillance residuals [35].
Certain optimal methods are available for the detection of
changes in a disease incidence and clustering in space-
time (see [11,12,22] provides reviews). General methods
for detecting temporal disease changes are given in [10].

Future Directions

There are many open problems in this area. While much
attention has been paid to putative hazard assessment
(focused clustering) and also methods for relative risk esti-
mation, there is still considerable need for development
of methodology for cluster detection and also multi-focus
surveillance in real-time. Future directions will see the
development of multivariate models and also the fuller
examination of space-time.

Cross References

� Autocorrelation, Spatial
� Biomedical Data Mining, Spatial
� Hierarchical Spatial Models
� Homeland Security and Spatial Data Mining
� Spatial and Geographically Weighted Regression
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Synonyms

Pyramid tree

Definition

The Pyramid Technique [1] is an indexing technique for
point data (feature vectors) of a multidimensional space,
particularly designed for medium to high dimensionality
starting from d = 10. Like Z-ordering [2] and other space-
filling-curve techniques the pyramid technique gives a one-
dimensional embedding of the high dimensional points.
The embedded objects can be indexed by any one-dimen-
sional index structure which supports range queries (inter-
val queries) such as all B-tree [3] variants as well as all
order preserving hashing methods. The pyramid technique
can efficiently handle multidimensional interval queries
and nearest neighbor queries using maximum metric.

Historical Background

Index structures for vector spaces of medium to high
dimensionality [4,5,6] have become very popular in the
1990s, because traditional index structures for vector data,
such as the R-tree [7] and its variants tend to deterio-
rate as the dimensionality of the space increases, an effect
commonly referred to as the curse of dimensionality [8].
One-dimensional embedding techniques [2], in general,
yield the advantage that the complete storage manage-
ment is handled by an index structure for a one-dimen-
sional space, which is readily available by commercial
database systems. Therefore, features such as transaction
processing, concurrency and recovery are inherited from
the one-dimensional index. Although vector data are trans-
formed into one-dimensional spaces, the complete tech-
nique is subject to the curse of dimensionality. Therefore,
it is important to develop the pyramid technique, which
is particularly designed for higher-dimensional spaces and
suffers its problems to a lesser extent. The pyramid tech-
nique is, in general, not limited to a particular metric, but
the schema of space partitioning makes it particularly suit-
ed for queries using the maximum metric. The pyramid
technique has inspired a number of other techniques, such
as the onion technique [9] or concentric hyperspaces [10]
and many others, which focus on different metrics includ-
ing the Euclidean metric.

Scientific Fundamentals

In contrast to most of the well-known space-filling curves,
the pyramid technique does not rely on a recursive schema
of space partitioning. In contrast, the data space is parti-
tioned into 2· d hyper-pyramids which share the origin of
the data space (which can be chosen as the center point
of the data set) as top point and have each an individu-
al (d–1)-dimensional basis area (cf. Fig. 1). The pyramids
are systematically numbered which forms the first part of
the embedding key (a natural number p). The second part
is the distance (with respect to the maximum metric) from
the origin (a positive real number r). The embedding key
can be formed as an ordered pair k = (p, r), or, equivalent-
ly, if the maximum of all r-values (rmax) is known, we can
form one single embedding key k’= rmax· p+r.
In both cases, a d-dimensional range query can be translat-
ed in a set of search intervals on the search keys. The num-
ber of intervals is at most 2· d, because the query object can
at most have one intersection with each of the pyramids (cf.
Fig. 1. Since nearest neighbor queries can be transformed
into range queries (which requires a set of at most two one-
dimensional ranking processes per pyramid), it is also pos-
sible to evaluate nearest neighbor queries.
The Extended Pyramid-Technique was proposed to handle
data with skewed data distribution. The idea is a translation
of the the data set such that the center of the set is located at
the reference point (0.5, . . . , 0.5) where all the pyramids of
the original pyramid techniques share their top point while
keeping the data in the unit hypercube [0..1]d . Since the
centroid (means) of the data points is not very stable in
the presence of skewed data distributions, our technique
is based on a median method which determines a point,
which is the coordinate-wise median of all data points.
We refer to this point as the median point mp= (mp1, . . . ,
mpd). Then we determine for each coordinate an expo-

Pyramid Technique, Figure 1 Space partitioning of the pyramid tech-
nique
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nent ri such that the following condition holds:

ri = − 1

log2(mpi)
.

This exponent is used in a function t(x) = (xr1
1 , . . . , xrd

d )

to transform the data in a new space from which it has the
nice property to map the points [0..1]d into the same space
[0..1]d , while moving the median point mp to the refer-
ence point (0.5, . . . , 0.5) of the pyramids. The index must
be rebuilt whenever the change of the median point mp
extends a threshold. It was shown that this happens rarely.
In addition to the general advantages of the one-dimen-
sional embedding, the experimental evaluation of the pyra-
mid technique and the extended pyramid technique yielded
a considerable speed-up factor of up to 14 with respect to
the number of page accesses, of up to 103 with respect to
CPU consumption and of up to 2500 with respect to the
overall response time over the X-tree.

Key Applications

High dimensional indexing is important for similarity
search systems in various application areas, such as mul-
timedia, CAD, systems biology, medical image analysis,
time sequence analysis and many others. Complex objects
are typically transformed into vectors of a high-dimension-
al space (feature vectors), and the similarity search there-
by translates into a range or nearest neighbor query on
the feature vectors. High-dimensional feature vectors are
also required for more advanced data analysis tasks such
as cluster analysis or classification.

Future Directions

One-dimensional embedding would also be interesting for
several new metrics, such as set metrics (multi-instance

objects) or for uncertain and moving objects. Only few
approaches exist [11] to support general metric spaces.
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