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1

Summary

The mission of the National Geospatial-Intelligence Agency (NGA) is
to provide timely, relevant, and accurate geospatial intelligence to sup-
port national security. NGA defines geospatial intelligence (GEOINT) as
“the exploitation and analysis of imagery and geospatial information to describe,
assess, and visually depict physical features and geographically referenced activities
on the Earth” (NGA, 2004a). NGA faces a crisis of need in the post-9/11
world. Without effective GEOINT, the nation and its armed services are
vulnerable to security risks and threats. NGA must improve the speed,
rigor, accuracy, fidelity, and relevance of its geospatial analyses while the
sources of data increase in number and type, and data volume grows.
Because GEOINT is moving rapidly to ever-finer temporal, spatial, radio-
metric, and spectral resolutions, increased volumes and more complex
data must be absorbed—that is, captured, stored, analyzed, and reported.
The time horizons of problems that the intelligence community seeks to
understand have gone from months and days to hours and minutes. Other
challenges include adopting and spearheading new methods and tech-
nologies while maintaining fully operational existing systems; integrating
data from a host of old and new sources through rapid georectification
and spatial analysis; improving uncertainty management, including deal-
ing with denial and deception; dealing with data volume issues, especially
the need to automate human interpretation tasks; ubiquity of access,
including web-based systems and the effective reuse of existing data; and
the ability to work effectively within a broadening pool of partners and allies
while maintaining appropriate security control. The challenges can be
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2 PRIORITIES FOR GEOINT RESEARCH AT NGA

summarized as the conversion of what today are data into distilled infor-
mation and knowledge. Yet analysis methods have not evolved to integrate
multiple sources of data rapidly to create actionable intelligence. Nor do
today’s means of information dissemination, indexing, and preservation
suit this new agenda or future needs. NGA will play a major role for the
entire intelligence community in creating the next-generation National
System for Geospatial Intelligence and has set forth a consistent vision of
what this next-generation GEOINT should be. This vision is intended to
see NGA through the transition into a new era. NGA also plays a leading
role in supporting fundamental research for the next generation of GEOINT,
termed GEOINT2 in this report.

It is within this context that the National Academies was asked by
NGA to identify research priorities and strategic directions in geospatial
science for the NGA’s Basic and Applied Research Program. The goal of
the study was to examine both “hard problems” in geospatial science that
must be addressed to improve geospatial intelligence, and promising
methods and tools in geospatial science and related disciplines to pursue
in order to resolve these problems. The results of this study are intended
to help NGA’s chief scientist to anticipate and prioritize geospatial science
research directions and, by doing so, to enhance NGA’s mix of research as
it addresses these priorities.

NGA has defined its “top 10 challenges” for GEOINT. Using these as
a base, along with knowledge of the current state of the art in geospatial
information science, the hard research problems associated with each of
the GEOINT challenges were identified, leading to a total of 12 recom-
mendations. The hard problems are summarized in Table S.1. Several
promising methods and techniques for approaching each of these hard
problems are addressed in the body of this report.

While it is useful to associate the hard research problems with the
GEOINT challenges, it is also instructive to look at them in the context of
the GEOINT process. This study puts forth a framework that describes
the GEOINT2 process information flow. The key stages in this geospatial
information flow are to acquire, identify, integrate, analyze, disseminate,
and preserve. Consequently the hard problems are linked to one or more
steps in the process flow that they impact. Looking at the hard problems,
both in terms of an overall GEOINT challenge and in terms of the GEOINT
process itself, is useful for prioritization of research goals.

The success of the research program in creating new technologies
and techniques to address NGA’s GEOINT vision is dependent not only
on the focus of the research, but also on the research process itself. NGA-
led research is conducted through a wide variety of programs inside and
outside NGA, including academic research grants, broad area announce-
ments, contracts, and funding to various agencies and organizations. The
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SUMMARY 3

TABLE S.1 Summary of Hard Problems

Recommen-
NGA Challenge Hard Problems dation

(1) Achieve persistent Assimilation of new, numerous, and disparate 1
tasking, processing, sensor networks within the TPED process
exploitation, and
dissemination (TPED) Spatiotemporal data mining and knowledge 2

discovery from heterogeneous sensor data
streams

Spatiotemporal database management systems 3

(7) Compress time line Process automation and human cognition 4

Visualization 5

High-performance grid computing for 6
geospatial data

(2-6) Exploit all forms Image data fusion across space, time, 7
of imagery (and spectrum, and scale
intelligence)

Role of text and place name search in data 8
integration

Reuse and preservation of data 9

Detection of moving objects from multiple 10
heterogeneous intelligence sources

(8) Share with coalition GEOINT ontology 11
forces, partners, and
communities at large

(9) Support homeland Covered by other areas
security

(10) Promote horizontal Multilevel security 12
integration

effectiveness of the research process has become even more important
since a considerable part of the research activity in geographic informa-
tion science now has some roots in NGA-funded programs. Therefore,
this study makes five recommendations to increase the effectiveness
of the research process. To improve the coordination of the research pro-
gram, the committee recommends increasing the use of peer review and
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4 PRIORITIES FOR GEOINT RESEARCH AT NGA

better defining the roles, responsibilities, and relationships of the various
participants in NGA research. To increase the number of basic research
projects that result in the development of new technologies and tech-
niques that can be incorporated into the GEOINT process, the committee
recommends an improved definition of the current and future informa-
tion systems architectures and a clear plan for integrating research and
development projects into these architectures, including better integra-
tion with open systems architectures. To maximize the pool of research
expertise available to NGA, the committee recommends working to in-
volve the geospatial science and technology community from coalition
countries.

Finally, the complete set of recommendations is given a priority of
1 to 3, with 1 being the highest. The priorities are summarized in Table 6.2
of this report and are proposed for consideration by NGA as it works to
develop a research agenda to support the evolution to GEOINT2, the
geospatial intelligence infrastructure for the twenty-first century.
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5

1

Introduction

BACKGROUND

The mission of the National Geospatial-Intelligence Agency (NGA)—
until 2003, the National Imagery and Mapping Agency (NIMA)—is to
provide timely, relevant, and accurate geospatial intelligence (GEOINT)
to support national security. NGA defines geospatial intelligence as “the
exploitation and analysis of imagery and geospatial information to describe, assess,
and visually depict physical features and geographically referenced activities on
the Earth” (NGA, 2004a). The term was adopted in the agency name for
two reasons: (1) to recognize the fundamental property of geographical
location associated with the data that NGA and the intelligence commu-
nity produce and analyze and (2) to emphasize the value-added analyses
that the agency performs to create a distinct type of actionable intelligence.

NGA must improve the speed, thoroughness, accuracy, fidelity, and
relevance of its geospatial analyses while the sources of data increase in
number and type, and data volume grows. These issues are especially
pressing because there is uncertainty about the future number of avail-
able NGA analysts due to intense recruitment demands and the nature of
staff demographics. Furthermore, within NGA and the intelligence com-
munity more broadly, both the objectives of the Joint Vision 2020 and the
emerging components of GEOINT (e.g., elegant intelligence, full spectrum
collection, persistent surveillance, universal situational awareness) have
set the stage for moving toward greater integration in intelligence prob-
lem solving (Joint Chiefs of Staff, 2000; NGA, 2004a). Within this context,
NGA’s vision is to
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6 PRIORITIES FOR GEOINT RESEARCH AT NGA

• Provide geospatial intelligence in all its forms and from whatever
source—imagery, imagery intelligence, or geospatial data and informa-
tion—to ensure a solid foundation of knowledge for planning, decision,
and action;

• Provide easy access to geospatial intelligence databases for all
stakeholders; and

• Create tailored, customer-specific geospatial intelligence, analytic
services, and solutions.

The programs of the Basic and Applied Research Office (BARO) under
NGA’s InnoVision Directorate provide research and development (R&D)
support for the agency’s mission and vision. These programs, particularly
the Geospatial Science Program, invest in scientifically oriented geospatial
research in academia, the business community, and government laboratories
through such programs as the NGA University Research Initiatives (NURI),
Historically Black Colleges and Universities and Minority Institutions
(HBCU-MI) Research Initiatives, postdoctoral research fellowships, Small
Business Innovation Research (SBIR) Program, cooperative research and
development agreements, Intergovernmental Personnel Act appoint-
ments, and Service Academies Program and through internal research.
The majority of these programs are unclassified.

BARO must revise its research plan periodically to support the scien-
tific and technical challenges NGA faces in delivering integrated geo-
spatial intelligence. Addressing NGA’s challenges requires investing in
fundamental research to discover breakthrough capabilities that will meet
the demands placed on analysts. By its nature, basic research is high risk
but with a potential for high payoff. Although this level of risk places it in
jeopardy when competing for funding against more tangible, near-term
activities, in the longer term such research is essential to NGA. This adds
a further dimension to the context in which BARO must revise its research
plan.

A key facet of the future of NGA research relates to programs that
cover aspects of geographic information science, particularly BARO’s
Geospatial Science Program, which seek to take advantage of the most useful
methods, data, and technologies from geography and related disciplines.
Geospatial science and technology are evolving rapidly in the post-Cold
War era. Such technologies as digital soft-copy photogrammetry, high-
resolution satellite imagery, and digital geospatial databases—once the
exclusive domain of the Department of Defense and the intelligence com-
munity—are now common throughout academia and the public and
private sectors. The proprietary, frequently classified, hardware and soft-
ware solutions to geospatial challenges have given way to products and
services from the commercial marketplace, which has allowed NGA to
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INTRODUCTION 7

narrow its research focus to problems that are more closely related to its
mission than in the past. Furthermore, NGA now works with non-agency
partners on problems that both advance geospatial science and serve
mutual interests.

This National Research Council study is intended to help NGA’s chief
scientist anticipate and prioritize geospatial science research directions
and, by doing so, enhance NGA’s mix of research investments to best
address these priorities.

STATEMENT OF TASK AND APPROACH

The National Academies was asked by the National Geospatial-
Intelligence Agency to convene a study that would identify research
priorities and strategic directions in geospatial science for the NGA’s Basic
and Applied Research Program. The goal of the study was to examine the
following:

1. “Hard problems” in geospatial science that must be addressed to
improve geospatial intelligence and

2. Promising methods and tools in geospatial science and related
disciplines that can be brought to bear on national security and homeland
defense problems.

The Committee on Basic and Applied Research Priorities in Geospatial
Science for the National Geospatial-Intelligence Agency was composed of
eight members from academia, industry, government, and nongovernment
organizations. Members brought extensive experience and expertise in
geospatial science and related disciplines and technologies.

The committee met three times. One meeting coincided with the
September 15-17, 2004, annual NGA Academic Research Program (NARP)
Symposium which brings together NURI, HBCU-MI, service academy,
and NGA postdoctoral fellows to report on their research. Committee
members attended most of this meeting to gather information about the
structure and organization of NARP. It was an unprecedented opportu-
nity to discuss the NARP program with most of the principal investiga-
tors and other scientists. In addition to using published materials on NGA
research program announcements, strategic directions, and funding
trends and patterns, the committee sought testimony from NGA technical
executives, analysts, program managers, and other staff to learn their per-
spectives on future demands for geospatial science research. Testimony
from technical executives elsewhere in the intelligence community was
also used. Based on the information gathered on NGA’s challenges and
the committee’s knowledge of the current state of the art in geospatial
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8 PRIORITIES FOR GEOINT RESEARCH AT NGA

information science, a list of hard research problems of most relevance to
NGA was developed, along with promising methods to pursue. These
problems were put into the context of the GEOINT process and prioritized.

REPORT STRUCTURE

Chapter 2 provides background and context for the environment in
which research is performed at NGA, describing how NGA and its
research program have evolved over time. Chapter 3 discusses NGA’s
self-identified top 10 challenges, which provide a context for directing
research. Chapter 4 details the hard research problems that NGA should
focus on in order to address the top 10 challenges, as well as promising
methods for their solution and steps possible in the short and longer term.
Chapter 5 makes recommendations concerning research structure.
Chapter 6 places the hard research problems into an overall framework
for GEOINT and provides priorities for a research agenda.
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2

The Evolving Mission of NGA

BACKGROUND

The National Geospatial-Intelligence Agency (NGA) was established
as the National Imagery and Mapping Agency in 1996, and the current
name was adopted on November 24, 2003. The agency absorbed in
entirety the former Defense Mapping Agency (DMA), the Central Imagery
Office, the Defense Dissemination Program Office, and the National
Photographic Interpretation Center (NPIC). The agency also incorporated
elements of the Defense Airborne Reconnaissance Office, the National
Reconnaissance Office (NRO), the Defense Intelligence Agency, and the
Central Intelligence Agency (CIA). The 1996 reorganization recognized
that the mapping tradition of DMA and the imagery analysis and
interpretation capabilities of the IMINT (imagery intelligence) agencies
were merging as a consequence of digital transitions in image processing
and geographic information management. Consequently, the 2003 renaming
of the agency recognized the emergence of geospatial information as an
intelligence source in its own right, now termed GEOINT. NGA defines
GEOINT as “the exploitation and analysis of imagery and geospatial informa-
tion to describe, assess, and visually depict physical features and geographically
referenced activities on the Earth” (NGA, 2004a). Box 2.1 provides additional
thoughts from NGA regarding GEOINT. However, now GEOINT must
evolve even further to integrate forms of intelligence and information
beyond the traditional sources of geospatial information and imagery, and
must move from an emphasis on data and analysis to an emphasis on
knowledge. In this document, the term GEOINT2 is used to reflect the
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BOX 2.1
GEOINT as Defined by NGA

It is coming to be known as “a powerful new analytic discipline—the
product of increasingly complex sources which, together, are greater than
the sum of the parts. GEOINT is emerging as the most valuable tool for
envisioning and predicting activity around the world. It serves everyone—
from the White House to the pilothouse, from the Situation Room to the
ready room” (Schultz, 2004).

Lt. Gen. James R. Clapper, in “Imagine the Power of GEOINT” (Clapper,
2004), says, “GEOINT is about more than pictures. GEOINT makes possible
in-depth assessments and judgments based on the information that is gleaned
from visual depictions. In short, GEOINT is more than imagery, maps,
charts and digital displays showing where the bad guys are. GEOINT at its
best is the analysis that results from the blending of all of the above into a
dynamic, composite view of features or activities—natural or manmade—
on Earth.

This brings us to the official definition of GEOINT: the exploitation and
analysis of imagery and geospatial information to describe, assess, and
visually depict physical features and geographically referenced activities
on the Earth that have national security implications.”

evolution of GEOINT toward this broader capability, which is defined as
knowledge gained from geospatial data through the application of
geospatial techniques and by skilled interpretation, in which the location
and movement of activities, events, features, and people play a key role.
It is the goal of this report to show what areas of research should be
addressed to achieve this evolution to GEOINT2.

With the emergence of GEOINT as critical not only to the NGA, but
also to national security and the intelligence world as a whole, NGA’s
leadership has been engaged in overhauling the agency to reflect the
security needs of a complex post-9/11 world. NGA’s new mission is to
“provide timely, relevant, and accurate geospatial intelligence in support
of national security.” GEOINT at NGA includes information on weather,
order of battle, intelligence reports, navigation safety, and other forms of
intelligence. These information sources are placed into geospatial context
using standard data products, including imagery, baseline intelligence
data, digital topography and bathymetry, feature information, and gravity
data. As is common in geographic information science, the underlying
spatiotemporal reference frame or geography acts as a data integrator,
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allowing disparate data to be exploited in such a way that higher forms of
spatial knowledge and more profound interpretations can be drawn than
if the information were examined in isolation. Furthermore, multiple
sources of data have to be integrated at several spatial and temporal scales,
from the entire globe to a detailed city neighborhood or mountain gully,
and from the epoch to the second.

NGA actively responds to rapid changes in the demands being placed
on the nation’s military. In recent years, targets have gone from static to
mobile; time frames, from months to minutes; new forms of denial and
deception have been employed; and targets have moved both under-
ground and into civilian and more uncharacterized contexts (Box 2.2).
NGA’s capabilities for handling GEOINT are substantial and involve
high-precision observations, visualization methods, global on-demand
information access, permanence of records, multisource data collection,
and the capability to add value and densify information content. On the
other hand, limitations of the current environment include deficiencies in
surmising plans and intent from imagery and geospatial information,
restricted information access under unfavorable conditions, dealing with
time lags in data acquisition and use, and the lack of tools and methods
for information uncertainty and ambiguity. Technological changes are
impacting NGA’s day-to-day operations, and the next-generation systems
reflect the change from a Cold War mission that demanded maps and
imagery information on static targets, offered limited revisit capability,
and had low time sensitivity. In the Cold War era, data came from secure
government-owned systems with highly compartmentalized analysis and
rigid distribution control. Today’s needs are for the rapid visualization of
government and commercial space and airborne data from highly
targetable and temporally persistent sources. Targeting can be ad hoc,
responsive, and instantaneous; it can be forward controlled; and it can
use integrated intelligence that is both foreign and domestic. Targeting
strategies draw on data from across the electromagnetic spectrum and
from multiple sources.

In the future, NGA has plans to further evolve the systems it uses,
toward an e-business enterprise model, providing Internet service to indi-
vidual users who can both pull data on demand and push data back to the
system within a multilevel cybersecurity framework. Such a one-stop
portal-based system has been highly successful in other government and
commercial geospatial solutions and has high potential for effective use at
NGA. This approach is intended to create an environment in which
analysis is insightful and actionable, freeing humans in the loop from data
manipulation tasks so that they can concentrate on judgment, thought,
and prediction and provide solutions that are customized and on time.
Given the volume of data that are handled, operations need to be highly
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BOX 2.2
GEOINT of the Past, GEOINT of the Future: Fictitious Examples

1990
With the imminent invasion of Kuwait by Iraq still only a vague and

distant threat, a U.S. intelligence agent in Kuwait has been approached by
Iraqi politicians inquiring as to the nature of a U.S. response to more asser-
tive claims by Iraq of oil fields that lie close to the Kuwait-Iraq border. The
agent requests information from an intelligence officer on a U.S. Navy
vessel moored in the Persian Gulf. The officer requests from DMA and
NRO maps and imagery that detail the borders and from CIA a set of maps
showing oil fields annotated with updated intelligence information about
oil operations. Several individualized requests must be made to different
agencies. Data flow back to the intelligence officer over a period of weeks,
with the oil field data arriving last by courier from a transport flight. During
this period, Iraqi troops are detected massing on the Iraqi border. By the
time the multiple information sources are assembled and interpreted, there
is no longer any actionable intelligence since Iraqi tanks surround the oil
production facilities and operation Desert Shield is under way.

2020
A known terrorist training camp in Kyrgyzstan has shown unusual activity

within the last two days, with the arrival of four middle-aged men with
several crates and an increase in small arms training. Activity consistent
with tunneling is newly detected. A special forces team has been dispatched
and has the location under observation. This team is cooperating with a
Russian government special security team, who have positioned motion
detectors, gas and magnetic field detectors, and web-cams. Overhead
imagery comes from Global Hawk and more traditional space-based
sources. Intercepted signal intelligence (SIGINT) traffic has indicated that a
Lebanese microbiologist has been transported under cover to the nearest
city. A known associate of the microbiologist was recognized among the
four new arrivals at the camp by automatic face recognition software in
a covert microcamera pre-installed in one of the crates. Yesterday, a
Vladivostok Novosti news website carried an article noting the theft from a
government agricultural research laboratory of a batch of weaponized an-
thrax. Using a one-hour-old automatically interpreted image of the
village, road, and jeep trail network, a map is generated locating every
vehicle near the scene and a computer trafficability model is quickly con-
structed. It is projected that the microbiologist could arrive at the site within
one and a half hours. With all of the critical information displayed on a
head-worn computer display, the forward special forces commander, after
consultation with his commanding officer in Langley, decides to synchro-
nize his move with the geographical convergence of the equipment, the
microbiologist, and the terrorists at the tunnel entrance.
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automated so that routine tasks are performed from a stored geospatial
knowledge base that is capable of learning from human action, while
human attention is focused on intelligence that is the most sensitive and
valuable.

The NGA is also a human workplace. It currently supports eight key
occupational codes directly related to geospatial intelligence: aeronauti-
cal analysis, cartography, geodetic science, geospatial analysis, imagery
analysis, marine analysis, regional analysis and imagery, and geospatial
sciences. Increasingly it also includes management and other skill sets.
NGA aspires to an integrated GEOINT trade craft that reflects current
needs rather than the occupational categories specified during the Cold
War era. Also, NGA faces a changing employee demographic, as inter-
preters and cartographers hired decades ago reach retirement age. This is
a clear opportunity for NGA to retool and retrain for the next generation
and for future GEOINT environments. The latter task is likely to be a
significant challenge to NGA in the next 10-20 years.

BACKGROUND TO NGA RESEARCH

Research has long played a role in the organizational heritage of the
NGA. In the mid-1960s, with the Cold War at its height, the techniques
offices under the Aeronautical Chart and Information Center, aligned with
the production offices, supported military and intelligence analyst
requests and did independent research. DMA was founded in 1972 and
started to fund research through the Department of Defense (DoD) ser-
vice labs, although little research took place in-house. There was some
dissatisfaction with this way of doing research and with the lack of metrics
to define its success, leading to the formation of a Special Program Office,
which functioned from 1981 to 1996. During this period, large amounts of
money were spent to modernize the processing of digital imagery, includ-
ing some revolutionary changes in operational concepts. Often this
involved working with private companies directly to develop new hard-
ware and software. By this means, three versions of a digital production
system (MARK 85, 87, and 90) were implemented with a total of six major
contractor partners. While these automated systems were successful at
streamlining the creation of standardized map and imagery products, the
nature of the underlying task was shifting away from that approach to
GEOINT.

After 1997, research funding increased by an order of magnitude over
seven years, with much of the money supporting joint work with devel-
opers. Meanwhile, with the end of the Cold War and a period of flat DoD
budgets and increased congressional scrutiny, long-term projects found
themselves at risk. Much of the organizational culture at NGA evolved
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during this period and reflects the heritage of the agencies that made up
NGA at its creation, in particular the very different perspectives adopted
by groups trained as cartographers and those trained as image analysts.
In this environment, and through several reorganizations, the emphasis
has been on short-term return on investment rather than long-term research.
As a consequence, the committee views these changes in activities as
evolutionary rather than revolutionary.

NGA’s need for basic research is greater than that of its predecessor
agencies. The committee feels that there is also a need for research that
integrates new theories and methods into technologies and that is essen-
tially applied. This underemphasis on advanced research has placed NGA
at a disadvantage at the very time that the demands of the new era have
challenged the agency. Calls from NGA’s leadership have been made for
research to provide innovative and provocative concepts and technolo-
gies to solve NGA’s most pressing problems; to discover new knowledge
in fields relevant to NGA; to support and nurture technologies that are
relevant to NGA; and to shape, focus, and balance the various technology
programs. There is a strong need to leverage extramural activities and
funding sources (e.g., the National Security Agency [NSA] Disruptive
Technology Office [DTO], the Defense Advanced Research Projects
Agency [DARPA], the Department of Homeland Security, the Department
of Energy, the National Aeronautics and Space Administration, the
National Science Foundation, the National Oceanic and Atmospheric
Administration, the National Reconnaissance Office, and the U.S.
Geological Survey). There is also a pressing need to educate, train, and
mentor the next generation of NGA scientists and engineers.

In mid-1996, the National Imagery and Mapping Agency (NIMA)
chief scientist advocated for more than $6 million a year to support new
research and development funding. The goal was to push the state of the
art in several science and technology areas (“thrusts”), including source
data acquisition and brokering; exploitation, analysis, and data extraction;
and information and data handling. Long-range, high-payoff potential
was targeted for NIMA mission requirements, with commensurate high
risk. The result was the NIMA University Research Initiative (NURI),
modeled on a successful Navy program. The NURI program gave NIMA
grant-funding authority with a first solicitation in FY1997. This attracted
68 pre-proposals, with 29 full proposals involving 53 universities, in five
technology areas (geospatial information science, computer science, physi-
cal science, image science and neuroscience, mathematics). A target was
to proceed from solicitation to award in only 4 1/2 months. In FY 1997, six
awards were made totaling $2.1 million for three-year grants, with op-
tional fourth and fifth years for the ‘best-of-best’ projects aimed at pro-
ducing tangible products that could be brought to market very quickly.
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The NURI program is now part of the NGA Academic Research Program
(NARP), which also includes funding to historically black colleges and
universities, service academies, and intelligence community postdoctoral
research fellowships. Each year NARP’s focus is different and includes a
targeted request for proposals and numerous site visits by NGA staff.
With an annual research symposium in which investigators present their
results, NARP has grown to become an important, if not the leading,
source of research funds in geographic information science research in the
United States. The following section describes in more detail the full suite
of mechanisms currently used by NGA for funding research.

RESEARCH FUNDING BY NGA

NGA’s geospatial research and development investment in the
advancement of geospatial science and technology is largely administered
through the InnoVision Directorate, yet it is manifested through a variety
of specific programs both inside and outside NGA. These investments
contribute to multiple academic disciplines, affect all of NGA’s mission
imperatives, follow a variety of organizational models, and address dif-
ferent systems architectures.

The InnoVision Directorate forecasts future environments, defines
future needs, establishes plans to align resources, and provides technol-
ogy and process solutions to lead NGA, with its customers and partners,
into the future. InnoVision also provides the focal point in NGA to address
research and develops comprehensive plans and technology initiatives
based on the analysis of intelligence trends, technology advances, and
emerging customer and partner needs. InnoVision drives NGA transfor-
mation by linking needs, analysis, plans, advanced technologies, programs,
and resources and also champions the transformation of the intelligence
community. This, of course, includes investment in geospatial science and
technology research and development in many forms. The InnoVision
Directorate assumed the legacy of investment in geodetic sciences, geo-
processing, remote sensing, and geospatial analysis from a variety of
predecessors including DMA, NPIC, NIMA, and others. The InnoVision
Directorate invests in a matrix formed by the intersection of these core
geospatial science and technology disciplines and NGA’s mission impera-
tives. Each mission imperative involves almost every area of geospatial
science and technology. Every mission imperative also benefits from
research that is conducted through a variety of organizational means.

Specifically, NGA benefits from research conducted through under-
writing of postdoctoral research; grants to academic principal investiga-
tors; research contracts to academicians; research contracts to industry
researchers; time and materials contracts with system integrators; focused
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development contracts with product vendors; cooperative research and
development agreements (CRADAs) with government labs; cooperative
engineering efforts among government, university, and industry; and
venture capital investments. This suite of programs collectively provides
by far the majority of funds available for geospatial research in the nation.

NGA’s primary research support mechanisms include the following
organizational means:

• NGA Academic Research Program
—NGA University Research Initiatives
—Historically Black Colleges and Universities and Minority Insti-

tutions (HBCU-MI) Research Initiatives
—Service Academy Research Grants
—Intelligence Community Postdoctoral Research Fellowships

• InnoVision
• Defense Advanced Research Projects Agency
• National Security Agency Disruptive Technology Office
• Department of Defense Advanced Concept Technology Demon-

strations (ACTDs)
• Cooperative Research and Development Agreements
• Small Business Innovation Research (SBIR) Program
• Open Geospatial Consortium (OGC) Interoperability Program

Initiatives
• Large System Integration Contracts
• National Technology Alliance and Rosettex
• In-Q-Tel

The synergies among these programs and divisions are quite impor-
tant. For example, NGA’s interest in airborne persistent surveillance has
inspired and influenced the following:

•  Academic geodetic research to support better inertial navigation
(NARP);

•  Multiple ACTDs (namely, urban reconnaissance, interferometric
synthetic aperture radar, rapid terrain visualization, Predator-B,
Global Hawk, and Gridlock);

•  BAAs through DARPA, the Army, and the Air Force;
•  Sponsorship of SensorWeb activities within OGC; and
•  Substantial numbers of system integration contracts.

These organizational means are discussed in detail in the following
sections.
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NGA Academic Research Program (NARP)

NGA conducts a multidisciplinary program of basic research in
geospatial intelligence topics through grants and fellowships to the lead-
ing investigators, research universities, and colleges of the nation. This
research provides the fundamental science support for NGA’s applied
and advanced research programs to address shortfalls in imagery and
geospatial science and technology supporting the National System for
Geospatial Intelligence. The component programs under the NARP fund-
ing umbrella include research initiatives with universities, HBCU-MIs,
and service academies. A postdoctoral research fellowship program is also
under way.

NGA University Research Initiatives

Started in 1997, the NURI program extends an annual solicitation for
basic research proposals in geospatial intelligence disciplines from U.S.
academic institutions. The solicitation topics are selected to provide the
scientific basis for advanced and applied research in NGA core disciplines.
The stimulation of graduate programs in geospatial intelligence-related
disciplines is an additional benefit to the basic geospatial intelligence
research conducted under the NURI program.

Historically Black Colleges and Universities and Minority Institutions
Research Initiatives

In 1998, this program was created to provide basic research grants of
more limited scope. These two-year research grants are awarded com-
petitively to investigators at HBCU-MIs across the U.S. academic commu-
nity. The annual solicitation topics are selected to provide the scientific
basis for advanced and applied research in NGA core disciplines.

Service Academy Research Grants

For more than 20 years, NGA and its predecessor agencies have
awarded annual research grants to conduct basic research in the geospatial
sciences and to enhance geospatial science education at the U.S. service
academies (Army, Navy, Air Force, and Coast Guard). This program
directly impacts the geospatial intelligence knowledge and awareness of
13,000 future officers in the Department of Defense and the Department
of Homeland Security.
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Intelligence Community (IC) Postdoctoral Research Fellowships

In 2000, the chief scientist of the Central Intelligence Agency estab-
lished the Director of Central Intelligence Postdoctoral Research Fellow-
ship Program, now called the Intelligence Community Postdoctoral
Research Fellowship Program. This annual solicitation for proposals seeks
to establish long-term relations and mentoring of postdoctoral researchers
at leading U.S. academic institutions and federal or national laboratories.
NGA serves the intelligence community as the executive agent for the IC
postdoctoral program. Each IC agency contributes topics to the solicita-
tion that reflect either agency-specific interests or broader interests across
the intelligence community.

InnoVision

Beyond its sponsorship of academic geospatial science and technol-
ogy research and development (R&D), the InnoVision Directorate directly
funds other types of geospatial R&D projects and sponsors R&D through
other agencies and organizational means. InnoVision has the authority to
make awards based on its own broad area announcements. InnoVision’s
2003 BAA, for example, requested different kinds of proposals: thesis-
grade scientific or technical paper(s) that addressed general or specific
GEOINT concepts, ideas, approaches, and/or techniques; and advanced
systems, tools, software, or products that demonstrated significant value
when added to GEOINT products, data, information, knowledge, deci-
sions, approaches, and/or techniques of persistent surveillance imaging
(or other persistent sources). In addition to BAAs, InnoVision has also
funded initiatives such as the Synergistic Targeting Auto-extraction and
Registration (STAR) Program, which addressed the automated and semi-
automated extraction of information from imaging sensor data. Areas of
interest include feature extraction for production of geospatial information,
automated or aided target detection and recognition, change detection,
automated image registration, and imagery and information fusion to
support each of these areas.

Defense Advanced Research Projects Agency

NGA has a history of funding a variety of DARPA R&D programs
that have had an effect on knowledge creation across the geospatial
science and technology arenas. DARPA makes awards to industry,
academia, research institutes, national labs, and teams comprised of any
of the above. In the geospatial R&D realm, DARPA has devoted a consid-
erable amount of resources to R&D into new platforms (in situ, mobile,
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tactical, and space based) and sensors (particularly hyperspectral and
machine vision sensors). DARPA has also expended considerable
resources on R&D into software that exploits data collected by these plat-
forms and sensors.

Disruptive Technology Office

NSA’s DTO fosters collaboration throughout the intelligence world
with the technical and scientific communities in academia, the national
laboratories, and the commercial sector. DTO then helps transfer emerg-
ing solutions to the intelligence community technology centers for inte-
gration and implementation. Like DARPA, DTO also commonly uses
broad area announcements. DTO funds geospatial sciences R&D jointly
with NGA through its Advanced Research in Interactive Visualization for
Analysis (ARIVA) Program. DTO’s mission is to sponsor high-risk, high-
payoff research designed to leverage leading-edge technology in the
solution of some of the most critical problems facing the IC. The phase
one focus of DTO’s ARIVA program seeks to dramatically improve the
visualization of geospatially based national-level foreign intelligence
information.

Advanced Concept Technology Demonstrations

Recently, NGA has played a significant sponsorship role in a variety
of ACTDs1 (Garrett, 2004). ACTDs exploit mature and maturing technolo-
gies to solve important military problems. Work done under ACTDs gen-
erally spans what might traditionally be called R&D and what otherwise
might be thought of as demonstration. In particular, the ACTD process is
focused on rapidly transitioning new capabilities from the developer to
the user. ACTDs are largely industry focused, since they concentrate on
demonstrating mature or maturing technologies that could be procured
rapidly for real mission gain. The funding for these ACTDs is substantial,
with the Office of the Secretary of Defense proposing $40 million for
ACTDs in its FY2006 budget. ACTDs are designed to develop over the
course of three to four years, with immediate technology transfer into
operation. The disciplinary and mission focus of ACTDs can range widely,
but the ACTDs cosponsored by NGA have focused largely on unmanned
airborne vehicles, airborne sensors, and the processing of data from these
sensors.

1See the Joint Tactical Terrain Technologies JT3 web page at https://portal.jpsd.belvoir.army.mil/
jt3/jt3.htm.
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Cooperative Research and Development Agreements

To encourage the transfer of technology between the government and
the private sector and to enhance U.S. competitiveness, Congress passed
legislation under the Federal Technology Transfer Act of 1986 (P.L. 99-502)
that promotes technology transfer by introducing the CRADA as a mecha-
nism to increase federal laboratories’ interaction with industry. NGA uses
CRADAs for its technology partnerships and actively seeks commercial
and academic research collaborators. A CRADA is not a procurement or a
grant, but a means to pursue joint research goals while protecting and
creating intellectual property and a means of granting certain rights for
licensing to a commercial partner.

Small Business Innovation Research

The DoD Small Business Innovation Research program funds early-
stage R&D at small technology companies. NGA issues an SBIR via this
mechanism once a year. It involves a phase I award of up to $100,000,
which if successful, may result in a two-year phase II award of up to
$500,000 to further develop the concept, usually to the prototype stage.
After this point, other funding must be used to develop a commercial
product from the concept.

Open Geospatial Consortium

OGC is a nonprofit, international standards organization that is lead-
ing the development of standards for geospatial and location-based ser-
vices. Through member-driven consensus programs, OGC works with
government, private industry, and academia to create open and extensible
software application programming interfaces for geographic information
systems and other mainstream technologies. In the case of the OGC
Interoperability Program, members sometimes receive “cost-sharing”
funds provided by sponsors (such as NGA) to offset some of the costs
associated with developing or documenting new interoperability tech-
nologies. NGA has been a longtime sponsor of OGC, which has allowed
the agency to play a leadership role in defining interoperability specifica-
tions for distributed geoprocessing, as well as work in partnership with a
broad range of other organizations to help create significant standards
alignment across industry. NGA’s investments in OGC specifically sup-
port an open architecture. This architecture supports a wide range of
NGA’s mission imperatives and allows the incorporation of advances in
research from a variety of geospatial science and technology disciplines.
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Large System Integration Contracts

There are still quite a few geospatial science and technology research
activities at NGA that require large teams of technical staff with appropriate
security clearances. This is due to the closeness of the problem to particular
“sources and methods.” For example, an R&D project might experiment
with large-scale, automated processing of data from a classified sensor.
Although the work is very similar to the type of R&D that might be con-
ducted under a NARP grant by an academician, the sensitivity of the
sensor and the mission-critical nature of the work will lead this work to be
conducted by one of NGA’s large system integrators.

While this work can be sponsored by the InnoVision Directorate, it
may fall under existing system contracts managed by the Analysis and
Production Directorate or the Acquisition Directorate. Individual projects
will often receive more funding than the entire NARP.

Supporting the transplant of basic R&D through the transition to a
commercial application will benefit NGA as it shifts from a digital,
datacentric environment to a geospatial intelligence knowledge base. A
possible role model for such transfers is the Lockheed Martin GeoScout
contract. GeoScout’s mission is systems integration in support of imple-
menting the National System for Geospatial Intelligence. In conjunction
with modernizing NGA infrastructure, the engagement of both basic and
applied academic research with an enterprise system integrator will con-
nect academic and industry research networks, thus expanding scientific
expertise nationwide. Just as importantly, it will facilitate transition of
research to practice for innovations within the intelligence community
and will speed the transition to GEOINT2.

National Technology Alliance (NTA) and Rosettex

NTA was established in 1987 to foster relationships with critical com-
mercial technology sectors, to reduce the barriers that inhibit commercial
firms from working directly with the government, and to motivate com-
mercial firms to address community needs in new product development.
NGA is the executive agent for the NTA program and is chartered to ex-
ecute the program on behalf of the IC, DoD, and other government agen-
cies. By design, NTA encourages cross-department and cross-agency
cooperation.

NTA’s geospatial R&D covers three specific technology thrusts con-
cerned with discovering, initiating, or accelerating the development of
commercial technologies and applications for geographic information sys-
tems and cartography that facilitate more effective and timely image and
geospatial data analysis, production, and presentation. In 2002, NGA
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awarded procurement agreements to the Rosettex Technology and Ven-
tures Group, a joint venture formed by Sarnoff Corporation and SRI Inter-
national, and the Chemical, Biological, and Radiological Technology Alli-
ance (CBRTA), administered by 3M Company, to address technology
needs in geospatial intelligence; information processing; data manage-
ment; information technology infrastructure; and chemical, biological, and
radiological defense and security. Between them, Rosettex and CBRTA
have assembled teams of more than 100 leading research universities,
institutes, laboratories, and commercial companies, with facilities in
34 states and across the globe, to support these processes.

In-Q-Tel

In 2002, NGA established a partnership with In-Q-Tel to support
investment in geospatial technology advancement. Chartered in 1999 as a
private, independent, nonprofit corporation, In-Q-Tel is an evolving blend
of corporate strategic venture capital, business, nonprofit, and govern-
ment R&D models. In-Q-Tel leverages third-party money and resources
to deliver technology solutions that the intelligence community could not
afford to develop on its own and, thus, can deliver technologies that will
be supported over the long run by government and commerce. Designed
to increase the IC’s access to new technologies and talent, In-Q-Tel
involves government and private labs and universities, and both start-
ups and established enterprises, in unclassified activities. In-Q-Tel and
NGA partner on geospatial technology investments and next-generation
geospatial information systems to move beyond cartography to develop
fully integrated analytic environments for geospatial and location infor-
mation and services.

SUMMARY

NGA has redefined its own mission around a new form of intelli-
gence, GEOINT. Consequently, NGA faces major challenges in the years
ahead, and research will play a strategic and critical role in ensuring that
current and future goals are met. While NGA has been active in promoting
research, this has occurred through parallel and generally independent
mechanisms, publicly most visible through NARP. In the following chap-
ters, the committee reports on its examination of the challenges that must
be supported by research, the most difficult research questions that have
to be addressed, and the institutional and technical framework for re-
search within NGA. Recommendations are made to assist NGA in reach-
ing its ambitious future goals.
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3

NGA Challenges

OVERVIEW

The National Geospatial-Intelligence Agency’s (NGA’s) vision for the
future of geospatial intelligence (GEOINT) is ambitious and, if achieved,
is likely to sustain the information dominance doctrine of the nation’s
intelligence community (Joint Chiefs of Staff, 2000). Achievement of this
goal, however, requires that numerous challenges be met, in both research
and technology. These challenges involve problems of improving the
existing GEOINT infrastructure, as well as designing and building the next
infrastructure. These challenges also provide a basis for the specific
research-oriented “hard problems” identified in the next chapter. A pivotal
challenge to NGA is that it must remain operational during any disrup-
tive transition or “paradigm shift” by exploiting quantum and incremental
improvements in today’s operational systems and architectures. This
challenge impacts NGA as it identifies areas for priority research. How
can NGA build a targeted research program to create breakthroughs in
geographical and information science that will lead to new systems, infor-
mation advantages, and assets to match the needs of the next era?

TOP 10 CHALLENGES

In briefing materials given to the committee, NGA enumerates a set
of problems of immediate concern: the top 10 list of challenges that must
be met to prepare intelligence at the global, regional, and local levels:
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1. Achieving persistent “tasking, processing, exploitation, and
dissemination” (TPED);

2. Exploiting all forms of imagery, in the context of persistent
surveillance, including the following challenges (3-6):

3. Detecting weapons of mass destruction;
4. Tracking moving targets;
5. Thwarting denial and deception; and
6. Targeting precisely;
7. Compressing time lines (for preparation and dissemination of

intelligence);
8. Sharing with (coalition) forces, foreign partners, and communities

at large;
9. Supporting homeland security; and

10. Promoting “horizontal integration.”

The immediacy of these challenges requires a research agenda that
simultaneously addresses these short-term needs, while it pursues the
evolution to a next-generation methodology for dealing with geospatial
intelligence, GEOINT2. The vision for GEOINT2 involves bringing intelli-
gence into a single operating environment that will allow analysts to draw
from a variety of sources when making interpretations. Data for a speci-
fied location on Earth’s surface require both general knowledge of human
and physical processes and specific knowledge of geography, culture, and
tradition. Data on the physical environment may be directly measurable
by sensors, or come from maps, but other data will come from the other
intelligences (INTs), especially from open, public information about
people and their lands. It is tempting to compare the necessary source
integration to the multiple map-layer data model commonly encountered
in NGA’s existing geographic information system (GIS) technology. Intel-
ligence layers currently include weather information, strategic battle
planning overlays, intelligence reports, and a layer attributing navigation
safety. The underlying data foundation layers include georeferenced
gravity data, vector features, bathymetry and elevation, intelligence base-
lines or reference data, and imagery.

A layered model, however, is inadequate. Multisource information
does not easily resolve into layers; consequently, this information fits
poorly with the existing GIS approach. For example, sensor webs provide
data in real time that are spatially and temporally discontinuous and asyn-
chronous, and often point-based. Human and signals intelligence may be
in the form of textual reports with place name and other references. Data
may also arrive as video, audio, web-based extensible markup language
(XML), or any of a plethora of other media formats. The simple “data
integration by spatial coregistration” standard that is the foundation of
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GIS needs to be superceded by the placement of data into a time-space
framework, with data elements being able to take the form of objects or
features rather than components of a static map or image. In such a sys-
tem, attributes should be attached to objects, not to artifacts of the systems
architecture that created them: images, map sheets, reports, or networks.

Furthermore, these answers need to be delivered in near or actual real
time, through distributed environments with multilevel security mask-
ing, and via context-sensitive interfaces on mobile, hand-held, or head-
mounted displays. When working in near or actual real time, there is no
time to wait for multiple forms of intelligence (MULTI-INT) to become
integrated through conversion to GIS layers, nor will the intelligence
demands of tomorrow fit into this simple model. Integration is indeed
one of the central challenges. The National Intelligence Strategy dictates
that “transformation of the intelligence community will be driven by the
doctrinal principle of integration” (Negroponte, 2005). This will be true at
NGA both organizationally and technically.

Not only is NGA responsible for solutions to its own operating and
research challenges, but as functional manager for the National System
for Geospatial Intelligence (NSG), NGA has the responsibility to set future
directions for national geospatial activities, including an overall national
vision of imagery, imagery intelligence, and geospatial investment. This
vision is likely to have a profound influence on the future of most of the
agencies involved in the collection and use of intelligence. Specific goals
of the NSG Statement of Strategic Intent mandate specific actions from
NGA (see Box 3.1) (NGA, 2004b). Research supporting the NSG Strategic
Intent will have to transform the NSG infrastructure from a strategy for
analysis based on data to analysis based on knowledge derived from
interpretations.

The catch phrase adopted in the NSG community is “Now, Next, and
After Next.” The phrase is designed to foster a transformation to GEOINT2
and to guide activities in specific NGA line directorates. Current activities,
or Now, are accomplished by three line directorates: Source Operations,
Enterprise Operations, and Analysis and Production. Next activities are
carried out by the Acquisitions Line Directorate and refer to advancements
in the immediate and short-term future that are based on results of
research that are now moving into commercialization and production.
After Next refers to the planned state of GEOINT that can be attained as
challenges to existing and longstanding geospatial problems are met; it is
carried out by InnoVision, NGA’s research and development directorate.
This report covers both the “next” and the “after-next” stages and recog-
nizes that it will take both shorter-term development of new technologies
(next) and more basic research (after next) to reach the goal of GEOINT2.
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BOX  3.1
Specific Goals of the NSG Statement of Strategic Intent

• Respond to data analysis and interpretation demands in a continuing
state of crisis.

• Champion major investments to move to the next level of NSG capabilities.
• Drive future technical trends and apply them to operational needs.
• Insert technology rapidly and provide geospatial intelligence data and

services.
• Align human resource plans, policies, and services with the NSG State-

ment of Strategic Intent.
• Transform NSG business practices to enhance the provision of geospatial

intelligence.
• Capitalize on traditional and nontraditional intelligence sources, such

as National Technical Means, airborne, civil, and commercial sources.
• Champion multi-intelligence collaboration.
• Rely on domestic and foreign partners to help execute the NSG mission

and, in so doing, transform the NSG infrastructure.

RESEARCH CONTEXT FOR GEOINT2

The framework that can support research and bring about the trans-
formation to GEOINT2 requires fundamental and high-risk research in
both basic and applied science (NRC, 2001). Basic research builds on
existing theory without regard to specific application, while applied
research develops new theories and methods without regard to existing
families of problems. In NGA’s case, high-risk research is both basic and
applied. There can be a benefit in having diversity and an open-ended
perspective for high-risk research. Given rapid changes in technology,
there are many unknowns, and allowing sufficient flexibility to explore
many research directions simultaneously may create benefits over a highly
directed and coordinated research agenda. Therefore, four critical issues
are (1) how much fundamental research should be basic and how much
applied; (2) how much research in NGA’s portfolio should be high risk;
(3) to what disciplines should the research be targeted; and (4) how can
these disciplines collaborate to perform the interdisciplinary research
necessary for GEOINT2?

The NGA chief scientist identifies the following disciplines as pre-
eminent in pursuing basic research that is applicable to the NSG Strategic
Intent:
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• Geodesy and geophysics—including measurement and modeling of
Earth’s shape and gravity, precision location, and photogrammetry

• Advanced geoprocessing—including architectures and design, special
issues for geospatial-image computation, data mining, advanced synthetic
aperture radar (SAR) processing, information technology (IT) for massive
data files, mass storage, databases or structures, visualization, and high-
performance computing

• Remote sensing—including sensor systems, phenomenology, ana-
lytical techniques, image processing, collection strategies or tasking,
imagery science, polarimetry, and hyperspectral science

• Geospatial intelligence analytics—including spatiotemporal distri-
bution, association, and behavior and interaction of natural phenomena
on and near Earth’s surface

These disciplines will require attention from NGA, as will fostering
interdisciplinary work among them, which will be more difficult. Atten-
tion is required because NGA has a vested interest in maintaining a strong
U.S. presence in these fields and in ensuring a geographically distributed
and representative body of expertise that it can draw upon for employees
and leaders, as well as for research. Many U.S. programs—for example in
surveying engineering and geodesy—have declined in size and quality
over the last decades. Similarly, there is a growing need for skilled scien-
tists and engineers who can work across these disciplines or facilitate
exchanges among the specialized groups. Even fewer programs teach such
interdisciplinary science, and the few that do have difficulty finding a
niche to ensure continued funding and support. A model program to
counteract the lack of interdisciplinarity is the National Science Founda-
tion’s Integrative Graduate Education and Research Traineeship (IGERT)
centers, which often target building human capital and centers of excel-
lence in specific interdisciplinary matches.

The research needed to address NGA’s GEOINT challenges is not
unique to NGA, but reflects overarching themes in GIScience (geographic
information science) research. In other words, it reflects the need for ad-
vancements in data acquisition, target identification, integration of dis-
parate types of data from many sources, data analysis to derive needed
information, dissemination, and preservation for future use. Others in the
GIS community have enumerated sets and supersets of longstanding re-
search problems. One such enumeration originates with the University
Consortium for Geographic Information Science (UCGIS), a consortium of
more than 80 North American universities, professional organizations, and
private vendors in which GIScience is taught and researched. UCGIS has
established itself as the central network for the academic GIS research
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community, especially in defining critical research areas (UCGIS, 1996)
that can be addressed in the short, medium, and longer terms. The set of
UCGIS enduring research challenges (or priorities) emphasizes basic re-
search about unsolved problems associated with acquiring, processing,
interpreting, disseminating, and preserving geospatial information
(McMaster and Usery, 2004). The chronology of research priorities is avail-
able in white paper format.1

The first group of UCGIS priorities concerns longstanding problems
associated with the geospatial data infrastructure. These include spatial
data acquisition and integration, distributed computing, interoperability
of geographic information, and the future of the geospatial information
infrastructure. All of these priorities match NGA’s research needs closely.
A second group of priorities relates to data use and representation: extend-
ing geographic representation, cognition of geographic information, and
GIS and society. A third group of priorities addresses specialized analytical
methods required for processing geospatial data: geographic scale, spatial
analysis in a GIS environment, and uncertainty. Since 2002, four addi-
tional research priorities have been enumerated by UCGIS, reflecting
advances in information technology and in knowledge. These are geo-
spatial data mining and knowledge discovery, ontological foundation,
geographic visualization, and remotely acquired geospatial information.
The 2002 UCGIS research agenda priorities are shown in Box 3.2.

It is interesting to note that the 10 longstanding problem topics origi-
nally identified in 1996 persist and, to a large extent, are closely reflected
in the NGA top 10 list. This does not indicate a lack of advancing knowl-
edge, but instead points to the complexity, breadth, and depth of the
enduring challenges that arise in dealing with geospatial data in general
and GEOINT in particular. It also highlights the current and potential
synergy for innovative research in geospatial science between NGA and
academia.

Missing from both agendas, however, is the need for research into
new geospatial information systems architectures and associated software
and standards that will facilitate flexibility in analysis tasks, as well as a
greater degree of interaction between software components used for
analysis, visualization, and archiving. Also needed are advances in IT
research. Such advances are being addressed by the computational science
and engineering community, but the IT and geospatial research commu-
nities will have to collaborate in order to achieve NGA’s research goals.
Finally, within an organization such as NGA, research on the integration

1Visit www.ucgis.org and click on Priorities.
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of the complete system, from acquisition to preservation, including the
human factors involved, both present and future, is relatively absent. This
is in spite of important work on systems integration issues such as stan-
dards and interoperability.

Using knowledge about hard problems in geospatial information
science as a starting point, in the next chapter this report focuses on the
subset of these hard problems that are of most relevance to NGA in
advancing GEOINT.

SUMMARY

This chapter begins with a review of NGA’s own assessment of the
short-term challenges it faces in current operations and an assessment of
how these immediate challenges imply broader research needs. It then
puts these challenges in the context of research in general, and of
GIScience research in particular, using UCGIS’s past efforts to illuminate
the research challenges for GIScience. While there is much overlap, NGA’s
research must nevertheless be context specific to the challenge of creating
GEOINT2 while supporting and improving existing systems. Traditional

BOX  3.2
UCGIS 2002 Research Agenda

Long-Term Research Challenges
• Spatial Ontologies
• Geographic Representation
• Spatial Data Acquisition and Integration

— Remotely Acquired Data and Information in GIScience
• Scale
• Spatial Cognition
• Space and Space-Time Analysis and Modeling
• Uncertainty in Geographic Information
• Visualization
• GIS and Society
• Geographic Information Engineering

— Distributed Computing
— Future of the Spatial Information Infrastructure
— Geospatial Data Mining and Knowledge Discovery
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GIS models that use layers and collocation as a means of data integration
will be replaced by support for feature-level information that is indepen-
dent of the collection systems used to acquire the data. In Chapter 4, the
“top 10” list is used to structure the hard problems that NGA research
faces and suggest promising solutions.
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4

Hard Problems and
Promising Approaches

The National Geospatial-Intelligence Agency (NGA) has historically
carried significant responsibilities in mapping, charting, geodesy, and
imagery analysis to gather geospatial intelligence, such as the locations of
obstacles, navigable areas, friends, foes, and noncombatants. However,
the creation of geospatial intelligence not only requires optimal perfor-
mance in these four areas, but also demands an effective integration of the
four functions that comprise persistent TPED (i.e., tasking, processing,
exploitation, and dissemination of data) over vast geographic areas and at
the time intervals of interest. Moreover, as NGA transitions from a “data-
driven” model to a “data- and process- driven” model in order to provide
timely, accurate, and precise geospatial intelligence, the need to integrate
other sources of intelligence with geospatial intelligence becomes even
more critical.

This chapter lists a set of as-yet unsolved or “hard” problems faced by
NGA in the post-9/11 world. They are organized into six classes that align
with the NGA top 10 challenges: achieving TPED; compressing the time
line of geospatial intelligence generation; exploitation of all forms of intel-
ligence (which includes challenges 2-6); sharing geospatial information
with coalition and allied forces; supporting homeland security; and pro-
moting horizontal integration. Note that the third category has been
broadened from “all forms of imagery” to “all forms of intelligence” to
reflect the evolution of geospatial intelligence (GEOINT) beyond an imag-
ery focus. Also identified are promising methods and tools for addressing
the hard problems. Virtually none of these tools are part of NGA’s current
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systems architecture or set of operating procedures, and so should be
termed “disruptive.” Disruptive methods necessitate retraining and
redesign at the least. However, it is likely that many of the tools will be
introduced incrementally; therefore the transformation itself may feel evo-
lutionary to those involved. Many of the problems involve extensions to
spatial database management systems (S-DBMS), which have long been
seen as different from the standard DBMS used in information technol-
ogy and commerce. Such systems are essential to manage vast data hold-
ings, yet only recently have they been adapted for geospatial data and the
special needs of GEOINT.

Based on the committee’s knowledge of the hard problems in geo-
graphic information science (GIScience) and information from NGA (as
described in earlier chapters) on the current and future challenges in
developing GEOINT, the subset of hard geospatial research problems
most relevant to NGA was selected as the list of “hard problems” identi-
fied here. Aspects that can be addressed in the short term versus the long
term are discussed after each hard problem. Then, based on knowledge of
current research and literature, and after considerable debate and discus-
sion, the committee selected methods and techniques that seem most
promising for addressing the hard problems. These are not ranked in any
way, but were seen by the committee as potential starting points for future
research. As a final step, a prioritization of the hard problems is proposed
in Chapter 6.

ACHIEVE PERSISTENT TPED

Hard Problems

In the post-9/11 world, persistent tracking, processing, exploitation,
and dissemination of geospatial intelligence over geographic space and
time is crucial. However, current sensor networks (i.e., remote sensing
using satellites and aircraft) and database management systems are inade-
quate to achieve persistent TPED for many reasons. First, current sensor
networks were designed for tracking fixed targets (e.g., buildings, mili-
tary equipment). They are sparse in space and time, and it takes a long
time (e.g., hours) to move sensors to focus on the desired geographic area
of interest for the relevant time interval. Lastly, even if an appropriate
network were employed, current databases do not scale up to the signifi-
cantly higher data rates and volumes of data generated by deployed
sensor arrays. Basic and applied research on next-generation sensors,
sensor networks, and spatiotemporal databases is crucial to achieving per-
sistent TPED. Of particular importance has been the rapid development
and deployment of unpiloted aircraft with multiple sensor systems that

Copyright © National Academy of Sciences. All rights reserved.

Priorities for GEOINT Research at the National Geospatial-Intelligence Agency 
http://www.nap.edu/catalog/11601.html

http://www.nap.edu/catalog/11601.html


HARD PROBLEMS AND PROMISING APPROACHES 33

can remain aloft for long periods of time, such as Predator and Global
Hawk. In the future, swarms of such aircraft linked to more static sensor
webs will provide enormous amounts of space-time data. Ground sensors
include cameras, microelectrical mechanical systems or motes, data
retrieved via the Internet such as weather information, and other devices
(Warneke and Pister, 2002). Such systems of linked sensors will create a
sensor web or network with enhanced capabilities, just as connecting com-
puters together into networks has transformed computation. Yet sensor
network theory is in its infancy, and even some of the first-generation
technology lacks operational robustness. Much existing research and
development to date has been on applications outside the geospatial
context (Bulusu and Jha, 2005). Lastly, the ever-growing suite of position-
ing technologies continues to improve in accuracy and to overcome some
of the initial problems of the global positioning system (GPS). Similarly,
as location-based services move into broad consumer use, new products
and services have become available for GEOINT.

Research is needed to improve the design and effectiveness of sensor
networks. Many issues are highly spatial, for example the optimization of
sensor suites, quantities and locations, the mix of stream versus tempo-
rally sampled data, the mix of static versus mobile sensors, and the move-
ment of sensors to adaptively sample activity. In addition, new sensor
types can be used to supplement and build on existing systems for imag-
ing, mapping, and data collection. For example, a software program moni-
toring Internet traffic is a sensor, as also are civil systems such as air traffic
control and camera-based traffic monitoring systems. Indeed, any mobile
operative with a positioning device could be considered an input device
to a sensor net. Furthermore, sensors can now be adaptable in terms of
timing, fault tolerance, and power consumption in addition to geographical
placement and movement. Given the importance of nontraditional sensor
networks, their linkage to geographical space, and the need to integrate
the information that they supply both within and across systems, the com-
mittee recommends the following.

RECOMMENDATION 1: Sensor network research should focus on
the impact of sensor networks on the entire knowledge assimilation
process (acquisition, identification, integration, analysis, dissemina-
tion, and preservation) in order to improve the use and effectiveness
of new and nontraditional sensor networks. Particular emphasis
should be placed on the relation between sensor networks and
space, sensor networks and time, accuracy and uncertainty, and sensor
networks and data integration.
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From NGA’s perspective, this is more important than pursuing new
variants in existing sensors, since industry now seems capable of delivering
innovations for a growing nonmilitary sensor market in the coming years.

One of the shorter-term issues related to sensor networks relates to
scheduling of sensors. Traditionally, the NGA has relied on space-based
and airborne sensors. Even though the resolution of measurements is
improving over time, space-based sensors tend to have coarse resolution
and require time for repositioning. Space-based sensor systems are costly
and must be designed and deployed years in advance of use. In the short
term, the NGA will deploy novel sensors to detect subsurface and hidden
human activity and military equipment. Sensor networks will include
ground-based fixed as well as mobile sensors to provide even finer reso-
lution and better persistence. However, it is expensive to provide persis-
tent coverage of large geographic areas over long periods of time. Thus,
benefits can be gained in the short term by addressing the geospatial
scheduling problem to minimize the time to reach arbitrary locations and
to maximize coverage. Scheduling will involve sequencing a suite of
sensors, both ground and air, and not simply dealing with the details
of aircraft access and orbital position. Scheduling problems of this type,
however, can become computationally complex and involve multiple,
conflicting criteria. Consequently, research on efficient multicriteria opti-
mization methods that can be used by decision makers to configure sensor
arrays is needed.

The new streams of multisensor data will strain existing database
systems and require new approaches to dealing with vast quantities of
time- and space-stamped information. There are challenges across the
board for the development of spatiotemporal database management sys-
tems (ST-DBMS) and analysis routines based on the time-space patterns
they reveal. Research will have to build a theoretical understanding of the
tracking and recognition of movement, both of objects and of more com-
plex entities such smoke, clouds, weather systems, and biothreats. While
GIScience has begun work in the area of methods for the analytical treat-
ment of time-space trajectories or lifelines (e.g., Laub et al., 2005; Peuquet,
2002), and the importance of the concept is represented well in the Uni-
versity Consortium of Geographic Information Science (UCGIS) research
agenda (McMaster and Usery, 2004), much work on data structures, ana-
lytical methods, and theory remains. Research to date has been centered
on transportation systems and human activity space, including visualiza-
tion and description of process (McCray et al., 2005; McIntosh and Yuan,
2005; Miller, 2005a). Much is based on Torsten Hagerstrand’s concept of a
time line or prism (Kraak, 2003; Miller, 2005b). As yet, however, little re-
search pertinent to GEOINT has been done. Consequently, the com-
mittee recommends the following.
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RECOMMENDATION 2: Research should be encouraged on
spatiotemporally enabled geospatial data mining and knowledge
discovery, on the visualization of time-space, and on the detection
and description of time-space patterns, such as trajectories, in order
to provide the new data models, theory, and analytical methods
required for persistent TPED. Specific problems are real-time
inputs, sparse and incomplete data, uncertain conditions, content-
based filtering, moving targets, multiple targets, and changing
profiles in time and space.

In addition, there is a strong likelihood that future sensor networks
will outstrip the capacity and capabilities of systems for data manage-
ment, reduction, and visualization. Many statistical packages and GISs,
for example, place a limit on the maximum number of features or records
they are capable of processing (e.g., samples, nodes, polygons). While
ArcSDE and Oracle 10g have support for raster databases, in general
current S-DBMS only poorly support many subtypes of geospatial intelli-
gence data models, including raster (e.g., imagery), indoor spaces, sub-
surface objects (e.g., caves, bunkers), visibility relationships, or direction
predicates (e.g., left, north). Research is needed to develop next-generation
S-DBMS, if current commercial or research prototype S-DBMS fail to meet
the performance needs of persistent TPED. The committee recommends
that such research be conducted.

RECOMMENDATION 3: Research should be targeted at the ability
of current database architectures and data models to scale up to meet
the demands of agile geospatial sensor networks. The next genera-
tion of spatial database management systems must be able to flex-
ibly and efficiently manage billions of georeferenced data records.
These systems should support time-space tracking, automatically
create and save metadata, and make active use of data on source
accuracy and uncertainty.

Research on the problems of representing, storing, and managing
unprecedented amounts of spatiotemporal data streams from sensor net-
works is generally a longer-term issue. Specific challenges (Koubarakis et
al., 2003) are semantic data models, query languages, query processing
techniques, and indexing methods for representing spatiotemporal
datasets from sensor networks. In particular, research should explore
high-performance computing techniques (e.g., data structures, algorithms,
parallel computing, grids) to deal with the volume of data coming from
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sensor networks for achieving persistent TPED. Also, the steady migra-
tion of imagery from the multispectral to hyperspectral and ultraspectral
realms will demand the generation of newer and more efficient algorithms
and models to enhance imagery exploitation and feature extraction pro-
cesses. Moreover, the increasing generation of three-dimensional datasets
(including light detection and ranging [LIDAR]) from active and passive
remote sensors will have to be used in ways that are quite different from
the traditional data models that were generated to deal with geospatial
data in two-dimensional space. In addition to the three-dimensional
potential of LIDAR, interferometric synthetic aperture radar (IFSAR) will
generate substantial amounts of detailed surface data, including details of
surface cover such as buildings, structures, and vegetation canopy. How-
ever, analysis, representation, and visualization of geospatial intelligence
will have to be accomplished in both two-dimensional and three-
dimensional environments, on both mobile and virtual clients, and in near
real time or real time.

Also in the long term, research will have to be aimed at integrating
vastly different data from traditional and nontraditional sensors in both
time and space. Given the simultaneous sensing of events by sensors in
the air and space, on the ground, and through non-NGA systems (e.g.,
census data, employment records, criminal justice system reports), the
likelihood of false duplicates is probably greater than the likelihood of
missing data. Future systems will have to resolve the ambiguity that
results from multiple sensors sensing multiple moving targets, probably
in real time. Similarly, each sensor will have its own relative and absolute
accuracy and level of statistical certainty associated with features and their
locations and descriptions. It is essential that the integration solutions
devise means to store and use the known measures of these properties so
that they can be applied to derivative products and decisions. For all of
these reasons, sensor integration is considered a priority in the research
agenda.

Other long-term issues include the development of techniques for
combining data of different spatial and temporal resolution, with differ-
ent levels of accuracy and uncertainty, including both conflation and
generalization. Integration applies not only to data items, but also to data
catalogs. Since the type of features apparent in an image or dataset may
vary with resolution, the development of thesauri that match feature
semantics (including behavior) rather than feature types is a current
research need. This could lead to deployment of fully operational multi-
scale or scaleless databases. A third area of relevance is the fusion of two-
dimensional and three-dimensional datasets, resolving uncertainties such
as those caused by building shadows and varying information quality
(Edwards and Jeansoulin, 2004).
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Promising Methods and Techniques

An Agile Geospatial Sensor Network

The emerging research area of location-based services (LBS) is pro-
viding algorithms for determining optimal positioning of mobile servers
to minimize the time to reach an arbitrary geographic area of interest.
Such algorithms may be used to evaluate the quality of current geospatial
scheduling methods for mobile sensor platforms (Bespamyatnikh et al.,
2000). If current scheduling methods are not optimal, LBS research can be
used to reduce the time to reach unanticipated geographic areas specified
by customers of NGA. In addition, newer sensor platforms, such as motes
and remote-controlled mobile platforms deployable via air drops, have
the promise to reduce the time of positioning sensors over geographic
areas of interest (Warneke and Pister, 2002). Moreover, autonomous and
distributed sensor networks capable of locally optimizing sensor tasking
and collection rather than centralized accumulation and processing of
geospatial-temporal data will provide greater efficiency in information
generation (Lesser et al., 2003).

Spatiotemporal Database Management and Analysis Systems

Many current GIS software vendors have moved their systems archi-
tecture to a georelational database model incorporating object-oriented
properties. The consequent tools have led to experiments with data model
applications templates (e.g., for intelligence uses) that encourage reuse
and interoperability and can be used in more complex “model building”
operations and systems database design that is more conducive to use
over the Internet in a variety of client-server architectures.  Exploration of
the consequences of this transition is not yet complete, especially for pro-
cessing time-related transactions (Worboys and Duckham, 2005). New
theory may be necessary. Research is needed on semantic data models,
query languages, query processing techniques, and indexing methods for
representing spatiotemporal datasets from heterogeneous sensor net-
works. Extensions beyond the Quad, R, and S trees will be necessary, and
new search and query tools based on spatiotemporal zones and patterns
will be required. Some convergence of time-space geography and time-
space data management will also be necessary.

Extensions to analytical methods to incorporate temporal as well as
spatial description and inference should be a priority. Multicriteria analyses
and object tracking are in the early stages of development (Bennett et al.,
2004). Multicriteria analyses become important, for example, if a decision
maker is forced to trade off risk-exposure against time-expedience. What
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tools can be used to make objective decisions and to explore the conse-
quences? Analytical methods that incorporate input from multiple par-
ticipants—for example, in the specification of parameters—offer promise
since complex problems require a range of expertise that is rarely held by
a single individual (Armstrong, 1994). With further advances in change
detection, monitoring individual time-space trajectories is becoming
robust and is leading to some potential analytical approaches (Laub et al.,
2005; McCray et al., 2005). Monitoring, minimizing, and communicating
uncertainty in analytic outcomes is another area of high-priority investi-
gation that is developing methods of value (Foody and Atkinson, 2003).
Technologies are beginning to be developed for resolving locations to geo-
graphic place names that advance beyond current address matching and
geocoding capabilities into telephone communications, news reports, IP
addresses, and e-mail (Hill and Zheng, 1999). These place name, or
toponymic, services need to offer multilinguistic transliteration and tem-
poral place name shifts. Cultural transliteration remains a difficult prob-
lem since the names given to localities can vary among local communities
according to cultural activity or context. Research is needed to crosswalk
the toponymic view with map and image views.

Performance Benchmarking

Performance benchmarks (Transaction Processing Performance Council,
2005) are an objective way to evaluate the ability of alternative systems
(e.g., sensor networks, S-DBMS) to support the goal of achieving persis-
tent TPED. Consider a benchmark to evaluate an S-DBMS (Shekhar and
Chawla, 2003) to manage the data rates and data volumes from persistent
TPED sensor networks. The benchmark may contain specific geospatial
intelligence data streams and datasets, geospatial analysis tasks, perfor-
mance measures, and target values for the performance measures. Spatial
database vendors and research groups could be invited to evaluate com-
mercial (e.g., object-relational database management systems that support
open geographic information systems spatial data types and operations)
and research prototype spatial database management systems. If current
S-DBMS meet the performance needs of NGA, adoption of current S-
DBMS for various kinds of geospatial intelligence data may be appropri-
ate. Specific tasks could include development of a semantic schema and
object-relational table structures, plus conversion of existing geospatial
datasets and applications to new data representations. However, addi-
tional research is needed to develop next generation S-DBMS if current
commercial or research prototype S-DBMS fail to meet the performance
needs of persistent TPED.
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In summary, the hard problems in achieving TPED are the effective
use of sensor networks, spatiotemporal data mining and discovery, and
spatiotemporal database management systems. Promising solutions are
suggested in the areas of developing agile sensor networks; spatiotemporal
database management models and theory; detecting patterns within
spatiotemporal data; and exploiting performance benchmarking.

COMPRESS THE TIME LINE OF
GEOSPATIAL INTELLIGENCE GENERATION

Hard Problems

The timeliness of geospatial intelligence is becoming more crucial due
to, among other things, the increasing numbers of mobile targets. Thus,
the field of geospatial intelligence is making a transition from deliberate
targeting to time-sensitive targeting. It is becoming increasingly impor-
tant to move toward real-time data generation, processing, and dissemi-
nation to reduce latency in intelligence generation and delivery processes.
However, the traditional geospatial intelligence generation process relies
heavily on manual interpretation of data gathered from geospatial sensors
and sources. This poses an immediate challenge given the increasing
volume of data from geospatial sensors.

Characterization and reengineering of the geospatial intelligence cycle
are crucial to achieve the goal of compressing the time line of geospatial
intelligence generation. Characterization of the processes of generating
geospatial intelligence would be a good starting point for NGA, including
the necessity for and levels of human intervention in these processes. For
illustration, consider the following process: Raw Data → Annotated Sub-
set → Summary Patterns → Knowledge and Understanding. In other
words, a large amount of raw sensor data is gathered continuously over
geographic areas of interest. Human analysts review the stream of raw
sensor data to identify and annotate interesting subsets of sensor data.
The collection of interesting data items is analyzed to produce summaries
and to identify interesting, nontrivial, and useful patterns. Human ana-
lysts correlate these patterns with other information to create knowledge
and understanding about their meaning and underlying causes. Once the
process of geospatial intelligence generation is characterized, the bottle-
neck steps can be identified, and ways found to reduce the time to com-
plete those steps, possibly via automation or via the provision of tools to
speed up the manual steps. Creating a system that provides the most effi-
cient flow for the knowledge required would be the target of this research.

An important area for research is determining the scope of what is

Copyright © National Academy of Sciences. All rights reserved.

Priorities for GEOINT Research at the National Geospatial-Intelligence Agency 
http://www.nap.edu/catalog/11601.html

http://www.nap.edu/catalog/11601.html


40 PRIORITIES FOR GEOINT RESEARCH AT NGA

achievable in time line reduction using automation versus human cogni-
tion (Egenhofer and Golledge, 1998; Nyerges et al., 1995). Are there limits
to autonomy? At what parts of the knowledge cycle can complete auto-
mation produce best results (e.g., image processing, georectification, and
mosaicing versus source discovery, temporal conflation, feature detection,
and extraction)? What roles do humans play best in the knowledge dis-
covery loop? NGA can benefit directly from research that delineates the
limits of what tasks can be semi- or fully autonomous, and which will
remain best served by trained interpreters. Automatic feature extraction
algorithms continue to advance but remain somewhat unreliable.
Although they can combine spectral and textural information, and recog-
nize primitive shapes and their combinations, the automated segmenta-
tion and labeling of entire images remains an elusive goal. This leads to
the following.

RECOMMENDATION 4: Research should be directed toward the
determination of what processes in the intelligence cycle (acquisition,
identification, integration, analysis, dissemination, preservation)
are most suitable for automated processing, which favor human
cognition, and which need a combination of human-machine assis-
tance in order to compress the GEOINT time line. This is equally
important for current and future systems.

Benefits could be gained in the near future by characterizing the pro-
cesses of generating geospatial intelligence, possibly by observing codi-
fied as well as tacit organizational information flows and by surveying
operational analysts. This would include examining the information flow
dependencies between tasks and categorizing them into necessary and
accidental dependencies. Once the steps of common processes are charac-
terized with dependencies, NGA can gather data on a typical time dura-
tion needed to complete the overall cycle as well as individual subpro-
cesses. Other potential short-term areas of focus include studying ways to
automate the bottleneck steps in the processes of geospatial intelligence
generation and use, and identifying ways to eliminate unnecessary wait-
ing and dependencies to speed up the process by exploring alternatives to
accomplish the same results. Ways to speed up the remaining manual
tasks that cannot be automated because of the need for higher accuracies
or for other reasons could be studied in the longer term, becoming the
target of research designed to yield information about human behavior
and cognition and of human-computer interaction studies. While this
research evolves however, it would be useful to explore tools to aid
analysts in completing the remaining manual steps by understanding the
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cognitive processes that human analysts use. Such information would also
be of value in training and evaluating analysts.

Effective interpretation, representation, and visualization of spatial
information across all types of displays (virtual, web-based, mobile, three-
dimensional, and two-dimensional) calls for innovative research. Recent
trends indicate a strong inclination for transitioning into digital maps that
can be delivered quickly to a variety of end user thick (desktops and
larger) and thin (handheld and mobile) clients. These trends foreshadow
a new paradigm of spatial data visualization. Simply moving away from
static hard-copy maps to interactive digital media will not necessarily
solve the issues of static information. A goal is to have “dynamic” maps
rather than “digital” maps. Visualization of dynamic spatial-temporal
information within a traditional cartographic framework will be an excit-
ing area for future research that will address the new ways of depicting
space-time changes in geospatial features or objects through animated
symbology and cartographic designs. Moreover, end users of geospatial
intelligence are expected to be using a variety of thin or thick clients that
in turn will have variable connectivity, dictating the amount of informa-
tion that can be efficiently delivered and visualized. Thus, middleware
that performs optimized filtering of geospatial intelligence for content
delivery based on the end user’s connectivity and visualization environ-
ment will be an important research area to be addressed.

High-priority research includes development of intelligent algorithms
that become more proficient over time at browsing and sifting through
image and data archives. Autonomous workflow management proce-
dures would streamline retrieval of specific types of information by
anticipating what an analyst might search for next, given what has just
been requested. By learning from the results of previous analysis tasks, it
would also be possible to suggest “best-practice” approaches to new tasks.
Agent-based information retrieval can seek out additional sources that
may be distributed in friendly or foreign archives. Accomplishing these
tasks requires advances in intelligent image compression, multiple levels
of security masking, and routines for efficient, on-the-fly semantic indexing.

Each of these stages must be advanced in the context of the significant
computational resources that will be locally unavailable, but accessible
through a network. Middleware that supports distributed data sharing
and computation is an important area of future work (e.g., Armstrong et
al., 2005). Other common themes among these research challenges include
the development of procedures for handling, storing, and disseminating
intelligence that is context sensitive. Another theme is development of
self-describing resources that can be linked readily to other possibly dis-
parate forms of data with similar content and include information on
uncertainty and provenance. The equivalent of landscape intervisibility
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analysis is established between databases, whereby semantic “lines of
sight” are created and made explicit to analysts in order to exploit a very
large number of relationships that exist among archived data objects.
Indexing and catalog routines can reorganize information flexibly, reflect-
ing various aspects of the underlying semantics, to generate catalogs
whose surface organization varies with analyst task, but with a deep struc-
ture that remains stable. Analysts can track provenance and uncertainty
through the life cycle of intelligence preparation. Analysis of space and
time can become more seamlessly integrated. In short, the transition from
a data-centric to a knowledge-centric working environment is built up to
facilitate preparation and dissemination of GEOINT2.

The term salience is used in cartography to refer to the parts of a map
display that are distinct, prominent, or obvious compared to the remain-
ing parts. Salience is an important area in GEOINT map display research,
specifically in how critical information can be communicated to an inter-
preter by visual prioritization. This is a known problem on small displays
and mobile devices (Clarke, 2004; Peng and Tsou, 2003) and may also be
true for web-based service delivery (Kraak and Brown, 2001). Maps
designed for one type of display rarely suit another, as experience with
the World Wide Web has shown. What devices best suit particular tasks?
Where should devices fit on the thin-thick client scale? How can context
awareness, multimodality, nontraditional interfaces, and augmented and
virtual displays be used for GEOINT tasks? What are the special demands
of uncharacterized spaces, indoors, in urban areas, beneath canopy, or
underground? How do displays have to be changed from outdoors to
indoors, from day to night, and from dark to light surroundings? What
spatial differences exist in critical communications such as wireless
Internet availability or cell-phone coverage? How does salience vary with
users who may be stressed, distracted, or incapacitated? Geographical
visualization is an important part also of the UCGIS research agenda
(Buckley et al., 2004). Given the importance of these topics, the committee
makes the following recommendation.

RECOMMENDATION 5: Given the importance to NGA of visual-
ization of GEOINT data, research should be supported that investi-
gates new methods of data representation that facilitate flexible and
user-centered salient visualization. This applies both to new methods
(e.g., cartographic data exploration) and to new technologies (e.g.,
mobile devices).

Visualization problems solvable now include map design and context
sensitivity for maps delivered via the Internet on standard display devices.
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Longer-term problems include those focused on innovative visualization
tools such as immersive virtual reality, augmented reality, and mobile
and wearable devices. Lastly, longer-term solutions must integrate
human cognition research and context sensitivity to create salient, adap-
tive displays that sort information and display it according to analysts’
needs and the context in which they are working, whether in the labora-
tory, in the field, in the air, or on board ship.

Given the amount of data and the complexity of the analytical tasks
faced by NGA, including visualization, it would be advantageous for
NGA to position itself more centrally in the field of high-performance
computing and so-called grid computing. As yet, the academic GIScience
community has been slow to steer the emerging body of research focused
on what is now often called the “cyberinfrastructure” or grid computing
toward the needs of geospatial data processing in general and GEOINT in
particular. In 2005, the National Science Foundation (NSF) took a bold
step in promoting these approaches by establishing an Office of Cyber-
infrastructure. Nevertheless, thus far NSF has not made GEOINT a com-
ponent of the effort. A key step for NGA would be the creation of a new
class of middleware that is designed specifically to address the needs of
GEOINT2. Consequently, the committee recommends the following.

RECOMMENDATION 6: NGA should ensure that the special needs
of geospatial data are met by high-performance grid computing so
that it can be utilized to address the large amount of data and the
complexity of analytical tasks (such as visualization) involved in
producing GEOINT.

With the pursuit of solutions to these problems comes a demand for
higher computing performance. While other agencies are pursuing and
supporting the era of grid computing under initiatives of “cyber-
infrastructure” and with parallel and high-performance computing, the
overarching promise of the “virtual organization” has high value to NGA
in its GEOINT goals. Ultimately, few advances will be possible via com-
putational methods unless the grid is exploited. This still-emerging field
of mostly computer science research has much to offer, yet geospatial
grid applications remain mere tangents of this research field. Integral
components of grid computing from NGA’s perspective are high-speed
networks, distributed processing, and a computational services model.
These are essential ingredients of next-generation networking and com-
putational mobility. The growing field of geocomputation (Atkinson and
Martin, 2000; Longley et al., 1999) is broader than the grid but has led to
some research on which future work can be based. Thus, immediate ben-
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efits can be gained by helping further geocomputational research now
emerging internationally (Gahegan et al., 2001). In the long term,
partnering with other agencies, particularly NSF, will help advance the
broader national agenda around cyberinfrastructure and the grid.

Promising Methods and Techniques

Pattern Discovery in Spatiotemporal Data

Consider the step of identifying interesting subsets of raw sensor data
as a bottleneck in the GEOINT production cycle. This step can be auto-
mated by characterizing the notion of the interestingness of raw sensor
data items. If a mathematical formula characterizes “interestingness,”
automation of the identification of interesting subsets should be possible
by manipulating raw sensor data and developing computer software to
automate this step. If this so-called interestingness cannot be character-
ized by a computable mathematical formula, a computation model using
a set of positive and negative examples provided by analysts using data
mining, machine learning, and/or statistical techniques could be substi-
tuted. This learned computational model might be evaluated using
appropriate testing examples. If the learned computational model is accu-
rate, it could be used to automate this step (Fayyad et al., 1996). Similarly
the step of producing summary patterns could be automated using a
variety of data mining, machine learning, and statistical techniques.

Many classical techniques in data mining, machine learning, and
statistics assume the independence of learning samples. This assumption
may be false for geospatial and spatiotemporal data due to the presence
of spatial autocorrelation (i.e., the tendency of nearby locations to have
similar properties). A specific research strategy is to develop novel spatial
and spatiotemporal data mining techniques by exploring new methods
that not only model autocorrelation but also address other unique
spatiotemporal issues (Shekhar et al., 2004), including the presence of com-
plex data types (e.g., time series, tracks, regions, curves, shapes) and
implicit relationships (e.g., distance, direction, visibility.) A recent review
by a group at the University of Zurich sets forward and demonstrates
some methods for point objects (Laub et al., 2005). Note that this objective
is supported by Recommendation 2.

Cognitive Modeling of Human Analysis Tasks

Cognitive modeling is a promising method that can be explored not
only to identify the cognitive subtasks performed by analysts in manual
tasks, but also to categorize those subtasks into information-bounded and
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cognitive resource-bounded subtasks. Human analysts’ performance (e.g.,
time to complete a subtask) on information-bounded subtasks can be
improved by providing additional information via novel tools to search
for and present relevant information. Performance on cognitive resource-
bounded tasks may be improved by reducing the cognitive load—for
example, by eliminating extraneous tasks or unnecessary details—and by
providing assistive tools to automate routine cognitive subtasks. Devel-
opment of these tools will require usability testing and analysis, qualita-
tive methods, and human subjects testing (e.g., Hix et al., 1999).

Cognitive Load-Aware Spatiotemporal Data Presentation and Interaction

Task-appropriate data exploration and presentation tools may help
reduce unnecessary detail while presenting task-relevant information to
improve analyst performance. Traditional two-dimensional cartographic
display modes are probably inadequate for this task and will have to be
revised or redesigned. Wearable computing devices exist now; yet
requirements are not yet met for context-sensitive, graphical, lexical, and
verbal data presentation modes (“multivalent documents”) (Phelps and
Wilensky, 1998). Advances in human-computer interaction research
should facilitate information dissemination and delivery in hostile envi-
ronments. Results of high-priority research can be applied and validated
in battlefield planning scenarios. Current presentation modes include text,
tables, animated cartographic symbols, three-dimensional perspective,
virtual imaging, spatial audio and speech, and haptics. Interaction models
to specify user requests include implicit predictive interaction (e.g., based
on observation of the user’s activities) or explicit requests using textual
commands (e.g., Unix), graphical user interfaces, or haptic interfaces. User
evaluation can be employed to compare the cognitive load imposed by
alternative information representations and interaction models. This
information can be used to select, design, and implement cognitive load-
aware tools so that spatiotemporal data presentation can be automated
and human performance improved.

High-Performance Geospatial Computing

It is well known that parallel and distributed computing can be an
effective solution to computationally expensive spatial data integration,
analysis, and presentation problems (Clarke, 2003). Plausible solutions
include development of high-performance geospatial intelligence systems
(HPGIS) by segmenting geospatial computational and input-output (I/O)
tasks across processors in a multiprocessor machine, or across a cluster to
alleviate the bottleneck associated with computational processes without
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incurring significant overheads of communication and synchronization
(Armstrong et al., 2005; Wang and Armstrong, 2003). HPGIS can take
advantage of emerging cyberinfrastructure technologies such as grids of
parallel computers to support integration and coordination of data and
models in multisimulation environments (Atkins et al., 2003). Effective
use of these computing environments will require the design and devel-
opment of novel middleware that will coordinate the distribution of
spatial data and tasks.

A unique challenge (Shekhar et al., 1996, 1998) in parallelizing geo-
spatial intelligence tasks arises as a consequence of heterogeneity in spatial
data. First, the computational loads imposed by data elements (e.g., poly-
gons) vary a great deal based on the shape and location of the data item
and the query of interest. Thus, naïve static data partitioning techniques
(e.g., round-robin, random, geographic partitioning) may be ineffective.
In addition, it is often more expensive to transmit geospatial data (e.g., a
polygon with thousands of edges) than to process it locally using filter
and refining techniques. This violates the basic assumption behind
dynamic load balancing and data partitioning techniques. Other balanc-
ing problems arise because analysis methods require different amounts of
computation in areas that have a variable density of observations (Cramer
and Armstrong, 1999). Geospatial intelligence computations may pose
similar unique challenges for scheduling algorithms and other compo-
nents of grids (Wang and Armstrong, 2005). Thus, further basic and
applied research is needed in evaluating traditional data partitioning
techniques and developing novel ones for computational tasks that are
essential components of the geospatial intelligence cycle.

In summary, hard problems in compressing the time line of GEOINT
generation include reengineering the GEOINT generation cycle and auto-
mating it where possible, the visualization of data, and speeding up the
computer processing of GEOINT data. Promising solutions include tech-
niques for pattern discovery; cognitive modeling of human analysis tasks;
developing cognitive load-aware spatiotemporal data presentation
and interaction methods; and exploiting high-performance geospatial
computing.

EXPLOIT ALL FORMS OF INTELLIGENCE

Hard Problems

In the post-9/11 world, NGA needs to exploit all forms of intelligence
to thwart denial and deception, track moving targets, and target precisely.
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In GEOINT, this meant fusion across imagery, maps, and sensor data. In
GEOINT2, it is evolving to mean fusion across all forms of intelligence.

First, fusion across image sources alone is still a hard problem. For
example, individual remote sensing devices are limited in thwarting
denial and deception by use of subsurface facilities, such as bunkers and
caves. They are also limited in their ability to track moving objects under
cover (e.g., on the forest floor under a tree canopy). To address the limita-
tions of traditional sensors, NGA needs not only to evaluate emerging
sensor technologies but also to explore techniques to fuse information
from multiple sensors. Geospatial intelligence derived from information
fusion across sensors is often richer than the sum of the information avail-
able from individual sensors. For example, tracking moving targets may
be facilitated by fusion of information from a collection of sensors that
observe the moving target across time. Fusion of information from mul-
tiple sensors may also improve the reliability of geospatial intelligence
about a target in the face of denial and deception. Fusion must integrate
across space, time, the electromagnetic spectrum, and scale. Data fusion
can also be thought of in terms of three different areas: data-level fusion
(i.e., the pixel level), feature-level fusion, and decision-level fusion (IEEE,
1999). There is much to be gained, for example, by merging the target-
specific high-resolution imagery associated with a single feature (e.g., a
mountain pass) with coarser temporal and spatial resolution data on land-
use change, weather, vegetation, and so forth.

Current understanding of multisensor intelligence integration is far
from complete, and future research should develop innovative algorithms
for contextual models that appropriately integrate and analyze informa-
tion from different sensors. Consequently, as discussed above with respect
to Recommendation 1, traditional single-sensor techniques for object
recognition, feature extraction, feature tracking, and change detection will
require reevaluation and redesign for multisensor environments.

The importance of fusion to GEOINT research cannot be understated,
but again, research on fusion is in its relative infancy. While many other
recommendations in this report will enhance fusion (e.g., by increasing
horizontal integration and interoperability of architectures), NGA has a
vested interest in drawing scholarship toward this demanding field of
research. Given the importance of fusion and the increasing suite of inputs
that require it, a shortage of expertise is likely in both the short and the
long terms. The committee therefore recommends the following.

RECOMMENDATION 7: NGA should attract scholarship and
research toward the problems that it faces in terms of information
fusion, across sources, scales, spatial sampling schemes, systems,
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formats, and architectures, in order to avoid a shortage of expertise
in this area in the future.

Traditionally, NGA has relied on fusing measurements from
homogeneous and synchronized collections of sensors. For example,
determination of position is often by triangulation algorithms based on
the readings of synchronized signals from three or more geopositioning
satellites and differential GPS sources. Change detection over a geo-
graphic area of interest is based on comparison of time-stamped and
georeferenced measurements, such as remotely sensed images from a
common sensor. Motion of an object can also be detected by observing the
position of the moving object at different time points from different syn-
chronized sensors. However, current information fusion techniques are
limited in their ability to integrate information from collections of sensors,
which may be heterogeneous, possibly asynchronous, and not identically
georeferenced due to motion, limited fields of view, or constraints on
power and/or the GPS signal.

In the near term, information fusion techniques will merge measure-
ments from heterogeneous collections of sensors that are synchronized in
time and space. Challenges include development of cross-sensor signa-
tures of targets to improve the reliability of target detection. Longer-term
information fusion techniques could integrate information from hetero-
geneous collections of sensors that are not perfectly synchronized in space
and time. Challenges include modeling of motion by dead reckoning as
well as clock drifts over time, methods to synchronize spatiotemporal
frameworks of different sensors, and techniques to represent and compute
with spatiotemporal objects having imprecise, uncertain, or unknown
positions.

Fusion of data and information from multiple intelligence sources is
an even more formidable task. Specific intelligences usually have stand-
alone systems of technology for data acquisition, interpretation, and
analysis that often work against fusion. System architectures are often
incompatible. Data that should be interoperable are not. There are few
base structures, ontologies, descriptive schema, or common languages to
support source integration. Issues of architecture as a solution to integra-
tion are seen as technological and not strictly “hard problems” in the
research sense, and so are dealt with in Chapter 5. Nevertheless, semantic
interoperability is critical. There is relatively poor integration of geo-
graphical text as an information source in addition to absolute location.
Interoperability often depends on cross-walking between languages (e.g.,
English-Russian), on toponymic services, and on semantic correspondence
between feature descriptions (e.g., creek, river, stream, brook, arroyo,
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wash, wadi). Similarly, different representations or repetitions of text
(vector, raster, map tile, feature) are often coexistent. Yet these are often
the sole link between mapped data and other text-based intelligence, such
as reports, news feeds, and the Internet.

Important research problems in the area of archiving include advanc-
ing algorithms for geocoding and georeferencing directly from locative
text and anecdotal information. Data pedigree and source should be
checked on acquisition to back-trace intelligence preparation and the chro-
nology of procedures (known as the “flow of provenance”) that have been
applied. NGA has apparently established and is implementing a goal for
intelligence provenance and discovery as an element of the National
System for Geospatial Intelligence (NSG). This is an important step for
NGA’s future systems. To achieve NSG, both semantic and syntactical
aspects of the framework must be interoperable with the data infrastruc-
ture used by other agencies.

The value of past GEOINT as a potential solution to a current or future
problem is often unseen or ignored. With data being acquired so quickly
and at high volumes, the tendency is to ignore or postpone the creation of
metadata or the indexing of source material. Yet the nature of spatial
change virtually requires a “before” and “after” view of the scene. Auto-
mated preservation and indexing are the only option for NGA. This
requires schema and metadata that bridge all of the intelligence sources
used and preservation suitable for recovery of ad hoc and unseen intelli-
gence. An analyst should be able to make a query such as, “Over the last
year, what trucks passed within 50 m of this building on Tuesdays between
2 p.m. and 3 p.m.?” This might mean bringing back from archives imag-
ery, bus timetables, parking data, security video, and so forth, and then
automatically processing it for vehicle information. There is a tendency to
think of preservation as pertinent to imagery alone; however, the need is
universal and the role of toponymy is critical. Accordingly, the committee
makes the following two recommendations.

RECOMMENDATION 8: Research needs to be conducted to improve
the role that text and place name search plays in integrating GEOINT
since this is often the only link between mapped data and other
text-based intelligence. Place names apply across scales and dimen-
sions (point, line, area), language, and time. Systems that easily
translate terms among applications areas (e.g., weather, navigation,
operations, intelligence) are in need of research solutions, both
theoretical and applied.
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RECOMMENDATION 9: Research to promote the reuse and pres-
ervation of data should be made a priority so that critical before and
after scenarios can be developed. Specific research areas should
include metadata, data pedigree, provenance and lineage, and infor-
mation about accuracy and uncertainty, as well as the storage of
these elements along with data, the facilitation of their use in analysis
software tools, and their coordination and exchange across other
intelligence agencies.

Cartographic text and place name support have long been an NGA
GEOINT activity. Data resources such as the NGA GEOnet names server,
a database of 4 million features and 5.5 million names, with 20,000 updates
daily, are available via ftp and http queries. One short-term area of focus
is pursuing new methods for the creation, management, update, verifica-
tion, and accuracy assessment of existing toponymy services, including
the existing databases and as many others as is practicable. A longer-term
concern is the development of data mining and exploration tools that allow
innovative approaches to knowledge discovery in geographic names. For
example, intelligence reports can be “mined” for place names, and the
associated places displayed in the context of the searches. Sequences of
places involved in military operations could be linked and shown as flow
maps or animations, and paths matched against previous similar path-
ways. Similarly, with the Internet now forming the primary delivery
mechanism for geographic names, problems of text placement, selection,
labeling, and positioning will require attention. Partial solutions are often
embedded in today’s web mapping and GIS software. These will have to
be reassessed in light of the special needs of NGA, such as secure environ-
ments and horizontal integration.

Data reuse and preservation are pressing problems for NGA. An
immediate issue is detecting data that has been collected and archived but
not yet cataloged. Cataloging strategies that do not scale up from histori-
cal library preservation methods into the volumes of information collected
for modern electronic data archives is the basic challenge that drove digital
library research initiatives in the 1990s and persists today in organizing
and cataloging the bodies of knowledge accessible on the World Wide
Web. Also in the short term, there is an immediate need for autonomous
metadata creation and comparison, to determine quickly if two different
data streams contain essentially the same or different content. This could
involve research to determine new metadata types that summarize salient
geospatial data characteristics, analogous to keywords that summarize
salient characteristics in full-text databases. Research is needed to develop
efficient encrypting of provenance and lineage directly within datasets,
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for example, using data watermarks or stenographic encryption—to
ensure that metadata are transported along with data. Data and image
watermarks are currently being developed, along with data encryption
standards. The hard problem here is to establish criteria for determining
salience, which can vary with task, target user community, and data type.

In the longer term, methods to establish permanent object identifiers
(OIDs) and embed them in objects that are tracked across multiple sensor
streams are necessary so that objects retain a permanent identity and can
announce their arrival and departure from a spatiotemporal tracking
process. A rudimentary example of this occurs in Windows computing
environments where a particular process will generate a popup window
telling the user for example that the advertisement in the sponsored
window is being blocked from view. Similarly, dynamic objects should
incorporate message-passing behavior to alert to their disappearance from
a given sensor stream, and permanent OIDs can be compared to recog-
nize emergence within another sensor stream when another sensor has
picked up the object in its field of view. Numerous hard problems under-
lie establishing such a capability—for example, establishing an object
whose delineation changes over time, that is indeterminate, or that is sus-
ceptible to denial and deception. Another hard problem relates to fusing
signals across multiple sensors, discussed earlier in this report.

Due to the renewed interest in sensor technology by federal agencies
and industry, novel sensors and sensor networks are being developed for
a variety of applications. Some of the emerging sensors provide the ability
to measure the properties of covered surface and underground facilities.
An applied research project could evaluate a selected subset of emerging
sensors for their ability to track moving objects in the presence of denial
and deception possibly for precision targeting. This subset should be
thought of as a suite, not a set of isolated sensors to be used individually.
For example, one sensor may favor outdoor conditions in daylight; another,
night; a third, objects occluded by buildings; and a fourth, objects under
camouflage. The goal of this adaptive sensing strategy is a system that
tracks an object seamlessly, integrating its signal across multiple sensor
streams as the background conditions change in real time with object
motion (Stefanidis and Nittel, 2005).

RECOMMENDATION 10: Emerging and existing sensor technolo-
gies should be reassessed in light of their abilities to detect moving
objects even in the presence of denial and deception or for precision
targeting. Research should focus on how data can be integrated for
this task (1) across sensors, (2) across scales and resolutions, (3) across
the spectrum, and (4) in time. Solutions by adaptive arrays of sensors
rather than single sensors should be stressed.
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The need to track moving objects should be seen as generic, not
particular. From a machine vision perspective, object tracking is now rela-
tively mature. Yet the data structures, pattern analysis, and data mining
tools are somewhat lacking. In the short term, it would be beneficial to
cross disciplinary bounds to seek out approaches to object tracking and to
examine which approaches offer the most long-term benefits. For example,
there is a considerable literature in transportation studies under the vari-
ous intelligent vehicle programs. In the intermediate term, the most prom-
ising methods could be tested and improved to meet NGA’s needs. In the
long term, new methods can be brought into the GEOINT cycle at several
points. Of long-term interest are tracking multiple moving objects, auto-
mating detection and recognition of key movement patterns, and in doing
so under uncertainty. For example, inputs from traffic cameras can be
used as sensors to detect unusual vehicle activity that might indicate
suicide bombing, search out simultaneous attackers in a multivehicle
attack, and rapidly use maps to alert possible target buildings that a
suspect vehicle is approaching.

Promising Methods and Techniques

Evidential Reasoning over Homogeneous Spatiotemporal Frameworks

If all sensors use a common spatiotemporal framework, possibly using
the GPS and common triangulation algorithms, traditional evidential
reasoning techniques, such as Bayes’ rule, possibility theory, or Dempster-
Shafer theory, can be used for data fusion (Pagac et al., 1998). For illustra-
tion, consider a collection of visual, acoustic, and seismic sensors moni-
toring a common area for single-sensor signatures of a target object, such
as an armored vehicle. Readings from each sensor could be analyzed
independently for the sensor-specific signature of the target object and
produce probabilities of observing the target object of interest given the
sensor measurements. Results from individual sensors can then be com-
bined using evidential reasoning techniques to fuse the information across
sensors (Klein, 2004).

Geospatial Framework Synchronization

Traditional evidential reasoning techniques may not be effective if
sensors are not synchronized in space and time, possibly due to natural or
deliberate jamming of GPS signals, limitation of power to constantly moni-
tor GPS signals, natural drifts of clocks, and other physical reasons. For
example, consider the detection of the signature of an object moving from
east to west by two sensors. If the sensors are not synchronized in space
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and time, fusion of cross-sensor information could incorrectly infer that
the object is moving from west to east instead of the reverse. Event order-
ing in time based on message interchanges between nodes in a sensor
network is a promising approach to synchronize temporal frameworks
across sensors. Similar approaches may have to be developed for syn-
chronizing spatial frameworks, possibly by enabling each sensor to esti-
mate relative positions of nearby sensors via techniques such as independent
surveys, direct observation of positions of nearby sensor nodes, and
estimation of the geospatial position of neighbors using information avail-
able in the network communication messages. An alternative approach is
to develop a new generation of geopositioning sensors and clocks that are
so accurate and synchronous that the residual errors do not impact geo-
spatial intelligence results as they do with GPS.

Robust Frameworks for Geospatial Computations and Reasoning

Despite advances in technology for measurement of time and geo-
spatial position, inaccuracies and errors have not been eliminated. Residual
errors in measurements of position and time can lead to erroneous con-
clusions by traditional geospatial algorithms and data models that do not
account for errors in position estimates or resolutions of sensor measure-
ments. Recent research has explored robust spatiotemporal frameworks
(Guting, 1994), modeling both the error and the resolution. In addition,
this research has provided methods to estimate errors in the result of
simple geometric algorithms, such as those for determining the point of
interaction between two lines from the errors in positions of the end points
of the intersecting lines. Geospatial error propagation models have the
promise of characterizing geospatial errors to provide the analyst with
more informative geospatial intelligence. Similar algorithms need to be
developed to estimate the position (or track) of a moving object, given
measurements from multiple sensors with their imprecise geospatial
locations. Additional challenges include modeling of geospatial uncer-
tainty, imprecision, and scale within S-DBMS and ST-DBMS.

Semantic Interoperability

Problems of interoperability for geospatial data have often been seen
as problems of integrating semantics for disparate ontologies. Research in
databases and computer science has produced a significant amount of
information on semantic interoperability, including semantic webs.
Creation of semantic webs is also seen as essential to bringing the vision
of grid computing into reality, especially the highly distributed compo-
nents. De Roure et al. (2001) see promising methods as including semantic
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grid toolkits such as Globus (Foster and Kesselman, 1997); agent-based
approaches; creation of new network philosophies for lightweight com-
munications protocols; methods for dealing with trust and provenance;
and methods for dealing with metadata and annotation. Most important
are the knowledge technologies, which include knowledge capture tools,
dynamic content linkage, annotation-based search, annotation reuse
repositories, and natural language processing.

Toponymic Services

There is relatively little research on the relationship between
toponymy and advanced search tools. Areas of promise include geo-
graphic information retrieval methods and geoparsing, a cross between
natural language understanding and gazetteer lookup. Tools are needed
to support the modeling of information about named geographic places
and access to distributed, independent gazetteer resources. This has
involved semantic webs, resource description frameworks (RDFs), ontolo-
gies and mark-up languages such as extensible markup language (XML)
and geography markup language (GML). Related to this is research into
the type classification of named places (e.g., features types, populated
places) and the correspondence between different approaches to such
classifications. A component of place name research deals with the history
and etymology of place names and their cultural context. While the
methods used in this area are simple, the research is nevertheless impor-
tant and can be enhanced with advances in information technology.

Reuse and Preservation of Data

Promising methods for the reuse and preservation of data have
emerged from research in geospatial databases and from the various Digi-
tal Libraries initiatives by NSF and the National Aeronautics and Space
Administration. There have been considerable advances in the creation of
effective metadata standards and in the creation of tools for authoring
metadata. Next-generation systems will leverage the Federal Geographic
Data Committee (FGDC)-style metadata to support advanced reuse. Many
of the promising methods and techniques reflect those of semantic inter-
operability, large-scale database management, and toponymic services.
Spatial OnLine Analytical Processing (SOLAP), a type of software tech-
nology that enables rapid information retrieval from multidimensional
data and has been extended to geospatial data and GIS, has some potential
to integrate metadata about data quality into the information processing
flow (Devilliers et al., 2005).
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Database and Sensor Technologies for Moving Objects

Sensor technologies for moving objects include technical measure-
ment solutions for positioning, with GPS and similar technologies, in both
indoor and constrained environments. They also include video-capture
and machine vision methods, mature research fields. Less mature is the
database management research aimed at creating computer systems for
managing and exploiting moving object data. Recommendation 2 covers
theory and visualization for moving objects. Guting (2005) has recently
presented some promising methods and techniques for moving objects
databases, including extended query languages and data models (e.g.,
Transect-Structured Query Language), spatiobitemporal objects, event-
based and transactions processing approaches (Worboys and
Duckham, 2005; Worboys and Hornsby, 2004), trajectory uncertainty
analysis, spatiotemporal predicates, indexing methods (e.g., time-
parameterized R-tree, kinetic B-tree, kinetic external range trees), and
special cases, such as analysis of movement on networks.

In summary, hard problems related to the exploitation of all forms of
intelligence include information fusion across diverse sources, the role of
text and place name search in data integration, preserving data in a way
that they can be easily reused, and techniques for using multiple sources
to detect moving objects. Promising methods include evidential reason-
ing methods over homogeneous spatiotemporal frameworks, geospatial
framework synchronization, robust frameworks for geospatial computa-
tions and reasoning, semantic interoperability, toponymic services, methods
for reuse and preservation of data, and database and sensor technologies
to support moving objects.

SHARE WITH COALITION FORCES: INTEROPERABILITY

Hard Problems

Interoperability will be a key challenge for NGA in the coming years
as it pursues its goal of sharing geospatial intelligence not only with other
U.S. organizations but also with coalition forces and foreign partners.
For example, consider an exchange of navigation maps among coalition
forces. A source may focus on terrain maps, where each route segment is
navigable by a land vehicle (e.g., a tank), possibly because it primarily
serves Army missions. Maps from another source may include land- as
well as water-based route segments for amphibious vehicles, possibly
because they serve U.S. Marines. If the maps from two sources are
merged without accounting for differences in semantic meanings, it can
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lead to land vehicles losing egress routes during battles or falling into
deep water bodies. In addition, precise tracking of a moving target
becomes difficult if geopositions recorded by two different sources use
disparate coordinate systems, data file formats, and map symbols. In gen-
eral, combining the maps from these two sources will require careful con-
sideration of differences at the semantic (e.g., meaning of route seg-
ments), structural (e.g., coordinate system, other metadata), and syntactic
(e.g., data format) levels.

Some critical problems faced in spatiotemporal interoperability are the
role of real-time sensor inputs, the problems of dealing with incomplete and
sparse data, disparate ontologies, uncertainty management, content-based
filtering, moving targets, and changing profiles in time and space (e.g.,
growth, aging, decay). These all have implications for data conflation, for
analysis, and for data mining and are components of Recommendation 2.

Issues of syntactic interoperability are already being addressed
through techniques such as spatial data standards, especially those of the
Open Geospatial Consortium. Similarly, structural interoperability can
also be addressed by practical means. Therefore, these were not consid-
ered hard research problems. However, because of their importance, they
are still included in the following discussion.

Nevertheless, semantic interoperability is considered a hard problem.
There can be little progress in pursuing interoperability without a thor-
ough examination of the abstract set of objects or features of interest to
GEOINT, so that they can be formally defined and converted into abstract
objects that become transferable because they are complete in their
descriptions. While GIScience research has begun this task, there is little
motive outside of NGA to target an ontology toward NGA’s needs. Never-
theless, a generic ontology would have great value to other agencies, soft-
ware developers, and researchers. As a result, the committee makes the
following recommendation.

RECOMMENDATION 11: Research that creates a complete descrip-
tive schema for geospatial objects of importance to GEOINT as
formalized in a GEOINT ontology should be pursued to ensure
effective data interoperability and fusion of multisource intelli-
gence. This ontology should have a set of object descriptions,
should contain precise definitions, and should translate into a
unified modeling language (UML) or other diagram suitable for
adaptation into spatial data models.

A short-term issue is addressing the syntactic interoperability of
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geospatial data, such as those related to data file formats. One option is to
carefully diagram and examine a complete catalog of differences between
two varying spatiotemporal conceptual models, sufficient that a transla-
tion procedure between them can be either automated or exhaustively
described procedurally. A good pair of models to choose would be two
that cause known interoperability problems at NGA.

The structural interoperability challenges are longer-term issues.
Example challenges include interoperability across geospatial intelligence
sources with differences in conceptual schemas (e.g., an entity relation-
ship diagram or UML diagram) and metadata such as coordinate systems,
resolution, and accuracy. Long-term challenges include semantic inter-
operability toward addressing the challenges related to differences in
meanings (e.g., definition) of geospatial intelligence across sources. This
is an extremely difficult and long-standing problem. Thus, it will be
important to support high-risk research to explore promising approaches
(e.g., semantic web, ontology translation) that address important sub-
problems.

Promising Methods and Techniques

Geospatial Intelligence Standards

Initial efforts are addressing syntactic interoperability by developing
common standards. The Open Geospatial Consortium (OGC) has pro-
vided a sound foundation for work in distributed geoprocessing, real-
time processing, sensor-web challenges, geospatial semantic webs, and
brokering multiple distributed ontologies. The first step is to determine
whether intelligence needs dictate new standards, require extended exist-
ing standards, or fit within existing standards. Applied research can evalu-
ate current geospatial data interchange standards, especially OGC, for
exchanging geospatial intelligence across U.S. organizations as well as
coalition organizations. If current standards do not cover crucial types of
geospatial intelligence, it would be of benefit to NGA to encourage the
extension of current standards or the development of new standards for
exchanging geospatial intelligence data and services from a variety of
sources such as sensors, human interpretation, modeling, and simulation.
Effective standards are based on a consensus among major stakeholders
including the producers and consumers of geospatial intelligence within
the United States and its partner countries. Thus, basic and applied
researchers need to address how their results can be incorporated into
geospatial and/or computational interoperability standards through the
evolution of those standards.
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Spatial and Spatiotemporal DBMS Interoperability

Structural differences (e.g., conceptual data models, reference coordi-
nate systems, resolution, accuracy) could be addressed by a combination
of automatic and manual methods. For example, geospatial intelligence
analysts and their database designers could review the differences between
the geospatial conceptual models (e.g., entity relationship diagrams with
pictograms) of a pair of sources to develop translation schemes. This
would require a careful analysis of issues such as synonyms and homonyms.
In addition, it requires establishing correspondences between the build-
ing blocks of two conceptual data models. Once the translation scheme is
developed and validated, future interchange of geospatial intelligence
between the selected source pair can be automated by implementing the
translation scheme in software. However, manual effort for this approach
grows superlinearly with an increase in the number of sources, and an
alternative approach based on global conceptual schema becomes more
attractive. Of course, the time and effort of developing a global schema
and translation procedures can be reduced by the provision of appropri-
ate tools.

Geospatial Intelligence Ontology

Semantic differences across sources are difficult to resolve largely
because of differing ontologies. Availability of a geospatial intelligence
ontology (e.g., a concept dictionary, thesaurus, concept taxonomies) is
likely to help manual tasks of developing global schemas and translation
procedures. It may also help formalize the geospatial intelligence and
make it amenable to large audiences to facilitate training of new analysts.
Several ontologies have been explored in the GIScience literature and can
be researched to provide a framework for further work (e.g., Agarwal,
2005). Prior standards efforts such as the federal spatial data transfer stan-
dard (SDTS) include feature lists and definitions, and geometric objects
both with and without topology that could be building blocks for future
work. Future work will build on the ongoing body of research on the
semantic web (Berners-Lee et al., 2001). The GML standard and work by
the Open Geospatial Consortium already form a significant element in
NGA’s research programs. OGC in particular has been closely integrated
with NGA’s research, and it would be beneficial to continue this in the
future. Research into geospatial intelligence ontologies will build on
the more generic work described above, but will build tools specific to the
needs of geospatial intelligence analysts.
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In summary, the hard problem associated with sharing data is
semantic interoperability. Promising methods and techniques for increas-
ing interoperability include further research and development of geo-
spatial intelligence standards, translation schema for spatiotemporal
conceptual models, and geospatial intelligence ontologies.

SUPPORTING HOMELAND SECURITY

The creation of the Department of Homeland Security (DHS) as a
response to the nation’s increased vulnerability to terrorist attack has led
to another significant demand for GEOINT from NGA. To quote a recent
planning document (MITRE, 2004): “In the war against terrorism, our
front-line troops are not all soldiers, sailors, fliers, and marines. They are
also police, firefighters, medical first responders, and other civilian per-
sonnel. These are groups whose historical access to sources of national
intelligence has been near zero; yet their need for real-time and analytical
intelligence is now critical.” Extension of NGA’s responsibilities to work
far more closely with civilian agencies, including but not limited to DHS,
has broadened NGA’s mission. For the most part, DHS’s needs place NGA
in the category of an information supplier. With current trends, NGA will
be more suited to serving as a knowledge supplier. In this case, few
options are available for collaboration in research. There remains an
opportunity for the intelligence world to collaborate with academics and
others in the conduct of research. The few DHS-funded centers in univer-
sities are starting points, but there are already a large number of vehicles
in place to encourage collaboration and the sharing of experience, exper-
tise, and resources. It is in the interest of NGA to explore relationships
among the existing research encouragement mechanisms, reviewed in the
next chapter, and DHS. The committee believes that working with DHS
involves many of the same issues as sharing GEOINT with coalition forces,
similar to ensuring horizontal integration. Therefore, homeland security
issues are supported by many of the recommendations in this report.
However, while many of the report’s recommendations are applicable to
homeland security, the distinction between domestic and foreign intelli-
gence is of great importance. The need for and use of such information
within the United States will also be substantially different from that out-
side the United States. With a new institutional infrastructure for intelli-
gence in the United States, NGA is well placed to clarify and support the
role of GEOINT in the new integration-based intelligence environment.
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PROMOTING HORIZONTAL INTEGRATION

Hard Problems

Horizontal integration refers to “the desired end-state where intelli-
gence of all kinds flows rapidly and seamlessly to the warfighter, and
enables information dominance warfare” (MITRE, 2004). The expanded
role of NGA and the new clients for NGA services brought by inter-
national collaboration and work with civilian communities and agencies
places strains on the mechanisms in place for protecting the security of
assets and technologies available to NGA but not available elsewhere. As
GEOINT2 evolves and creates new ways to assimilate geospatial intelli-
gence for a particular problem, new vehicles will be necessary “so that the
full value of the information can be realized by delivering it to the broadest
set of users consistent with its prudent protection” (MITRE, 2004). Yet this
multilevel demand for information brings with it risks. In the past, a cul-
ture has existed of separable roles of content producer and protector. A
bias toward knowledge withholding as the default case has led to an
extraordinary amount of geospatial data being withheld from the poten-
tial user community. In at least one case, there is evidence that such
overprotection of geospatial data is unnecessary or even damaging (Baker
et al., 2004).

New protocols must be established to promote safe data exchange in
light of legitimate changing demands for geospatial intelligence products.
Existing solutions include using and sharing similar data, such as com-
mercially available high-resolution imagery, without security classifica-
tion. Research can contribute reliable security protocols in several ways.
Discussions by the committee focused on the reported issues of dealing
with two problems. First, how can GEOINT products be modified so that
their content at any given level of clearance is visible only to those at that
level? For example, could an image be made such that its display resolu-
tion varied depending on the interpreter? Could a GIS dataset be made
that hides detail or entire features on the same basis? Such data could be
distributed universally in a single form, but would be used differentially
under the control of keys associated with different security levels. Such
key-based methods are the domain of research in cryptography and
steganography, where GEOINT has received less attention than else-
where. Secondly, what alternate data sources in the public or commercial
domain can be shared, so that information can flow while sources are
protected? Anecdotally, commercial high-resolution remote sensing
seems to be filling this need in many contexts. Nevertheless, research
could contribute to both of these options.
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RECOMMENDATION 12: Research should be directed toward the
particular needs of geospatial data for protection with multilevel
security to promote safe data exchange, including innovative coding
schemes, steganography, cryptography, and lineage tracking. Simi-
larly, the processing of data so that it resembles public domain (e.g.,
digital orthophotoquadrangle) or commercially produced structures
and formats should be pursued.

In the short term, issues of image and map degradation are pertinent.
For example, what other than a median filter can be used to gracefully
degrade the contents of a high-resolution image so that it can be shared?
There are also tasks relating to metadata that can be done immediately:
for example allowing a web-based query to indicate that spatial data
covering a particular area of interest exist, but not allowing access other
than providing relevant contact information. In addition, within computer
networks, various firewall protection systems and sub-local area networks
(LANs) can limit access by Internet domain with ease and can alert NGA
to users seeking access inappropriately.

Also in the short term, new steganographic methods to support multi-
level security could be researched, and protocols developed for location-
specific identification and spatially constrained security. For example, a
user undeniably situated at a particular location (e.g., from GPS codes)
could be granted access for data covering that location. Alternatively,
users from or in particular locations could be denied access, perhaps even
temporarily. In the longer term, increased research in spatial data licens-
ing (NRC, 2005), geospatial digital rights management, location privacy
rights, and geospatial denial and deception methods would be beneficial.

Promising Methods and Techniques

The field of image processing has developed numerous ways for
encoding and selectively processing imagery. However, little work has
extended methods into multispectral and hyperspectral sources, or other
spatial data such as digital elevation models. Similarly, little work has
been done with place name or vector data (Armstrong et al., 1999). An
emerging body of research in location-based services is examining some
of the technical issues (Schiller and Voisard, 2005), but policy issues such
as location privacy need further study. Location authentication research
has focused on technology of the GPS, yet next-generation systems will
use both new systems such as Galileo and new positioning approaches
(Rizos and Drane, 2004). Methods are already available to support
mutiresolution imagery and to some extent maps, such as quadtrees,
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recursive and adaptive meshes, and resolution-dependent georeferencing
(Shekhar and Chawla, 2003).

In summary, the hard problem associated with horizontal integration
is the issue of multilevel security. Promising methods and techniques in-

TABLE 4.1 Summary of Hard Problems

Recommen-
NGA Challenge Hard Problems dation

(1) Achieving Assimilation of new, numerous, and disparate 1
persistent TPED sensor networks within the TPED process

Spatiotemporal data mining and knowledge 2
discovery from heterogeneous sensor data
streams

Spatiotemporal database management systems 3

(7) Compress time line Process automation versus human cognition 4

Visualization 5

High-performance grid computing for 6
geospatial data

(2-6) Exploit all forms Image data fusion across space, time, 7
of imagery (and spectrum, and scale
intelligence)

Role of text and place name search in data 8
integration

Reuse and preservation of data 9

Detection of moving objects from multiple 10
heterogeneous intelligence sources

(8) Sharing with GEOINT ontology 11
coalition forces,
partners, and
communities at large

(9) Supporting Covered by other areas
homeland security

(10) Promoting Multilevel security 12
horizontal integration
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clude current research in location-based services, location authentication,
and methods for selectively processing multiresolution imagery.

SUMMARY

This chapter has presented recommendations on the “hard problems”
in geospatial science that NGA should address in order to meet its evolv-
ing mission toward GEOINT2. It has also examined promising methods,
approaches, and technologies for the solutions to the hard problems. The
hard research problems and associated methods are summarized in
Table 4.1. Many of the technical problems are ontological issues (i.e., the
solution of architecture and interoperability problems lies in the creation
of a comprehensive ontology for the collection, handling, and archiving
of geospatial information). The chapter also shows that the nature of input
networks, and the volume and type of data coming from these networks,
are likely to change markedly in the future. By exploiting foreknowledge
of these changes, NGA can position itself for the radical shift in geospatial
paradigms discussed in Chapter 3.

Nevertheless, the challenges of responding to the hard problems out-
lined in this chapter will be disruptive to NGA both technologically and
organizationally. In Chapter 5 recommendations are made that are
intended to ease the transitions due to the hard problems outlined in this
chapter.
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5

The Research Infrastructure at NGA

BACKGROUND

The committee feels that, as with its agency precursors, the National
Geospatial-Intelligence Agency’s (NGA’s) ability to meet future mission
requirements depends now, and will even more so in the future, on
geospatial science and technology research. NGA-led research has been
conducted over the years through a wide variety of organizational means.
How research is conducted is just as important to its success as what is
researched; therefore the committee felt that how research can most effec-
tively be conducted at NGA was one of the “hard problems” to be
addressed. This becomes even more important since NGA’s research role
is growing to the extent that most major research activity in geographic
information science now has some roots in NGA-funded programs, and
other federal agencies such as the U.S. Geological Survey (USGS) and the
National Science Foundation (NSF) have decreased their allocation of re-
search support to the geospatial disciplines. This chapter reviews the cur-
rent research framework and makes recommendations for future form,
scale, and synergies.

The introductory chapters of this report set out the mission and
operational context within which NGA works. These have evolved con-
siderably over the last two decades, with the terrorist attacks of Septem-
ber 11th creating an additional impetus, leading to a paradigm shift in the
technology foundations necessary to fulfill NGA’s mission. NGA’s
emphasis of operations has moved from imagery collection and map
production (i.e., imagery intelligence; mapping, charting, and geodesy)
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for pre-definable theaters of war and deployment scenarios to a focus on
predictive, on-demand geospatial intelligence (GEOINT) and the ability
to respond in near real time, anywhere, anytime. The evolution, however,
is resisted by the complexities and immediacy of NGA’s mission impera-
tives. The emerging GEOINT concepts of “full-spectrum collection,”
“horizontal integration,” and “persistent surveillance” (NGA, 2004a) both
inspire NGA’s research and development portfolio and simultaneously
create a mismatch between NGA’s operational systems and the future
requirements for research.

The committee observed that there has been a strong tendency to
focus research on the improvement of existing architectures. Yet NGA
can only achieve so much by investing in research that is based on incre-
mental improvement of data sources and processes within its existing
technology. The paradigm shift required to fulfill NGA’s GEOINT mission
will unavoidably involve discontinuities in the established technology
frameworks, organizational structures, and processes of today. The
increased reliance on industry for new technology that has worked well
over the last decade may not be sustainable. In industry, this is a time of
considerable vulnerability. Many commercial organizations will fail and
be replaced by newer organizations unencumbered with past technologies.
Yet NGA also has to respond to current tasking. As such, NGA will have
to invest in two different streams of research. First, there is a need to main-
tain and improve existing capabilities to make them as productive and
robust as possible. A second need is to confront the realization that
meeting NGA’s current, let alone future, mission will require fundamental,
as-yet-undefined redevelopment of information technology (IT) infra-
structures and operational processes. In the opinion of the committee, the
current level of research support is barely sufficient for the first, let alone
the second. Nevertheless, NGA has the potential to build on its existing
research model to respond to this critical national need, should the nation
decide that such a priority is indeed at the heart of the national interest
and award support concurrent with that need. It will be essential to allow
vastly increased feedback from the existing research process into NGA’s
operational programs, and vice versa, so that NGA’s problems can become
better known to those conducting the pertinent research.

The dichotomous nature of NGA’s research future has provoked a
debate about incremental versus fundamental change that is clearly active
within NGA, and both strands of the debate were heard during the
committee’s briefing sessions. Chapter 2 describes the current structure
for geospatial science and technology research at NGA. The present chap-
ter discusses the committee’s findings and conclusions about what is
needed to meet the new NGA mission. At the end, this chapter addresses
the challenge of moving research forward in parallel with incremental
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improvement; the migration of “new-generation” research toward an
operational solution that will replace the current architecture; and the
specific role that could be played by the external research community.

RESEARCH ORGANIZATION FOR GEOINT2

The collection of research and development (R&D) support mecha-
nisms used by NGA and described in Chapter 2 has led NGA to the lead-
ership position worldwide in geospatial technologies and capabilities.
After reviewing the wide variety of research funding mechanisms, the
committee felt that the strongest aspect is NGA’s ability to leverage com-
mercial interests and to collaborate with private-sector organizations and
national laboratories to rapidly develop new geospatial technologies.
While academic involvement has been strong, the formal NGA Academic
Research Program (NARP) component is somewhat dwarfed by the re-
mainder of the structure. Meeting the needs of NGA in the GEOINT2 era
will require even closer collaboration among government, industry, and
academia in its interactions with the intelligence community (IC). With
the changing mission and needs, during the compilation of this report the
committee increasingly felt that certain enhancements would help make
the research program more effective and responsive to these changing
needs. The following sections describe these suggested enhancements.

R&D Coordination

NGA has now assumed a leadership role in funding geospatial
research in the United States. The committee felt that a significant increase
in research funding through existing or new programs will be necessary
for NGA to build a national research infrastructure and then draw upon
this established base to fulfill its vision. NGA clearly appreciates the value
of both basic and applied research, as well as the need for a trained and
educated future workforce both for its own needs and for those of the
nation. Indeed, GEOINT2 and its demands have implications for the
whole educational research infrastructure of the United States, from uni-
versities and colleges to commercial companies and government agen-
cies. While these entities have a huge stake in the achievement of NGA’s
vision, they are nevertheless relatively unguided in how to respond to
NGA’s needs for the future. Furthermore, although undirected basic
research has high potential payoff, and therefore is beneficial to support,
the committee sensed a disconnect between the basic research currently
going on in disciplines critical to NGA and what is needed for GEOINT2.
Similarly, there seem few means by which NGA’s customers and users
can direct their research needs and problems back through the NGA
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research infrastructure, providing the sort of user feedback that is often
necessary for successful business-style operations.

No standing or centralized body currently coordinates NGA’s
R&D priorities and projects for GEOINT. A coordinated R&D advisory
group with stable membership and regular meetings that focuses specifi-
cally on defining an overarching architecture, changing priorities, re-
source constraints, prior R&D investments, and R&D investment plans
under way could be advantageous in achieving NGA’s vision. Creation of
a new collaborative among the IC, academia, industry, and government
around geospatial science would benefit from a “board of directors” with
authority to build links and move resources to create synergies. The com-
mittee notes that NGA offers a plethora of mechanisms for research sup-
port across academia, government, and business; yet these appear to the
committee to be uncoordinated and oriented toward shorter-term “incre-
mental” technological approaches to NGA’s challenges.

NGA’s InnoVision Directorate could create a permanent coordinating
committee with representative internal and external membership, tasked
with seeking out, supporting, and coordinating R&D that contributes
toward NGA’s vision and needs, at some appropriately low level of
national security classification. This coordinating committee could evalu-
ate NGA’s research process itself: comparing strategies, creating triage
lists and priorities, selecting topics for each Broad Area Announcement
(BAA) or NARP, and debating about those strategies that would best suit
different types of research. A coordinating committee could also produce
a road map for future strategic research planning. The principal advan-
tages of such a committee would be to (1) increase the proportion of
projects that move from basic to applied; (2) raise awareness of the impor-
tance of research in achieving NGA’s vision; (3) help build and coordinate
the broader collaborative that extends beyond the IC and incorporates its
differing needs into research planning; (4) eliminate redundancy by help-
ing to ensure links among groups doing similar research within and out-
side the government; and (5) help streamline the somewhat disparate
research efforts on which NGA depends. On the other hand, such a com-
mittee could (1) lead to security problems (few academics, for example,
hold the clearances necessary to assist such a committee), (2) run the risk
of discouraging “outside-the-box” thinking in research, (3) reduce the
effectiveness of the existing NGA chain of command, (4) involve inter-
national partners in projects better left in-house, and (5) dilute research
efforts being directed from the top as national priorities.

While such a standing R&D coordination body could provide some
sort of high-level peer oversight, peer review is nevertheless essential to
the future quality of NGA research programs, however they are funded.
According to a recent Office of Management and Budget (OMB) report,
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peer review “can increase the quality and credibility of the scientific infor-
mation generated across the federal government” (OMB, 2004). The com-
mittee feels strongly that the peer review process is as essential in NGA
geospatial science as in any other science. In its definition of peer review,
Wikipedia (http://en.wikipedia.org) notes: “Publications and awards that
have not undergone peer review are likely to be regarded with suspicion
by scholars and professionals in many fields.” During discussions with
investigators of current NARP projects, it was apparent that there was a
lack of clear understanding about why their proposals had been selected,
or why others had not, and there was little feedback on the research
despite site visit contact with program managers. This is particularly prob-
lematic since the BAAs and calls for proposals offer few details of why the
research is of interest to NGA. The committee felt that NGA is in danger
of creating unnecessary and false suspicion around its research due to the
lack of peer feedback and review. Despite the perception that lack of peer
review is due to security concerns, virtually none of the NGA investigators
to whom the committee spoke felt limited in their ability to publish or openly
discuss their research as a consequence of receiving funds from NGA.

RECOMMENDATION 13: Establish peer review processes when-
ever possible in order to enhance the effectiveness of the research
proposal process. This should include but not be limited to review
of solicitations, review of grant proposals, and review of cooperative
research and development agreement and partnership deliverables.

Lastly, the coordination of NGA R&D programs requires the defini-
tion of roles for each type of organization. A clear role needs to be specified
for academics vis-à-vis the product vendors and system integrators that
play into the overall technology life cycle. While NGA has organizational
means in place for funding academic organizations (e.g., NARP), most of
these means could be directed to any type of research organization. Yet
businesses and academia have different and more subtle roles to play than
simply fulfilling the specifications of a contract, not the least of which are
educating the next generation of experts and creating market-driven tech-
nologies. The division of labor among research efforts and the appropriate
relationships among them matter greatly. It is the job of an R&D coordi-
nating function to provide this clarity of roles and responsibilities. Effec-
tive coordination could save money, reduce effort, increase the likelihood
of success, and reduce the risk of high-risk research projects.

The committee was impressed by the annual NARP symposium and
found the introductory day of short presentations a worthwhile occasion
for others within NGA and its related agencies to learn about NARP-
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funded research. Nevertheless, the appearance was that little else was
done within NARP to ensure that the results of NGA-funded research
found their way throughout the agency. There would be significant ben-
efits from closely matching NARP projects and scientists with specific
NGA programs, and from promoting and disseminating scientific results
within NGA in general. This is a complex task, involving the entire col-
laborative of groups involved in NGA research. In part, it could involve
making reporting and dissemination more central to NARP projects, just
as NSF has expanded the role of promoting the broad significance of the
research it funds. Consequently, the committee recommends the following.

RECOMMENDATION 14: Define clear roles, responsibilities, and
relationships for the various types of organizations that conduct
and disseminate results from R&D in NGA’s priority areas (e.g.,
universities, research institutes, national labs, product companies,
system integrators, consortia) in order to increase the effectiveness
of this multifaceted research program.

With respect to Recommendation 14, the committee discussed the
NSF’s Integrative Graduate Education and Research Traineeship (IGERT)
program and found in it a good model for the simultaneous training and
educational advancement of scientists of interest to NGA and for the
advancement of NGA’s research goals. One immediately attainable goal
for NGA under this recommendation would be to work with NSF, per-
haps using a permanent liaison, to promote or fund one or more IGERTs
that explicitly meet NGA’s future GEOINT needs. This could be done
either by collaborating with NSF or by using the program as a model
within the existing research structures.  Other federal agencies find them-
selves in similar situations, and much could be gained by agency collabo-
ration in clarifying these roles.

Needs for Development: A Consistent and Flexible Architecture

NGA’s mission statement ties success closely to meeting the needs of
its users and customers. This group varies from the broader intelligence
community to the military services and coalition partners. It now includes
agencies more concerned with public safety and homeland security. If
NGA’s research is to meet the needs of its future customers, efforts must
be directed toward reducing the barriers between research and develop-
ment. This effort will have the benefit of reducing the time gap from
research project to working technology. NGA’s users can help this process
by providing feedback, but to succeed, theoretical research must take
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place in the context of NGA’s customers’ problems, so that the successes
of research can quickly transition to systems. One area that the committee
felt would help improve this transition is a better understanding by
researchers of NGA’s current systems architecture.

A computing and information architecture is the suite of hardware
and software components for a particular task, plus the human infrastruc-
ture and knowledge base needed for their effective use, including the data
models implemented and the paradigm, theory, or ontology embodied.
Based on interviews with NARP principal investigators and the committee’s
knowledge of the NGA research process, it appears that the next-generation
target architecture is not clearly defined or promoted by NGA to its R&D
community, nor is a baseline architecture defined by NGA for use by its
R&D community. Having a better understanding of the overall environ-
ment would help researchers and developers more effectively direct and
transfer the results of their research to meet NGA’s needs.

In lieu of a well-articulated architecture for research purposes,
research projects will tend to focus on currently interesting, but isolated,
analytical capabilities. The unintended consequence of this is that many
of NGA’s R&D investments lead by default to incremental improvements
to the existing technology baseline, rather than to the next-generation
National System for Geospatial Intelligence (NSG) called for by the NGA
vision and doctrine. Also, without a clear understanding of the overall
architectural environment, it is difficult to effectively propose research
projects that are likely to be transferable to operational systems. Every
R&D project is different and can lead to different “artifacts,” including
application programming interfaces (APIs), commercial off-the-shelf
(COTS) plug-ins, schemas, architectures, system products, papers, gradu-
ate student mentoring strategies, and more. Yet, for instance, a researcher
might deliver a COTS plug-in to an application within NGA’s technology
baseline, but fail to deliver a robust or thread-safe API that might be used
in an autonomous process within an enterprise spatial data infrastructure.
To integrate the results of related projects under the current architecture,
NGA must devote extra resources to defining and communicating its
architecture. The need for this expenditure could be obviated by develop-
ing exemplar or template architecture guidelines to which external
researchers must adhere in delivering project results.

The committee notes that relatively few NARP projects transition
from three-year research to five-year development activities. NGA can
benefit from assisting more projects that lead to tangible NGA-related
products or prototypes. In order to get the most benefit from R&D projects
in terms of eventual technology transfer, the committee recommends the
following.
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RECOMMENDATION 15: Define and publicly articulate the
current and future geospatial information systems architecture at a
level of detail sufficient for researchers to design projects that are
easily integrated with it.

RECOMMENDATION 16: Be explicit about how the results of R&D
projects can be incorporated into current and future architectures,
and provide administrative support to researchers and developers
to ensure that they are connected with the appropriate NGA staff
and contractors to facilitate technology vetting and transfer.

International R&D Coalition

Although most of NGA’s R&D programs do not forbid the involve-
ment of non-U.S. nationals, companies, and institutions, there is little
involvement in NGA’s R&D portfolio by citizens and corporations from
coalition countries. This has the consequences of loss of benefit from strands
of research being actively addressed by external research groups, under-
appreciation of the research directions and potential future architectural
developments of allies, and given a shortage of first-rate geospatial
research expertise globally, loss of an intellectual contribution from lead-
ing research groups that could accelerate NGA’s research time scales. The
committee noted several instances in which minor problems resulting
directly from the ability or inability to share information and techniques
became sufficient to restrict the scope or execution of research. The com-
mittee therefore recommends the following.

RECOMMENDATION 17: Work to broadly involve the geospatial
science and technology R&D community from coalition countries,
to ensure that NGA has access to the broadest possible pool of
expertise.
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6

Priorities for NGA GEOINT Research

The National Geospatial-Intelligence Agency (NGA) faces an extra-
ordinary challenge in the years ahead in moving from an intelligence
environment that remained essentially unchanged during the Cold War,
to an era of ubiquitous and real-time geospatial intelligence (GEOINT).
The decision to redesign NGA around the concept of GEOINT was sound.
Yet the hard research problems faced by NGA in the years ahead will
require a concerted effort to devote resources to developing the new
approach and to nurturing the revised and expanded collaboration among
the intelligence community, government, industry, and academia neces-
sary for achieving this goal.

The committee feels that NGA’s new doctrine and vision statement
offers an impressive view of the way forward. Nevertheless, NGA is a
large government agency, with a definitive culture and workforce and
with capabilities that need to be considered as the doctrine is upheld and
the vision implemented. Many challenges in the years ahead will be
related to human and organizational infrastructure as much as to technical
and methodological architecture.

The committee’s charge was to examine the hard problems in geospatial
science that must be addressed to improve geospatial intelligence, and to
identify promising methods and tools in geospatial science and related
disciplines that can be brought to bear on national security and homeland
defense problems. Most of the committee’s recommendations address this
charge directly, and Chapter 4 structures the identification of problems
and methods around the “top 10” priority list generated by the NGA.
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However, it is also useful to put the problems in the context of the actual
process of doing GEOINT, to better show how research will support the
evolution of the various steps in the GEOINT process.

The next section puts forward a framework that describes the
GEOINT2 process and information flow and then correlates the hard prob-
lems identified in Chapter 4 with the steps in the framework. Whereas the
top 10 challenges are focused on the overall process and its outcomes, the
framework described below is focused more on the individual steps of
the process. Looking at the hard problems in both ways will allow the
development of a more organized and robust research agenda and clarify
the needed prioritization. These priorities are covered later in this chapter.

GEOINT2 PROCESS FLOW

The key stages in geospatial information handling are to acquire, iden-
tify, integrate, analyze, disseminate, and preserve. In prior eras, these were
separate and quite distinct tasks, even compartmentalized in terms of secu-
rity. Early era space surveillance, for example, included segments of this
cycle that took place in different states, at different times, and with differ-
ent skills and affiliations such that most participants had no concept of the
remainder of the cycle or were even aware that there was a cycle. This is
the environment in which today’s GEOINT evolved, yet the NGA vision
recognizes that the Cold War compartmentalized model is no longer
adequate. A cycle that once could take months must now happen in
minutes. There is no longer time to rely on fortuitous knowledge synthesis,
nor can the system depend on specialists who spend their entire careers
on a single problem.

The GEOINT2 analysis framework as envisioned by this committee is
shown in Figure 6.1. The framework operates within, and is supported
by, the existing cyberinfrastructure to sustain on-demand intelligence, to
monitor and minimize uncertainties, and to preserve semantics in data
and in GEOINT. GEOINT is a circular flow from newly acquired data to
archived result. Yet thinking of the framework as a processing cycle with
a clear beginning and end is a fallacy. In reality, new data arrive in a
never-ending stream from instruments and the Internet. Thus, data input
is a network of networks, remote sensing systems, cyberinfrastructure,
sensor webs, additional intelligences (INTs), and so forth. Flowing out of
the cycle is knowledge, in the form of specific decisions, reports, and
actions, but also flowing back from this knowledge are new data. Both
preservation and dissemination are outputs to specific communities, the
“customers” for intelligence, but they are also sources of new data for
future use. In GEOINT2, it should be as easy to acquire existing data with
embedded links to the current time period as it is to acquire new data or
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FIGURE 6.1 GEOINT2 information flow.
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images. Expanding and building on prior and existing knowledge in
addition to new data will permit the establishment of a knowledge-based
GEOINT2. Much of the necessary research and development for GEOINT2
is required to improve these stages, whereas some issues are overarching
and impact all parts of the cycle and their synthesis.

The stages of the information cycle, as imagined operating under
GEOINT2 and illustrated in this framework, can be expanded as follows.

Acquire. Information acquisition incorporates targeted gathering strate-
gies and intelligent preprocessing and filtering, to collect no more and no
less information than is required. A current strategy is to collect every-
thing. In GEOINT2, the goal is to collect only what has changed.

Identify. This operation starts with specific intelligence tasks and identi-
fies the information resources required to address the problem. This is
followed by pre-processing of individual retrieved datasets, to filter,
enhance, or segment out of them the required task-specific content. Image
processing extracts features and identifies patterns and anomalies. Current
classification methods are automated but still require some degree of
manual oversight for interpretation. Identification in urban scenes is a
special problem due to the rate at which items change and because of the
amount of indoor, under-canopy, and under-ground activity. Tasks of
identification include embedding data with “hidden” metadata and lineage
information (watermarking) and the discovery of pseudosignatures or
other image deception. As features are identified or tracked within a
dataset, evidence of uncovered content could be automatically stored in
the permanent metadata record. As the data move through the rest of the
framework, these metadata are progressively augmented. By the time the
preservation phase of the framework is reached, a chronological tag of
successful (and failed) applications of the data should initiate the trans-
formation of an archive that simply contains data into a self-describing
knowledge base.

Integrate. Data acquired from multiple sensors carry varying granularity,
geometric type, time stamps, and registered footprints. Data fusion recti-
fies coordinate positions to establish which features have not changed
over time in order to focus on what has changed. The fusion, however,
involves confronting several hard problems discussed in Chapter 4, includ-
ing spatial and temporal conflation, dealing with differential accuracy and
resolutions, creating the ontologies and architectures necessary for inter-
operability, and managing uncertainty with metadata.
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Analyze. The dependence of geospatial data on resolution, proximity, and
local context creates special problems for conventional forms of spatial
analyses. NGA additionally needs to support real-time and near-real-time
analysis of battlefield planning scenarios including, where appropriate,
spatial optimization problems (e.g., trafficability) and trade-off analysis
using distributed computing technologies. Hard problems of relevance
include the integration of analytical results into salient displays, integrat-
ing high-performance computing (HPC), and communicating uncertainty
in the analytical stages. The analysis flow itself is an important part of
metadata, and while new capabilities in geographic information systems
(GIS), (e.g., Environmental Systems Research Institute’s model-builder)
facilitate this, much work remains to be done.

Disseminate. Disseminating intelligence as it is prepared forms a major
part of NGA activities because it impacts operations planning, distributed
and collaborative GEOINT, and augmented reality (the concurrent use of
map and/or image data to augment one’s view of a real landscape). The
traditional paper map or image photo print and physical distributions
and publishing have still to yield completely to digital representations
and Internet distribution. As noted above, successful sharing of data and
information analysis results will require shared standards describing data
format and meaning among the systems used by different agencies and
including provenance, workflow, and uncertainty information.

Preserve. Preserving geospatial information poses several challenges, par-
ticularly in terms of the volume of information that is collected (currently
on the order of terabytes per day). Challenges include dealing with the
sheer redundancy of much of the information that is collected, the diffi-
culties involved with indexing for efficient cataloging and retrieval, and
the security and declassification policies that must be established to pro-
tect both discovered and as-yet-undiscovered intelligence.

HARD PROBLEMS IN THE CONTEXT OF THE
GEOINT2 FRAMEWORK

This section links the hard problems (as summarized in the recom-
mendations) identified in Chapter 4 with the steps in the GEOINT2 frame-
work described above. It then gives a priority to each of the recommenda-
tions. The process recommendations from Chapter 5 are also prioritized.
Priorities are assigned numerical levels 1, 2, and 3. Priority 1 research is
considered vital, immediate in terms of support needs, and a prerequisite
to higher priorities. Priority 2 needs are problems that require solution if
the preconditions for the GEOINT2 transition are to be met. Priority 3
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involves research that is necessary to complete the full set of GEOINT2
demands.

Acquire

Three recommendations relate primarily to geospatial data acquisi-
tion. Recommendation 10 seeks to widen the scope of data input to include
not just the more traditional static targets but also to include moving
objects. Moving targets are literally harder to hit because they demand
data synthesis (1) across sensors, (2) across scales and resolutions,
(3) across the spectrum, and (4) in time. In the 2020 scenario in Box 2.2, the
target is not a single point, nor is it a building or object. What is significant
is the convergence of multiple sources of information on an action point
and time, which is the choice of the person on the ground. No one sensor
provides all of the necessary data, nor could it. Data and information
fusion, however, are indeed in their infancy. Without this capability, and
the theory, methods, and technology to support it, GEOINT2 would not
be possible. This recommendation is therefore assigned Priority 2.

Recommendation 1 is similar, but recognizes that sensor network
research should focus on the impact of sensor networks on the entire
knowledge assimilation process. Stated succinctly, this recommendation
warns that sensor networks cannot be thought of in the same way as
imagery intelligence (IMINT). Sensors can inform the entire cycle and pro-
vide useful and essential links at all stages. Dissemination, for example, in
the push-pull Internet model, is simply allowing NGA intelligence to be
input to other processes in other agencies and services. Here NGA must
seek its place within the vast array of public, commercial, and government
information environments and technologies, both as information and knowl-
edge supplier and as a consumer through sensor networks that are beyond
its control, but essential for its operations. Given that sensor networks
will develop independently of NGA’s needs and that NGA will not be the
only user or supplier of them, this research need is rated as Priority 3.

Recommendation 3 is also of importance for the acquisition phase and
recognizes the demands that GEOINT2 will place on database manage-
ment systems. The recommendation targets research at ensuring that
current database architectures scale up to meet the demands of agile
geospatial sensor networks. With a vast variety of sensors, remote and
otherwise, and with a substantial increase in data volumes from all sensors
due to increased spectral, spatial, and temporal resolution, the likelihood
of failure of the existing models is high. If NGA participates in supporting
basic research in this area, it will help ensure that new architectures are
available when NGA needs them. This is a high-priority need and so is
assigned Priority 2.
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Identify

On the important topic of identification, the committee makes a single
recommendation (Recommendation 2): Research should be encouraged
on spatiotemporally enabled geospatial data mining and knowledge dis-
covery, on the visualization of time-space, and on the detection and
description of time-space patterns such as trajectories. This recommenda-
tion formalizes the importance placed by the committee on the need to
move away from static GEOINT, such as maps and images, toward data
streams linked to features moving against a background of more static,
but still changing, reference data. This means not simply being able to
update the spatial information framework rapidly (e.g., imagery, vector
cultural data, place names, vegetation, digital elevation model), but also
being able to identify and recognize patterns, repetitions of prior move-
ments, time-space structures, and so forth. Examples might be tracking a
vehicle as it moves across the landscape, perhaps with multiple sensors;
recognizing a movement pattern from the past (e.g., distinguishing between
a routine and a special boat patrol); or entire development patterns (e.g.,
systematic movement of troops or material toward a border, or the large-
scale planned digging of mass graves). The committee ranks the ability to
manage, detect, and encode both small- and large-scale movement pat-
terns as Priority 1. Without these tools, little can be done to migrate to
GEOINT2, and similarly, the challenges are evident in existing and near-
term systems.

Integrate

Issues of integration are generally a matter of achieving interoperability
of concepts, systems, and data. The committee strongly believes that a
common ontology for time-space data is necessary before a next-generation
architecture can emerge. This is also the key to data sharing with other
agencies and with coalition partners. Five recommendations fall into this
stage of the intelligence cycle. Recommendation 7 recognizes the broad
need to raise the level of academic scholarship on fusion, especially of
geospatial data. There are a host of critical issues that have to be con-
fronted. How are different data sources matched with each other
seamlessly? Where do problems of scale compatibility make fusion diffi-
cult or impossible? How are data from one spatial sampling system (e.g.,
points or pixels) matched with data from others (e.g., census tracts, police
districts). At the syntactic level, how literally can data formats be mean-
ingfully conflated, given that both have independently measured locations
and identifications for what should be the same objects? This recommen-
dation is assigned Priority 3, being more long-term oriented.
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Recommendation 3 impacts the integrate phase as well as the acquire
phase as described above. At the syntactic interoperability level, Recom-
mendation 3 targets the ability of current database architectures and data
models to scale up to meet the demands of agile geospatial sensor net-
works. If NGA is to meet its projected needs, this problem is likely to
become of concern in the very near future. It is assigned Priority 2 only
because the current architectures may be able to meet some future needs
without disruptive changes in technology. Nevertheless, this capacity can-
not be relied upon in the longer term.

Recommendation 8 stresses the importance of toponymy for inter-
operability. As data find their way from the huge variety of sources, in
various forms and formats, it is simple language that holds one of the
keys to integration. While NGA’s capabilities around toponymic services
are exemplary, to go to the next stage (i.e., to fully integrate the Internet,
news feeds, intelligence reports, presidential daily briefing summaries),
the walk between places as text and places as coordinates must be a robust
transformation. Text-based sources must be up-to-date, reliable, and
authoritative. The algorithms that allow them to extract coordinates must
also be, and they must function quickly and accurately. At the very least,
NGA needs superior capabilities to on-line systems such as MapQuest
worldwide that support the use of multiple languages. The committee
assigns advanced toponymic services to Priority 2.

Recommendation 9 seeks research to promote the reuse and preser-
vation of data. Past preservation paradigms have been based on the tile
(e.g., a map sheet or image scene) or on a collection (a revision, a map
series, or a whole instrument’s coverage). GEOINT2’s most difficult chal-
lenge is that the key operation unit of the GEOINT database should be the
feature. Features appear in multiple sources and need to be searchable
across sources. A typical image search from the Cold War era was to find
all features in all (identical) images that match a specific template, such as
a missile silo or a henhouse-shaped radar building. Such tasks could be
automated because the target was essentially fixed and invariant. With
sensor fusion, each sensor (or intelligence source) has a different pattern
for the same object. To a pressure-sensitive smart-dust mote, a particular
tank is recognized by its weight, magnetic signal, or sound. To a remotely
sensed image, it is a fixed-shape object that is darker than its surround-
ings. To a video camera on a Predator, it may be a distant exhaust plume
or dust cloud. All data should be brought together and used collectively
to assert the existence of the object and then compute its position, velocity,
off-road capability, time-space trajectory, and so forth. This approach is
strengthened when past data can be used for matching too, but only if the
signal has been detached from the reference frame in which it was cap-
tured and converted into smart data at the feature level. Similarly, features
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that encode their own descriptions and histories are self-contained and
can be stored and searched in innovative ways. The committee assigns
this recommendation to Priority 2, recognizing that its requirements will
be disruptive to existing software and database systems. Recommenda-
tion 11 seeks the creation of a complete descriptive schema for geospatial
objects of importance to GEOINT—that is, a fully formalized GEOINT
ontology. As a top-down exercise, perhaps led by analysts, and concen-
trating on analysis tasks rather than the particulars of sensor systems, this
recommendation sets the scene both for the development of the database
architecture for GEOINT2, and for a more effective GEOINT. What are
the objects of interest to interpreters and analysts? How are they described?
How do they move? What are their relations (1) to the geographical envi-
ronment and (2) to each other? On the surface this is an abstract exercise
but a critical one. The committee assigns this task Priority 3.

Analyze

Recommendation 4, while directed at all stages of the intelligence
cycle, is probably most applicable to the analysis phase. The recommen-
dation is that research should be directed toward the determination of
what processes are most suitable for automated processing, which favor
human cognition, and which need a combination of human-machine
assistance. With the demands for intelligence at their peak when the
analyst does his or her work, this recommendation seeks to create a
research task out of determining how the job is conducted, what informa-
tion is needed during which tasks, and how the computer can either do
work, assist, or just get out of the way. When, for example, is too much
information a detriment rather than help? How does an analyst shut out
information while filtering or scanning? How can salient information be
brought to an analyst’s attention without distraction? What happens when
the analyst is also the field operative, conducting the analysis in real time
on the battlefield? The foundation in human spatial behavior and cogni-
tion can be of help in this task. The committee assigns this recommenda-
tion Priority 2.

Given the importance to NGA of visualization of GEOINT data,
Recommendation 5 suggests that research should be supported that
investigates new methods of data representation that facilitate visualiza-
tion. Again, although visualization is likely to be of most use in analysis
and identification, there are few parts of the intelligence cycle in which
visualization is not useful. New methods such as latent semantic indexing,
the semantic web, and self-organizing maps are able to take nonspatial
data and use spatial visualization methods to seek pattern. Visualization
research has other funders and disciplines for support, and that research
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is robust. Nevertheless, the committee assigns this recommendation
Priority 2.

Disseminate

Recommendation 12 directs NGA research toward the particular
needs of geospatial data for protection with multilevel security and the
processing of data so that they resemble public domain or commercially
produced structures and formats. Anecdotally, the committee heard that
this problem was “eating our lunch” and of the highest priority. While
cryptography is well supported in terms of research, the lack of attention
to geospatial data and the need for short- and long-term solutions lead the
committee to assign this recommendation to Priority 1.

Preserve

Recommendation 9, the reuse and preservation of data, also impacts
the integrate phase and is described above in that section. The preserve
step is also impacted by Recommendation 6. The goal of self-describing
feature-level data is ambitious. Few commercial database systems are
designed to handle these data and even fewer in large volumes. The benefits
of Recommendation 6, while also generic to all phases of the GEOINT
cycle (i.e., NGA should ensure that the special needs of geospatial data
are met by high-performance grid computing), are most likely to be
pertinent to the archiving and retrieval of data after the fact. Given the
unprecedented data volumes, and the relatively slow speed with which
GIScience (geographic infromation science) is interacting with HPC and grid
computing, plus the availability of the national laboratories, much could
be done to advance the research frontier now to NGA’s advantage. This
recommendation is assigned Priority 2.

Table 6.1 summarizes the hard problems by framework step.

The Research Process

Some of the recommendations refer not to the framework, but to the
overall process of doing research. Recommendation 13 states the
committee’s strong support for the peer review process in NGA research.
Other federal agencies, such as the National Science Foundation, are
exemplars in this respect. Few NGA research funding mechanisms would
need to be outside the peer review process, and innovative mechanisms
could be used to ensure their quality. The NGA Academic Research Pro-
gram (NARP) is off to a solid start in this regard, but it could benefit from
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TABLE 6.1 Hard Problems in the Context of GEOINT2 Framework

GEOINT Recommen-
Framework Step Hard Research Problems dation

Acquire Assimilation of new, numerous, and disparate 1
sensor networks within the tasking, processing,
exploitation, and dissemination (TPED) process

Detection of moving objects from multiple 10
heterogeneous intelligence sources

Spatiotemporal database management systems 3

Identify Spatiotemporal data mining and knowledge 2
discovery from heterogeneous sensor data streams

Integrate Image data fusion across space, time, spectrum, 7
and scale

Spatiotemporal database management systems 3

Role of text and place name search in data 8
integration

Reuse and preservation of data 9

GEOINT ontology 11

Analyze Process automation versus human cognition 4

Visualization 5

Disseminate Multilevel security 12

Preserve High-performance grid computing for geospatial 6
data

Reuse and preservation of data 9

additional attention to the peer review process, including feedback to its
collaborators. This recommendation is assigned Priority 1.

The casual reader of Chapter 2 would probably become confused
about the number and diversity of means by which NGA research brings
new knowledge and ideas forward. Recommendation 14 calls on NGA to
define clear roles, responsibilities, and relationships for the various types
of organizations that conduct and disseminate results from research and
development (R&D) in NGA’s priority areas. There appears to be some
room for more synthesis and perhaps consolidation that could benefit
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NGA’s programs and directorates. This recommendation is assigned
Priority 3.

Recommendation 15 suggests that NGA define and publicly articu-
late the current and future geospatial information architecture, at a level
of detail sufficient for the integration of future prototype systems and
components. The goal of this task is to align and interoperate current and
near-future systems. This task is not difficult; indeed, it is development
rather than research. By choosing a set or suite of components, or even a
set of rules and specifications, immediate orders-of-magnitude improve-
ments in interoperability will be possible, at least at the data exchange
level. It will also help NARP to move more projects into years four and
five, where actual products can result from research. Too few demonstra-
tion prototypes find their way into operational systems and, thus, never
get the chance to have an impact. A common architecture, or even a loose
set of desirable traits, may be sufficient. This recommendation is assigned
Priority 1. Recommendation 16 asks that NGA be explicit about how the
results of R&D projects can be incorporated into current and future archi-
tectures. This recommendation seeks closer collaboration among NGA’s
disparate research community, a goal that may not be a “hard problem,”
and so is assigned Priority 3.

Recommendation 17 is a response to NGA’s own goal of working
more closely with the geospatial science and technology R&D community
from coalition countries. This not only ensures access to human capital
and deals partially with the shortage of people trained in GIScience, but
also builds future collaborations that could have lasting value. Naturally,
this recommendation depends highly on the assurance of new means of
horizontal integration and so is assigned Priority 3.

Table 6.2 summarizes all of the recommendations by priority.

CONCLUSIONS

All told, the series of recommendations made in this report are the
result of a considerable amount of research, reflection, and discussion
among the members of the committee. With the broad representation
reflected by the committee’s membership, there is consensus that these
recommendations represent considerable wisdom, and not a small amount
of “intelligence.” The committee urges NGA to consider them carefully.

A next stage in consideration of these hard problems would be for
NGA to work with its partners both within and outside the intelligence
community to create a research agenda. Publication of this agenda would
have the dual benefits of informing NGA’s research partners of the sense
of priorities for research at NGA and making the problems tangible; it

Copyright © National Academy of Sciences. All rights reserved.

Priorities for GEOINT Research at the National Geospatial-Intelligence Agency 
http://www.nap.edu/catalog/11601.html

http://www.nap.edu/catalog/11601.html


PRIORITIES FOR NGA GEOINT RESEARCH 85

could also serve as a guidance document for future Broad Area Announce-
ments and directed research requests. When linked to the more abstract
but critical doctrine guidance provided by NGA’s leadership, the agency
will be well on the way to the design and implementation of GEOINT2,
the geospatial intelligence infrastructure for the twenty-first century.

TABLE 6.2 Prioritization of Hard Problems and Recommendations

Recommen-
Priority Hard Problem, Recommendation dation

1 Spatiotemporal data mining and knowledge discovery 2
from heterogeneous sensor data streams

Multilevel security 12

Increase use of peer review 13

Communicate current and future architecture to researchers 15

2 Spatiotemporal database management systems 3

Process automation versus human cognition 4

Visualization 5

High-performance grid computing for geospatial data 6

Role of text and place name search in data integration 8

Reuse and preservation of data 9

Detection of moving objects from multiple heterogeneous 10
intelligence sources

3 Assimilation of new, numerous, and disparate sensor 1
networks within the tasking, processing, exploitation, and
dissemination (TPED) process

Image data fusion across space, time, spectrum, and scale 7

GEOINT ontology 11

Define roles of various research participants 14

Define how projects fit into architecture 16

Collaborate with coalition countries on geospatial R&D 17

NOTE: Bold indicates hard problem; no bold indicates process recommendation.
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List of Acronyms

ACTD Advanced Concept Technology Demonstration
API application programming interface
ARIVA Advanced Research in Interactive Visualization for Analysis

BAA Broad Area Announcement
BARO Basic and Applied Research Office

CBRTA Chemical, Biological, and Radiological Technology Alliance
CIA Central Intelligence Agency
COTS commercial off-the-shelf
CRADA cooperative research and development agreement

DARPA Defense Advanced Research Projects Agency
DBMS Database Management Systems
DHS Department of Homeland Security
DMA Defense Mapping Agency
DoD Department of Defense
DTO Disruptive Technology Office

FGDC Federal Geographic Data Committee

GEOINT geospatial intelligence
GIS geographic information systems
GIScience geographic information science
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GML geography markup language
GPS Global Positioning System

HBCU-MI Historically Black Colleges and Universities and Minority
Institutions

HPC high-performance computing
HPGIS high-performance geospatial intelligence systems

IC intelligence community
IFSAR interferometric synthetic aperture radar
IGERT Integrative Graduate Education and Research Traineeship
IMINT imagery intelligence
INT intelligence
I/O input-output
IT information technology

LAN local area network
LBS location-based services
LIDAR light detection and ranging

MULTI-INT multiple types of intelligence

NARP NGA Academic Research Program
NGA National Geospatial-Intelligence Agency
NIMA National Imagery and Mapping Agency
NPIC National Photographic Interpretation Center
NRC National Research Council
NRO National Reconnaissance Office
NSA National Security Agency
NSF National Science Foundation
NSG National System for Geospatial Intelligence
NTA National Technology Alliance
NURI NGA University Research Initiatives

OGC Open Geospatial Consortium
OID object identifier
OMB Office of Management and Budget

R&D research and development
RDF resource development framework

SAR synthetic aperture radar
SBIR Small Business Innovation Research
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S-DBMS spatial database management system
SDTS spatial data transfer standard
SOLAP Spatial OnLine Analytical Processing
STAR Synergistic Targeting Auto-extraction and Registration
ST-DBMS spatiotemporal database management system

TPED tasking, processing, exploitation, and dissemination

UCGIS University Consortium for Geographic Information Science
UML unified modeling language
USGS U.S. Geological Survey

XML extensible markup language
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Appendix B

Biographical Sketches of
Committee Members and Staff

Keith C. Clarke (chair) is a research cartographer, professor, and chair of
the Geography Department at the University of California, Santa Barbara
(UCSB). He holds a B.A. degree with honors from Middlesex Polytechnic,
London, England, and an M.A. and Ph.D. from the University of Michigan,
specializing in analytical cartography. Dr. Clarke’s recent research has
been on environmental simulation modeling, on modeling urban growth
using cellular automata, on terrain mapping and analysis, and on the
history of the CORONA remote sensing program. He is the former North
American editor of the International Journal of Geographical Information
Systems and is series editor for the Prentice Hall Series in Geographic
Information Science. In 1992 he served as science adviser to the Office of
Research, National Mapping Division of the U.S. Geological Survey
(USGS) in Reston, Virginia. Since 1997, he has been the Santa Barbara
director of the National Center for Geographic Information and Analysis,
and since 2001, he has chaired the Geography Department. He served as
president of the Cartographic and Geographic Information Society for
2000-2001, chaired the American Congress on Surveying and Mapping’s
Communications Committee until 2005, and was a 2005 winner of the
USGS’s John Wesley Powell Award. In 2002-2003, Dr. Clarke chaired the
National Research Council (NRC) Committee on the U.S. Geological Sur-
vey Concept of The National Map, and he is currently chair of the NRC’s
Mapping Science Committee.

Marc P. Armstrong is professor and chair of the Department of Geography
at the University of Iowa where he also holds an appointment in the
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Graduate Program in Applied Mathematical and Computational Sciences.
Dr. Armstrong’s Ph.D. is from the University of Illinois at Urbana-
Champaign. A primary focus of his research is on the use of parallel pro-
cessing to improve the performance of analysis methods used in spatial
decision support systems. Other active areas of interest are in mobile com-
puting, privacy aspects of geospatial technologies, and evolutionary
computation. Dr. Armstrong has served as North American editor of the
International Journal of Geographical Information Science, associate editor of
Cartography and Geographic Information Science, co-director of Auto-Carto
11, and conference chair for GIS/LIS ’94. He now serves on the editorial
boards of the International Journal of Geographical Information Science,
Cartography and Geographic Information Science, and Geographical Analysis.
Dr. Armstrong has published more than 100 academic papers including
articles in a wide variety of peer-reviewed journals such as Annals of the
Association of American Geographers, Environment and Planning A, B & C,
Photogrammetric Engineering and Remote Sensing, Geographical Analysis,
Geographical Systems, Journal of the Urban and Regional Information Systems
Association, Statistics and Medicine, Mathematical Geology, Computers & Geo-
sciences, International Journal of Geographical Information Science, Computers,
Environment and Urban Systems, and Journal of the American Society for
Information Science.

Budhendra L. Bhaduri is leader of the Geographic Information Science
and Technology Group in the Computational Sciences and Engineering
Division at Oak Ridge National Laboratory. He holds a Ph.D in earth and
atmospheric sciences from Purdue University, M.S. degrees in geology
from Kent State University and the University of Calcutta, India, and a
B.Sc. with honors in geology from the University of Calcutta. Dr. Bhaduri
conceives, designs, and implements innovative computational methods
and simulation algorithms to solve a variety of problems in land cover
modeling, natural resource management, emergency management, and
transportation studies using geographic information system and image
analysis techniques. Current projects include LandScan and LandScan
USA (a high-resolution population distribution and population dynamics
model and database); a systems-level model for advanced geospatial tech-
nologies using large-scale spatial data from the Tennessee Base Mapping
program; an Image-to-Intelligence Archive for large-scale image data-
bases; and a project to enhance intelligent consequence management with
evolving spatial technologies. Dr. Bhaduri has published widely in the
academic literature, provided technical reviews for a number of scientific
journals, and is a lead theme writer on the first National R&D Plan for
Critical Infrastructure Protection, Department of Homeland Security,
Science and Technology Directorate.
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Barbara P. Buttenfield is professor and associate chair of the Geography
Department at the University of Colorado in Boulder and director of the
Meridian Lab, a research facility focusing on visualization and modeling
of geographic information and technology. She received her Ph.D. from
the University of Washington. Dr. Buttenfield’s research focuses on algo-
rithms for web-based data delivery, multiscale geospatial database design,
and visualization of uncertainty in environmental modeling. She was an
original co-principal investigator (Buffalo site) for the National Science
Foundation (NSF)-funded National Center for Geographic Information
and Analysis, leading research initiatives on multiple representations, for-
malizing cartographic knowledge, and visualizing spatial data quality.
She was an original co-principal investigator for the Alexandria Digital
Library Project, in collaboration with the University of California, Santa
Barbara, and led the User Interface Evaluation team during its early years.
Dr. Buttenfield spent a one-year research sabbatical at the U.S. Geological
Survey National Mapping Division in Reston, Virginia (1993-1994), dur-
ing which time she worked at the Library of Congress and participated in
the Federal Geographic Data Committee efforts to develop and imple-
ment the National Spatial Data Infrastructure. She has co-edited two
books: Map Generalization: Making Rules for Knowledge Representation
(Longman, 1991)  and Digital Library Use: Social Practice in Design and Evalu-
ation (MIT Press, 2003). Dr. Buttenfield is a past president of the American
Cartographic Association and a fellow of the American Congress on Sur-
veying and Mapping (ACSM). She was a member of NRC’s Mapping Sci-
ence Committee (1992-1998), the NRC Panel on Distributed Geolibraries
(1997-1999), and the NRC Panel on Research Priorities in Geography at
the U.S. Geological Survey (2001-2002). She currently serves on the edito-
rial boards of the Annals of the Association of American Geographers (Meth-
ods, Models and Geographic Information Science), the URISA Electronic Jour-
nal, Cartographica, and Cartography and GIS. In 2001, she was named GIS
Educator of the Year by the University Consortium for Geographic Infor-
mation Science.

Mark N. Gahegan is a professor of geography and associate director of
the GeoVista Center at the Pennsylvania State University. His research
interests are in geographic information science, visualization, semantic
models of geography, geocomputation, digital remote sensing, artificial
intelligence tools, spatial analysis, Voronoi diagrams, databases, and
qualitative spatial reasoning. Dr. Gahegan’s editorial roles include Geo-
graphical Analysis, Cartographica, Transactions in GIS, Computers, Environment
and Urban Systems, and Computers & Geosciences. He is editor (Americas
region) of the International Journal of Geographical Information Science and is
a member of the international steering committee for the GeoComputation
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conference series. Dr. Gahegan directs two large open-source develop-
ment projects: GeoVISTA Studio (www.geovistastudio.psu.edu), a visual
problem-solving environment directed at supporting scientific analy-
sis across a range of earth science applications and ConceptVista
(www.geovista.psu.edu/Conceptvista), a concept mapping-ontology visual-
ization and analysis environment. He is also a technical representative to
the Open Geospatial Consortium. Dr. Gahegan received his B.S. at the
University of Leeds, UK, and his Ph.D. from Curtin University, Australia.

Michael J. Jackson has a chair in geospatial science and is director of the
Centre for Geospatial Science at the University of Nottingham, UK. Prior
to this appointment he was director, Space, at QinetiQ Ltd (previously the
UK Defence Evaluation and Research Agency). He has a background in
high-tech software and service organizations in both government and
industry, with a focus on space and geospatial information. Dr. Jackson’s
other previous appointments include being (1) head of Location Platform
for Hutchison 3G responsible for the design and implementation of
Hutchison Wampoa’s global 3G location-based mobile Internet services
(2000-2002); (2) Chief Executive Officer (CEO) of Laser-Scan Holdings
(1986-2000); and (3) head of Thematic Information Services at the Natural
Environment Research Council (1981-1986). He was a Nuffield and
Leverhume Research Fellow between 1978 and 1979 (mainly in the United
States, at the U.S. Geological Survey and the University of California,
Santa Barbara), and from 1974 to 1978 was a senior research officer with
the Planning Intelligence Directorate at the UK Department of the Envi-
ronment. Dr. Jackson’s research interests are in geospatial interoperability,
data conflation and fusion, geospatial intelligence, geospatial databases,
and mobile communications. Dr. Jackson has a first-class honors degree
and a Ph.D. from Manchester University and an honorary doctorate of
technology from Kingston University. He is a fellow of the Royal Institute
of Chartered Surveyors and a fellow of the Royal Geographical Society.
He is also a non-executive director of the Open Geospatial Consortium
(OGC) and of other UK-based technology companies.

Shashi Shekhar is a McKnight Distinguished University Professor of
Computer Science and director of the Army High Performance Computing
Research Center at the University of Minnesota. He received a B.Tech.
degree in computer science from the Indian Institute of Technology,
Kanpur, India, and an M.S. in business administration and a Ph.D. in com-
puter science from the University of California, Berkeley. Dr. Shekhar was
elected a fellow of the Institute of Electrical and Electronics Engineers
(IEEE) for contributions to spatial database storage methods, data mining,
and geographic information systems. He is a co-editor-in-chief of Geo-
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Informatica: An International Journal on Advances in Computer Science for GIS
and is a member of the steering committee of the Association for Com-
puter Machinery (ACM) International Conference on Geographic Infor-
mation Systems. He served as a member of the Board of Directors of the
University Consortium on GIS (2003-2004) and has served on the editorial
boards of IEEE Transactions on Knowledge and Data Engineering and the
IEEE-CS Computer Science & Engineering Practice Board. Dr. Shekhar also
served as a program co-chair of the ACM International Workshop on
Advances in Geographic Information Systems in 1996. He has provided
technical advice to the United Nations Development Program, Environ-
mental Systems Research Institute, Microsoft, Minnesota Department of
Transportation, and Terradata. Dr. Shekhar co-authored a textbook on
spatial databases and has published more than 160 research papers in
peer-reviewed journals, books, conferences, and workshops. He is a member
of the Mapping Science Committee of the National Research Council.

Christopher Tucker is president and CEO of IONIC Enterprise, a com-
pany specializing in interoperable location-based services, web mapping,
distributed geoprocessing, and g-commerce. He provides software archi-
tectural consultation and expertise for clients in C4ISR (command, control,
communications, computers, intelligence, surveillance, and reconnais-
sance), earth observation, homeland security, e-government, and other
sectors. Dr. Tucker was a founder and chief strategic officer of In-Q-Tel,
the Central Intelligence Agency’s nonprofit venture capital fund. He
developed In-Q-Tel’s overall strategy for tackling the agency’s priority
information technology problems and managed technical projects; issues
of organizational design; and relations with the intelligence community,
industry, and media. Prior to In-Q-Tel, Dr. Tucker served as special
adviser to the executive vice provost of Columbia University, where he
also received his Ph.D., and was responsible for issues of strategic institu-
tional development, research portfolio management, federal science and
technology policy, and the organization of interdisciplinary research. He
is an ex officio member of the Board of Directors of the Open Geospatial
Consortium.

National Research Council Staff

Ann Frazier is a program officer with the Board on Earth Sciences and
Resources, coordinating mapping science activities. She has 23 years of
experience in science and engineering, including 10 years with the USGS
in geographic sciences. She focused on land cover change, urban growth,
ecological modeling, and application of geographic analysis and remote
sensing in interdisciplinary environmental studies. Prior to the USGS, Ann
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worked for 13 years in the aerospace industry on the Space Shuttle and
Space Station Programs. Ann has a B.A. in physics-astronomy, an M.S. in
space technology, a certificate in environmental management, and an M.S.
in geography.

Amanda M. Roberts is a senior program assistant with the Board on Earth
Sciences and Resources. Before coming to the Academies she interned at
the Fund for Peace in Washington, D.C., working on the Human Rights
and Business Roundtable. Amanda also worked in Equatorial Guinea,
Africa, with the Bioko Biodiversity Protection Program. She is a master’s
student at Johns Hopkins University in the Environment and Policy Pro-
gram and holds an M.A in international peace and conflict resolution from
Arcadia University, specializing in environmental conflict in sub-Saharan
Africa.
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