This PDF is available from The National Academies Press at http://www.nap.edu/catalog.php?record_id=12821

Frontiers of Engineering: Reports on Leading-Edge Engineering
from the 2009 Symposium

e National Academy of Engineering

978-0-309-14818-4
176 pages

6x9
PAPERBACK (2010)

@' Add book to cart ,O Find similar titles

Visit the National Academies Press online and register for...

Instant access to free PDF downloads of titles from the

NATIONAL ACADEMY OF SCIENCES
NATIONAL ACADEMY OF ENGINEERING
INSTITUTE OF MEDICINE

NATIONAL RESEARCH COUNCIL

10% off print titles
Custom notification of new releases in your field of interest

Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.
Request reprint permission for this book

THE NATIONAL ACADEMIES

Copyright © National Academy of Sciences. All rights reserved. Advisers to the Nation on Science, Engineering, and Medicne



http://www.nap.edu/catalog.php?record_id=12821
http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=12821&isbn=0-309-14818-9&quantity=1
http://www.nap.edu/related.php?record_id=12821
http://www.addthis.com/bookmark.php?url=http%3A%2F%2Fwww.nap.edu/catalog.php?record_id=12821
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http%3A%2F%2Fwww.nap.edu%2Fcatalog.php%3Frecord_id%3D12821&amp;pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=12821&title=Frontiers%20of%20Engineering%3A%20Reports%20on%20Leading-Edge%20Engineering%20from%20the%202009%20Symposium
http://api.addthis.com/oexchange/0.8/forward/stumbleupon/offer?pco=tbxnj-1.0&url=http%3A%2F%2Fwww.nap.edu%2Fcatalog.php%3Frecord_id%3D12821&pubid=napdigops
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http%3A%2F%2Fwww.nap.edu%2Fcatalog.php%3Frecord_id%3D12821&pubid=napdigops
http://www.nap.edu/
http://www.nap.edu/reprint_permission.html

Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

FRONTIERS OF
ENGINEERING

Reports on Leading-Edge Engineering
from the 2009 Symposium

NATIONAL ACADEMY OF ENGINEERING

OF THE NATIONAL ACADEMIES

THE NATIONAL ACADEMIES PRESS
Washington, D.C.
www.nap.edu

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

THE NATIONAL ACADEMIES PRESS ¢ 500 Fifth Street, N.W. « Washington, DC 20001

NOTICE: This publication has been reviewed according to procedures approved by a
National Academy of Engineering report review process. Publication of signed work signi-
fies that it is judged a competent and useful contribution worthy of public consideration,
but it does not imply endorsement of conclusions or recommendations by the NAE. The
interpretations and conclusions in such publications are those of the authors and do not
purport to represent the views of the council, officers, or staff of the National Academy

of Engineering.

Funding for the activity that led to this publication was provided by The Grainger Founda-
tion, Arnold O. and Mabel Beckman Foundation, Air Force Office of Scientific Research,
Defense Advanced Research Projects Agency, Department of Defense (DDR&E), National

Science Foundation, Microsoft Research, and Cummins, Inc.

International Standard Book Number-13: 978-0-309-14818-4
International Standard Book Number-10:  0-309-14818-9

Additional copies of this report are available from The National Academies Press, 500 Fifth
Street, N.W., Lockbox 285, Washington, DC 20055; (800) 624-6242 or (202) 334-3313 (in

the Washington metropolitan area); Internet, http://www.nap.edu
Printed in the United States of America

Copyright © 2010 by the National Academy of Sciences. All rights reserved.

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of
distinguished scholars engaged in scientific and engineering research, dedicated to the
furtherance of science and technology and to their use for the general welfare. Upon the
authority of the charter granted to it by the Congress in 1863, the Academy has a mandate
that requires it to advise the federal government on scientific and technical matters.
Dr. Ralph J. Cicerone is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of
the National Academy of Sciences, as a parallel organization of outstanding engineers.
It is autonomous in its administration and in the selection of its members, sharing with
the National Academy of Sciences the responsibility for advising the federal government.
The National Academy of Engineering also sponsors engineering programs aimed at
meeting national needs, encourages education and research, and recognizes the superior
achievements of engineers. Dr. Charles M. Vest is president of the National Academy of
Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences
to secure the services of eminent members of appropriate professions in the examination of
policy matters pertaining to the health of the public. The Institute acts under the responsibil-
ity given to the National Academy of Sciences by its congressional charter to be an adviser
to the federal government and, upon its own initiative, to identify issues of medical care,
research, and education. Dr. Harvey V. Fineberg is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in
1916 to associate the broad community of science and technology with the Academy’s
purposes of furthering knowledge and advising the federal government. Functioning in
accordance with general policies determined by the Academy, the Council has become the
principal operating agency of both the National Academy of Sciences and the National
Academy of Engineering in providing services to the government, the public, and the scien-
tific and engineering communities. The Council is administered jointly by both Academies
and the Institute of Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and
vice chair, respectively, of the National Research Council.

www.national-academies.org

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

ORGANIZING COMMITTEE

ANDREW M. WEINER (Chair), Scifres Family Distinguished Professor of
Electrical and Computer Engineering, Purdue University

STEPHANIE GUERLAIN, Associate Professor, Department of Systems and
Information Engineering, University of Virginia

SETH GUIKEMA, Assistant Professor, Department of Geography and
Environmental Engineering, Johns Hopkins University

LOUISE HAMLIN, Technical Manager, Next-Generation Image Spectrometers,
NASA Jet Propulsion Laboratory

EVA K. LEE, Associate Professor, School of Industrial and Systems
Engineering, Georgia Institute of Technology

MICHAL LIPSON, Associate Professor, Department of Electrical and Computer
Engineering, Cornell University

J. CHRISTOPHER LOVE, Texaco-Hangeldorf Career Development Assistant
Professor, Department of Chemical Engineering, Massachusetts Institute of
Technology

PATRICK O’MARA, Senior Transportation Engineer, STV, Inc.

NAREN RAMAKRISHNAN, Professor and Associate Head, Department of
Computer Science, Virginia Tech

NELSON TANSU, Associate Professor, Department of Electrical and Computer
Engineering, Lehigh University

Staff
JANET R. HUNZIKER, Senior Program Officer

VIRGINIA BACON TALATI, Program Associate
JACQUELINE M. MARTIN, Senior Program Assistant

v

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

Preface

In 1995, the National Academy of Engineering (NAE) initiated the Frontiers
of Engineering Program, which brings together about 100 young engineering
leaders at annual symposia to learn about cutting-edge research and technical
work in a variety of engineering fields. The 2009 U.S. Frontiers of Engineering
Symposium was held at The National Academies’ Arnold O. and Mabel Beckman
Center on September 10-12. Speakers were asked to prepare extended summaries
of their presentations, which are reprinted in this volume. The intent of this book
is to convey the excitement of this unique meeting and to highlight cutting-edge
developments in engineering research and technical work.

GOALS OF THE FRONTIERS OF ENGINEERING PROGRAM

The practice of engineering is continually changing. Engineers today must
be able not only to thrive in an environment of rapid technological change and
globalization, but also to work on interdisciplinary teams. Cutting-edge research is
being done at the intersections of engineering disciplines, and successful research-
ers and practitioners must be aware of developments and challenges in areas that
may not be familiar to them.

Every year at the U.S. Frontiers of Engineering Symposium, 100 of this
country’s best and brightest engineers, ages 30 to 45, have an opportunity to learn
from their peers about pioneering work being done in many areas of engineer-
ing. The symposium gives early-career engineers working in academia, industry,
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Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

Vi PREFACE

and government in many different engineering disciplines an opportunity to
make contacts with and learn from individuals they would not meet in the usual
round of professional meetings. This networking may lead to collaborative work
and facilitate the transfer of new techniques and approaches. It is hoped that the
exchange of information on current developments in many fields of engineering
will lead to insights that may be applicable in specific disciplines and thereby
build U.S. innovative capacity.

The number of participants at each meeting is limited to 100 to maximize
opportunities for interactions and exchanges among the attendees, who are chosen
through a competitive nomination and selection process. The topics and speakers
for each meeting are selected by an organizing committee of engineers in the same
30- to 45-year-old cohort as the participants. Different topics are covered each
year, and, with a few exceptions, different individuals participate.

Speakers describe the challenges they face and communicate the excitement
of their work to a technically sophisticated audience with backgrounds in many
disciplines. Each speaker provides a brief overview of his/her field of inquiry;
defines the frontiers of that field; describes experiments, prototypes, and design
studies that have been completed or are in progress, as well as new tools and
methodologies, and limitations and controversies; and then summarizes the long-
term significance of his/her work.

THE 2009 SYMPOSIUM

The four general topics covered at the 2009 meeting were: engineering tools
for scientific discovery, nano/micro photonics and new applications, engineering
the health care delivery system, and resilient and sustainable infrastructure. The
Engineering Tools for Scientific Discovery session described how advances in
technologies and tools provide the foundation for scientific advances. Talks in the
session provided examples of this at various scales—from self-assembly at the
micro-scale through tools for studying marine mammals and planetary systems to
computational sustainability that can answer questions about the interactions of
the environment, economics, and societies. The Nano/Micro Photonics and New
Applications session focused on the development of optical materials structured
on a length scale comparable to the wavelength of light. Presentations in this ses-
sion covered optical antennas for enhanced light-matter interactions, light forces
in guided-wave nanostructures, intersubband optoelectronics, and light-emitting
diode technology for solid-state lighting. Health care delivery was the topic of
the third session, which included presentations on health information technology
and its role in diagnosis and treatment advances, patient safety and detection of
adverse events, and effective disease management. The symposium concluded
with talks on resilient and sustainable infrastructure that included an overview of
the state of U.S. infrastructure, methods for assessing the vulnerability of urban
infrastructure systems to natural disasters, and life-cycle assessment modeling.

Copyright © National Academy of Sciences. All rights reserved.
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In addition to the plenary sessions, the participants had many opportunities to
engage in informal interactions. On the first afternoon of the meeting, participants
broke into small groups for “get-acquainted” sessions during which individuals
presented short descriptions of their work and answered questions from their col-
leagues. This helped attendees get to know more about each other relatively early
in the program. On the second afternoon, attendees had another opportunity for
informal interaction by joining “salons” that were discipline- or topic-based, e.g.,
materials, product/process development, energy/environment, information/com-
munication, etc. There were also groups on engineering education issues and a
movie and discussion about infrastructure that was a lead-in to the following day’s
plenary session.

Every year, a distinguished engineer addresses the participants at dinner on
the first evening of the symposium. The speaker this year was Dr. Bradford W.
Parkinson, Edward C. Wells Professor of Aeronautics and Astronautics, Emeri-
tus, at Stanford University, who gave a talk on the challenges of developing the
global positioning system (GPS) as well as its military and civilian applications
and future.

NAE is deeply grateful to the following organizations for their support of the
2009 U.S. Frontiers of Engineering Symposium:

* The Grainger Foundation

e Arnold O. and Mabel Beckman Foundation

» Air Force Office of Scientific Research

* Department of Defense-DDR&E Research

* Defense Advanced Research Projects Agency. This material is based upon
work supported by, or in part by, the U.S. Army Research Laboratory and the
U.S. Army Research Office under contract number W91 1NF-09-1-0098.

* National Science Foundation. This material is based upon work supported
by the National Science Foundation under grant number EFRI-0903867.

* Microsoft Research

e Cummins Inc.

NAE would also like to thank the members of the Symposium Organizing Com-

mittee (p. iv), chaired by Dr. Andrew M. Weiner, for planning and organizing the
event.
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Introduction

Louise HAMLIN
Jet Propulsion Laboratory
Pasadena, California

J. CHRISTOPHER LOVE
Massachusetts Institute of Technology
Cambridge, Massachusetts

NAREN RAMAKRISHNAN
Virginia Tech
Blacksburg, Virginia

New technologies and tools often provide the critical foundations for new
discoveries in science. Revolutions in instrumentation for observing and measur-
ing intrinsic characteristics and behaviors of natural systems are often followed
by periods of prolific scientific activity. For example, telescopes and microscopes
are tools that enabled us to look at systems that are much larger and much smaller
than those that fit into our conventional frame of reference. They provided the
means to develop many fundamental ideas about how matter is organized, how it
interacts, and how it empowers the processes of life. Similar to the advent of tools
for observing the world around us (i.e., telescopes and microscopes), tools for
modeling and simulating processes by computational and mathematical methods
have provided a structure for integrating knowledge gained from observational
science and predicting future responses or outcomes.

The four presentations in this session highlight recent advances in technolo-
gies that have opened new windows into how systems comprising discrete mem-
bers organize and interact. The speakers will cover systems that range in scale
from nanoscale systems to natural oceanic and environmental systems.

In the first presentation, Vinothan Manoharan explains how very simple sys-
tems of micro- or nano-particles can assemble themselves into ordered structures.

3
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Understanding the mechanisms of self-assembly is essential to building new
kinds of optical materials and photonic devices. At the level of individual organ-
isms, Sean Wiggins describes how situating listening devices at various locations
around the world enables scientists to track the behavior of marine mammals and
determine how these sound-dependent creatures are affected by their increasingly
noisy environment.

On a much different scale, Riley Duren introduces us to the Kepler space
telescope, which helps answer fundamental questions about the formation of solar
systems and the frequencies of Earth-like planets. Finally, Carla Gomes describes
advances in the new field of computational sustainability that can contribute to the
health of the environment, the success of our economy, and human well-being.
For instance, this work shows how we can stabilize tuna populations by changing
the way diminishing natural resources are allocated, and how we can transition
to ethanol fuel without destabilizing food production.

The connecting thread among these talks is an understanding of how systems
made up of discrete members organize themselves and interact and how engineer-
ing tools can support that understanding.

Copyright © National Academy of Sciences. All rights reserved.
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Digital Holographic Microscopy for
3D Imaging of Complex Fluids and
Biological Systems

VINOTHAN N. MANOHARAN
Harvard University
Cambridge, Massachusetts

In the past decade, three-dimensional optical imaging has emerged as a
leading tool for scientific discovery in many fields, including condensed-matter
physics, materials science, and biology. Confocal microscopy and related tech-
niques provide quantitative characterizations of both the structure and dynamics
of systems of many interacting microscopic components. In materials science and
physics, these real-space imaging techniques have revealed in enormous detail
the mechanisms of phase transitions and nonequilibrium phenomena such as
glass formation—mechanisms that cannot in general be resolved using ensemble-
averaging techniques such as scattering (van Blaaderen and Wiltzius, 1995; Weeks
et al., 2000; Yethiraj and van Blaaderen, 2003). In addition, these techniques have
led to a better quantitative understanding of many biological processes, including
cell adhesion (Discher et al., 2005), mechanosensing (Ingber, 2003), and nucleoid
formation in bacteria (Bates and Kleckner, 2005; Jun and Mulder, 2006).

Building up a three-dimensional image using optical microscopy requires
mechanically scanning the field of view through a relatively thin sample. Thus
these techniques are limited to studying processes that occur on time scales slower
than the acquisition time, which is on the order of one second. An addition, con-
focal microscopes cost hundreds of thousands of dollars. This paper describes a
promising interferometric technique, digital holographic microscopy (DHM), that
is designed to overcome many of the limitations of optical microscopy and enable
new experiments and new scientific discoveries.

Copyright © National Academy of Sciences. All rights reserved.
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DIGITAL HOLOGRAPHIC MICROSCOPY

Principles

DHM (Garcia-Sucerquia et al., 2006; Schnars and Juptner, 2002) is based
on a technique originally outlined by Denis Gabor in 1949. A simple, in-line
holographic microscope (Figure 1) consists of a laser, a camera, and an objective
lens. Laser light scatters off structures in a microscopic sample, and the camera
images the interference pattern between the scattered and unscattered light. The
image is called a hologram.

To see how this technique can lead to a three-dimensional image, consider
a coherent plane wave scattering off an idealized point particle. This particle
represents anything that scatters light in the microscopic sample (e.g., a nanopar-
ticle in solution or a subcellular structure). If we place a screen directly in front
of the particle, we can see a fringe pattern that arises from interference between
the scattered wave and the unscattered portion of the plane wave. This interfer-
ence pattern has concentric circular fringes of varying intensity. The number and
diameter of the fringes varies with the distance of the screen from the particle,
and therefore, the interference pattern tells us about the location of the particle
in all three dimensions.

WA~V

Sample

|

ﬁ Camera

Objective

FIGURE 1 Top left: Hologram formation from a point source showing a plane reference
wave interfering with a spherical scattered wave to produce (center, calculated) a Gabor
zone plate pattern. Right, calculated: A set of point scatterers yields the coherent superpo-
sition of zone plates. Bottom center: Diagram of in-line holographic instrument (bottom
left); image of hologram from 1 pm diameter polystyrene particle in water.

Copyright © National Academy of Sciences. All rights reserved.
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If the interference pattern is exposed onto photographic film, it produces an
amplitude pattern called a Gabor zone plate. The film containing the zone plate
now functions as a type of diffractive lens; if we shine a plane wave back through
the developed film, it will come to a focus at a point exactly where our point
particle was. If the object consists of many point particles distributed through
space, then the interference pattern is simply the coherent superposition of Gabor
zone plates. As Gabor first noted, when the scattering from the particles is weak,
one can shine a plane wave back through the hologram (the photograph of the
interference pattern) and recover an accurate, three-dimensional reconstructed
image of the object.

In DHM, the hologram is captured on a digital camera, and the reconstruction
is done by numerically solving the Fresnel-Kirchhoff diffraction equation—in
effect, digitally “shining light” back through the hologram. Today nearly all holog-
raphy is digital. Because the hologram of a set of point sources is mathematically
equivalent to the Fourier convolution of zone plate patterns, one can use Fourier-
transform methods for the reconstruction (Kreis, 2002).

Holography, therefore, enables us to obtain a volume rendering of a three-
dimensional object or particle distribution from a single two-dimensional image.
This means DHM is, in principle, a fast, real-space, three-dimensional imaging
technique. Compared to other 3D techniques, such as tomography (Xu et al.,
2001) and confocal microscopy (Weeks et al., 2000), DHM is potentially 3 orders
of magnitude faster in acquisition time.

Moreover, DHM, especially in the in-line configuration that requires only a
laser, an objective, and a camera, is simple and cheap to build. The major cost
is the huge increase in processing time required to reconstruct the 3D image.
DHM is not a new technique, but until recently its applications have been limited
because of the high computational cost of processing holograms. The availability
of fast computers for image processing, inexpensive semiconductor lasers, and
high-speed CMOS cameras—all made possible by advances in semiconductor
technology—have made it possible to build holographic microscopes cheaply
and easily in the laboratory.

Quantitative Holographic Microscopy

Because the particles imaged in the hologram, which form the structure of
the sample, can be tracked through space and time with high spatial precision,
DHM can be used as a quantitative imaging technique. Like many other particle-
tracking techniques (Crocker and Grier, 1996), there is some confusion over the
word “resolution.” In holography, as in all optical techniques, the spatial resolu-
tion is limited by diffraction; at best, one can resolve two point sources about a
wavelength apart, but not much closer than that. However, it is possible to resolve
the center of brightness of a single spherical particle to a precision on the order
of tens of nanometers, well below the diffraction limit.

Copyright © National Academy of Sciences. All rights reserved.
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For example, using a DHM built with a diode laser and a high-speed CMOS
camera, my research group has captured holograms of a 1 um polystyrene sphere
diffusing in water as a function of time. By reconstructing these images and track-
ing the centroid of the particle, we can measure the diffusion coefficient in all three
dimensions to within 5 percent of the value expected from the Stokes-Einstein
relation. DHM can accurately measure particle dynamics in real space, in three
dimensions, with spatial precision of about 10 nanometers (nm) and temporal
resolution of milliseconds. Even smaller time scales (tens of microseconds) are
possible with faster cameras.

HOLOGRAPHIC MICROSCOPY FOR STUDYING
SELF-ASSEMBLY IN COMPLEX FLUIDS

We use DHM primarily for studying the self-assembly of complex fluids,
and in particular colloidal and nanoparticle suspensions; the particles in these
systems have diameters of 10 to 1,000 nm. Interactions among these particles can
drive them to self-assemble into ordered structures at equilibrium, such as col-
loidal crystals, which can serve as the basis for advanced functional materials like
photonic crystals (Vlasov et al., 2001). Thus, at least in principle, self-assembly
represents a cheap and easy way to fabricate advanced materials (Dinsmore et al.,
1998, 2002; Klein et al., 2005; Manoharan and Pine, 2004). However, we do not
yet understand the dynamic processes involved in self-assembly. DHM is one of
the few experimental tools that can resolve the particle positions and dynamics in
these small, rapidly changing, isolated systems.

A small self-assembling system consisting of colloidal particles on the sur-
face of a spherical oil droplet is shown in Figure 2 (McGorty et al., 2008). Alto-
gether, there are 10 polymer particles, each with a diameter of about 800 nm, that
interact on the surface of the droplet to form an ordered polyhedron. Such small
self-assembled structures, which are common in industrial fluids and personal care
products, are also useful as building blocks for new materials. But, because of
droplet rotation and particle motion, such systems are nearly impossible to probe
in three dimensions with confocal microscopy.

With DHM, however, it is possible to capture the full three-dimensional
positions of all of the particles at a given time in one hologram (Figure 2). We
gather these fully three-dimensional data sets at a rate of 30 per second. Because
the system is at equilibrium, we can use Boltzmann statistics to extract param-
eters, such as the potential of mean force (also shown in the figure), which is the
interparticle pair potential averaged over the configurations of all other particles
in the system.

The advantage of this technique is that it gives us (in theory) all the informa-
tion about the system at equilibrium. With each hologram we obtain a 3D snapshot
of the system at a particular spot in its configuration space. The statistics of these
configurations can then be used to derive the interactions and energetics through

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 2 Left: Bright field microscope image of 10 particles at the interface of an emul-
sion droplet (index matched). Center: Hologram of same droplet taken with our DHM
instrument. Right: Reconstruction of hologram showing positions of particles on the
surface of the droplet and projections of positions onto coordinate planes. Reconstruction
is drawn to scale. Source: McGorty et al., 2008.

the Boltzmann distribution (Crocker and Grier, 1994; Lee and Grier, 2007). These
measurements are beginning to reveal the mechanism of how these interactions
lead to the ordered structure seen on the surface of the droplet.

CHALLENGES AND PROSPECTS

There are still some challenges to using holography as a general-purpose
3D imaging technique. The most severe drawback is the enormous processing
power, memory, and storage capacity required for computing holographic recon-
structions. Today, with fast Fourier-transform algorithms, we can reconstruct a
hologram for a single z-section within a few tenths of a second on a common
personal computer. But we generally work with thousands of holograms taken at
different times, and for each hologram we reconstruct a volume that contains about
a thousand different z-sections. Thus processing a typical time series of holograms
takes several days on a personal workstation, and for each 1 gigabyte holographic
“movie,” we can generate nearly a terabyte of volumetric reconstructions. In the
meantime, although work remains to be done before DHM can replace confocal
microscopy as a general tool, it can be used to probe specific systems and impor-
tant scientific questions.

One intriguing possibility is biological imaging. Several studies have demon-
strated that holographic microscopy can be used to image subcellular structures
in three dimensions in near-real time (Choi et al., 2007; Marquet et al., 2005; Xu
et al., 2001). Holographic microscopes could greatly reduce costs and sample
preparation times over confocal microscopy. In fact, the most expensive part of
a DHM is the computer used to reconstruct the images. Therefore, it becomes
possible to use a microscope as an “add-on” to an existing biological apparatus,

Copyright © National Academy of Sciences. All rights reserved.
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such as a cell-culture chamber, rather than as a central facility. With this goal in
mind, we have started to build inexpensive holographic microscopes from diode
lasers and consumer-grade digital cameras. Such instruments, which can be built
for less than $1,000, might be useful for studying traction forces (Dembo et al.,
1996) and cell rheology (Bursac et al., 2005; Hoffman et al., 2006), as well as for
providing a more physical understanding of certain pathologies, such as sickle
cell anemia (Chien, 1987).
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Engineering Tools for
Studying Marine Mammals

SEAN M. WIGGINS
Scripps Institution of Oceanography
University of California, San Diego

Studying whales and dolphins (cetaceans) can be challenging because they
often occupy remote, inhospitable areas, spend much of their lives underwater,
and have diverse behaviors and habitats. With ship-based visual observations,
the traditional method of studying marine mammals in the ocean, animals can be
counted and their behaviors noted. However, because whales and dolphins spend
as much as 95 percent of their time below the sea surface and beyond visual range,
traditional methods require years to decades of effort to provide enough data for
the development of ecological and behavioral models. Fortunately, because these
animals often use sound while submerged to sense their environment, communi-
cate with each other, and find food by echolocation, acoustic monitoring methods
can provide rich data sets for studying them.

The reliance on sound for their life functions potentially makes marine mam-
mals highly susceptible to acoustic disturbances. For example, the use of sonar
by the U.S. Navy has been linked to mass strandings (Cox et al., 2006; Frantzis,
1996), and increased ambient noise levels from large-scale commercial shipping
(McDonald et al., 2006) might interfere with their ability to locate food and mates.
Adverse effects from these and other anthropogenic activities, especially the use
of sonar, have accelerated the development of technologically advanced tools for
studying marine mammals.

Two main types of tools—tags and passive acoustic monitors—are used to
study the natural behavior of whales and dolphins and their responses to sound
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beneath the sea surface. Tags are small instrumented devices that are attached to
individual animals; they provide detailed behavioral information of the tagged
animal. However, because of the difficulty of finding animals in the ocean and of
attaching the tags, not all species of marine mammals have been tagged, and the
number of tagged animals is relatively small. Despite these limitations, detailed
information provided by tags has greatly advanced our understanding of many
species.

Acoustic monitoring (which has also been incorporated into some tag devices)
is typically used over much longer periods of time and larger distances to provide
temporal and spatial patterns of animal and anthropogenic sounds, providing a
basis for the development of ecological and behavioral response models. This
paper describes technologically advanced devices used for tagging and acoustic
monitoring and some of the challenges of making measurements with these tools
in the ocean environment.

TAGS

Tags for studying whales and dolphins have various capabilities: pressure
sensors for measuring depth; global positioning system (GPS) and Argos satel-
lite receivers for tracking movement on a large scale; compass sensors for iden-
tifying headings; multi-axis accelerometers for describing swimming dynamics;
acoustic sensors for recording sound; and video cameras for capturing images
(e.g., Andrews et al., 2005; Burgess et al., 1998; Goldbogen et al., 2006; Hooker
and Baird, 1999; Johnson and Tyack, 2003; Marshall, 1998). Two techniques are
used to attach tags. Long-duration (weeks to months) tags use barbed darts that
pierce the animal’s skin and are delivered by crossbow or air-gun (Figure 1A).
Short-duration (hours to days) tags use non-invasive suction cups and are typically
placed on the animal using long poles (Figure 1B).

Long-deployment tracking tags, which send data (locations) to scientists
through satellite communications and are not recovered, can be packaged in a
small form factor because battery requirements are small and data are not stored.
Recoverable short-duration suction-cup tags require larger packaging for data
storage, additional sensors and batteries, a radio transmitter, and a flotation
device. Acoustic recorders incorporated into some short-duration, multi-sensor
tags have provided valuable information on the acoustic behavior of large ceta-
ceans (whales). Thus far, however, they have not been used on smaller cetaceans
(dolphins), because their large size would create noticeable hydrodynamic drag
that would interfere with the animal’s movements. Another drawback of using suc-
tion-cup tags for small cetaceans is that these animals produce higher frequency
(10s—100s kHz) sounds than larger animals, such as baleen whales (10 Hz—1000s
Hz). Thus smaller animals require faster sample rates, which in turn require larger
storage capacity and additional batteries.
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FIGURE 1 Two types of tags, their attachment methods, and results. (A) Long-duration
(days to months) barbed darts on satellite tracking tag, air-gun deployment of tag on killer
whale, and one month of killer whale tracks. Source: Reprinted with permission from
Springer Science+Business Media: Andrews et al., 2008. (B) Short-duration (hours to
days) suction cups on B-probe (acoustic, depth, 3-axis acceleration tag), tag attachment
on blue whale using pole, and two-hour dive profiles from a tagged fin whale offshore of
southern California.. Sources for photos: Erin Oleson; Burgess et al., 1998; Goldbogen
et al., 2006.
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Fortunately, “loss-less” data compression and small, low power, high capacity
storage devices can be used with tags. Currently, the best example is a DTAG, a
device based on cell phone technology that can record not only compressed loss-
less audio of up to 192 kHz, but also pitch, roll, heading, and depth (Johnson and
Tyack, 2003). So far, DTAGs have only been used on animals about 5 meters or
longer. The current challenges are to miniaturize the packaging of these electron-
ics further in a container that keeps seawater out at high pressures, has buoyancy
and a radio transmitter for recovery, and is small enough to be attached to dolphins
without affecting their swimming behavior.

PASSIVE ACOUSTIC MONITORING TOOLS

A variety of tools are used for remote monitoring of free-ranging dolphins and
whales over long periods of time. Some of these passive devices provide real-time
acoustics via cabled or radio-linked hydrophones (e.g., McDonald, 2004). Others
are autonomous devices that record sounds internally (e.g., Clark et al., 2002; Fox
et al., 2001; Lammers et al., 2008; Wiggins, 2003).

In many ways, autonomous acoustic recorders are more practical than real-
time systems because they can be deployed in remote locations worldwide, have
lower costs, and require no supervision for collecting data. In addition, because
autonomous recorders have larger data and power storage capacities than acoustic
tags, they can monitor for longer periods of time (months—a year). Autonomous
acoustic recorders can also be distributed over large areas to provide temporal
and spatial patterns and relative abundance estimations of calling animals (e.g.,
Munger et al., 2008; Oleson et al., 2007; Sirovic et al., 2004). Furthermore, they
can be configured into arrays with close sensor spacing for tracking individuals
or groups of animals (e.g., Frasier et al., 2009; McDonald et al., 1995; Tiemann
et al., 2004).

One of the most capable autonomous systems currently available is the high-
frequency acoustic recording package (HARP), which can sample up to 200 kHz
and has 2 terabytes (TB) of data storage on 16 laptop-type disk drives (Wiggins
and Hildebrand, 2007). I have been developing HARPs (Figure 2) since 2004 at
Scripps Institution of Oceanography and deploying them worldwide in deep and
shallow waters to monitor and track a variety of marine mammals, from low-fre-
quency (10 Hz) blue whales to high-frequency (100 kHz) dolphins. Continuous
sampling at 200 kHz and 16 bits per sample fills up a HARP disk space in about
two months (~ 35 GB/day), at which point the instrument must be recovered and
refurbished with new batteries and disks. However, servicing instruments every
few months requires ship time and personnel, both of which are expensive.

One solution my group is working on is to increase data storage capacity
while lowering power consumption by replacing the hard disk drives with solid-
state memory (NAND flash), a type of data storage that has been shown with time
to decrease in price and increase in capacity. Even as improvements are made, our
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FIGURE 2 High-frequency acoustic recording package (HARP). (A) Data logger attached
to end cap of pressure resistant case. The autonomous data logger consists of low-power
electronics including 200 kSample/sec analog-to-digital converter, low drift (10-%) clock,
and about 2 TB of data storage on 16 laptop-style hard disk drives. Source: Adapted from
Wiggins and Hildebrand (2007). (B) HARP instrumentation packaging in a seafloor-

mounted frame. Source: Adapted from Wiggins and Hildebrand (2007).
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greatest challenge is analyzing the large amounts of acoustic data collected by
these instruments. Each instrument records up to 12 TB/year, and the number of
instruments is increasing from our current count of 25 (i.e., 300 TB/year).

Acoustic data are measured as time series of pressure, which can be trans-
formed into the spectral (frequency) domain via Fourier transforms and displayed
as spectrogram (time-frequency) plots. Because most species and man-made
sounds are unique in spectral and temporal character and can be easily differ-
entiated, spectrograms are often used to evaluate acoustic data for animal and
anthropogenic sounds (Figure 3A). However, evaluating wide-frequency-band
data, such as data collected by HARPs, can only be analyzed in near real-time
because of human and computational limitations. Thus, analysis of long-term data
sets directly by spectrograms cannot be done in a reasonable amount of time.

Long-term spectral averages (LTSAs, Figure 3B) can provide an efficient
overall view of large data sets, as well as a means of searching for and evaluating
events of interest (Wiggins and Hildebrand, 2007). LTSAs are essentially spectro-
grams with each time pixel representing many (1,000s) spectra (e.g., 5 seconds)
averaged together rather than just one spectrum (e.g., 5 microseconds) as used in
a typical spectrogram.

For more detailed, quantitative analyses, automated detectors can be used
on time series, spectrograms, and LTSAs to find specific sounds with known
characteristics in large data sets. The resulting detections can be organized by
time and location to reveal seasonal, daily, and regional patterns related to spe-
cies behavior and habitat. The performance of a detection algorithm is based
on various algorithm parameters and the data set. Once parameters have been
optimized through multiple training tests conducted by analysts, the algorithm
can be used in an automated way on a full data set to find sounds with specific
characteristics. However, because these long-term data sets have a wide range of
sounds, many detection algorithms must be developed, optimized, and applied to
the same data sets.

In the future, our approach to the problem of running multiple detectors on
large data sets will be to use multiple processors arranged in clusters that can
access the same data nearly simultaneously. We believe this will provide more
efficient detections of a wide range of animal and anthropogenic sounds.

SUMMARY

Whales and dolphins use a variety of sounds underwater to sense their envi-
ronment and to communicate. These sounds can be recorded over long durations
using passive acoustic monitoring instrumentation and over shorter periods of
time for more detailed information with devices attached directly to animals.
These tools provide information on marine mammal spatial and temporal distri-
bution and acoustic behavior. As work on these tools continues, they could also
potentially provide information about animals’ responses to anthropogenic sound
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FIGURE 3 Example HARP acoustic data offshore of southern California. (A) Five-second
spectrogram shows dolphin clicks from about 25 kHz up to 100 kHz, dolphin whistles
from about 8 kHz to more than 20 kHz, and man-made sonar around 3 kHz. (B) Long-
term spectral average (LTSA) over 75 minutes shows a bout of dolphin whistles and clicks
and sonar.
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sources such as sonar and explosions. At this point, these technically advanced
tools have created another challenge—the need for technologies for analyzing
these very large data sets.
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The Kepler Mission:
A Search for Terrestrial Planets

RIiLEY DUREN
Jet Propulsion Laboratory
Pasadena, California

The Kepler mission, which was launched by the National Aeronautics and
Space Administration (NASA) on March 6, 2009, is the first mission capable of
finding Earth-size planets orbiting in the habitable zones (HZs) of other stars.
Kepler will also determine the distribution of these planets near solar-like stars. !
After a two-month commissioning activity, Kepler science observations began;
these observations will monitor more than 100,000 dwarf stars simultaneously
over the primary mission life of 3.5 years, with a capability of extending observa-
tions for a total of 7 years. Precision differential photometry will be used to detect
the periodic signals of transiting planets via small changes in the light of their host
stars. Kepler will also support asteroseismology by measuring the pressure-mode

(p-mode) oscillations of selected stars.

Transits of a solar-size star by an Earth-size planet causes a reduction in
the stare light of 84 parts per million (ppm) or 0.008 percent. For a statistically
significant detection, the minimum single-transit signal-to-noise ratio (SNR) is
taken to be 4 sigma (o), leading to a combined average significance of 8¢ for 4
transits. The Kepler combined differential photometric precision must therefore
be less than 21 ppm binned at 6.5 hours (half the duration of a central transit). The

!Earth-size planets are terrestrial or rocky planets with masses ranging from 0.5 to 10 Earth masses.
Smaller planets cannot maintain a life-sustaining atmosphere, and larger planets retain primordial
atmospheres. The habitable zone for a given star is defined as the region in which orbiting planets

have the potential for liquid surface water, a key building block of life.
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detection threshold for terrestrial HZ planets in the Kepler data pipeline is set at
70, yielding a detection rate of 84 percent and controlling the number of expected
false alarms to no more than one for the entire experiment. Given this design,
the mission will be capable of detecting not only Earth analogs, but also a wide
range of planetary types and characteristics, ranging from Mars-size objects and
orbital periods of days to gas-giants and decade-long orbits. In fact, the mission
is designed to survey the full range of spectral types of dwarf stars.

The criteria for an Earth-size planet transiting a solar-size star—three or
more transits of a star with a statistically consistent period, brightness change,
and duration—provide a rigorous detection method. The size of the planet can be
calculated from the relative change in brightness. The size (semi-major axis) of
the orbit can be calculated from the observed orbital period using Kepler’s 3rd
law of planetary motion and the planet’s location relative to the HZ.

A key consideration when looking for planetary transits is the probability
that the orbital plane is aligned along the line of sight. The probability of random
orbital alignment is simply the ratio of the stellar diameter to the orbital diameter.
For example, the probability of orbital alignment for a solar system like our own
where the earth’s orbital diameter is about 300 million kilometers (km) and the
Sun’s diameter is 1.4 million km is approximately 0.005 or 0.5 percent. Hence,
many thousands of stars need to be monitored before a statistically meaningful
result can be drawn. Confirmation of the existence of a planet will also require a
sequence of transits with a consistent period, depth, and duration.

The Kepler observatory, or Flight Segment of the mission, consists of a
large field-of-view (FOV) photometer and a spacecraft bus. This observatory was
launched on a Delta II rocket into an Earth-trailing, heliocentric orbit, which will
mean that after 3.5 years the spacecraft will have drifted less than 0.5 astronautical
units away from the Earth. The photometer is a Schmidt camera design consist-
ing of a graphite-cyanate ester metering structure, a sunshade, a 95 centimeter
diameter Schmidt corrector, a 1.4 meter diameter primary mirror, field-flattening
lenses, and an array of 42 charge-coupled devices (CCDs) with an active FOV
greater than 100 square degrees.

The CCDs, back-illuminated devices with dual outputs and 1024 x 2200
27-um pixels, are passively cooled by a radiator panel. The CCDs measure
the brightnesses of 103,000 planetary target stars which are each accumulated
(summed) for 30 minutes before being stored on the spacecraft’s solid-state
recorder. Approximately 512 targets assigned to a succession of different target
stars are co-added at a one minute cadence to support p-mode asteroseismology
and other non-transit science. Since the targets are pre-selected, only the pixels
relevant to each star (rather than the entire image) will be stored for downlink.
This means that only about 3 percent of the pixels will be stored, thus saving a
tremendous amount of on-board storage and communications link time. In addi-
tion, a data-compression scheme is used to further reduce storage and transmission
requirements. The photometer does not have a shutter, and the only moving parts
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are three focus and tilt adjustment mechanisms under the primary mirror and a
one-time deployable dust cover.

The spacecraft provides necessary support for the photometer, including
power, pointing control, and data systems. The spacecraft has three-axis stabiliza-
tion and fine guidance sensors mounted on the scientific focal plane. The entire
mission will be spent viewing a single star field centered near the constellation
Cygnus. Attitude maneuvers will only occur every three months when the space-
craft is rotated about the photometer axis by 90 degrees to keep the solar array
pointed toward the Sun and the radiator pointed toward deep space.

Given Kepler’s heliocentric orbit, no disturbances will be caused by geo-
magnetic moments, gravity gradients, or atmospheric drag. The only disturbance
will be a steady torque due to solar pressure. Stability for precision pointing is
provided by reaction wheel assemblies for which periodic momentum-de-satura-
tion maneuvers are provided by the same hydrazine-reaction control system that
was used to de-spin and de-tumble the spacecraft following separation from the
launch vehicle. No propulsive capability for orbital delta-V correction is required
because the spacecraft’s drift-away rate was limited by the launch vehicle’s injec-
tion dispersion errors.

The transmission of uplink commands and downlink real-time engineering
data are performed by omni-directional X-band antennas. All stored science and
engineering data are downlinked using a high-gain Ka-band system. The solar
arrays, which are rigidly mounted on the spacecraft, also provide some shielding
of the photometer from the Sun. The only moving parts on the spacecraft bus are
the reaction wheels. All spacecraft sub-systems are fully redundant.

During science operations, regular “housekeeping” communications with the
spacecraft are planned to occur approximately twice weekly, and playback of the
stored science data is downlinked once a month. The antennas of NASA’s Deep
Space Network (DSN) support Kepler’s uplink and downlink communications.

The Kepler Ground Segment includes a collection of facilities, software,
processes, and procedures for operating the Flight Segment and analyzing data.
Overall mission direction is provided from the Mission Management and Sci-
ence Offices hosted by the Science Operations Center (SOC) at NASA Ames
Research Center in Mountain View, California. Strategic mission planning and
target selection are performed at SOC. Target selection to separate smaller solar-
type dwarf stars from giant stars,? is based on a Kepler-unique input catalog
produced by a pre-launch Stellar Classification Program—based on ground-based
observations.

Operations management of the Flight Segment, tactical mission planning,
sequence validation, and engineering trend analyses are provided by a flight

Primary interest is on main-sequence dwarf stars, which are longer lived than giant stars and hence
more likely to host habitable planets. In addition, transit signals from Earth-size planets are easier to
detect around smaller stars, which have a larger obscuration ratio.
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planning center (FPC) at Ball Aerospace Technologies Corporation in Boulder,
Colorado. Command and data processing, monitoring of the health and status of
the Flight Segment, and scheduling of the DSN, are performed by the Mission
Operations Center (MOC) at the Laboratory for Astronomy and Solar Physics
(LASP) in Boulder, Colorado. Uplink and downlink telecommunications use
NASA’s DSN 34 meter antennas located in Goldstone, California; Madrid, Spain;
and Canberra, Australia. Navigation and orbit propagation are provided by the Jet
Propulsion Laboratory in Pasadena, California.

The Data Management Center (DMC) at the Space Telescope Science Institute
(STScI) in Baltimore, Maryland, receives the “raw” telemetry data and calibrates
pixel levels. The resulting calibrated data set is archived by DMC and forwarded
to SOC for further processing, which includes generating calibrated photometric
light curves and transit detection. STScI also provides p-mode analysis.

After an extensive data-validation process, follow-up observations on each
planetary candidate will be performed (the Follow-up Observing Program [FOP])
to eliminate intrinsic false positives caused by grazing eclipsing binaries and
extrinsic false positives caused by background eclipsing binaries and to dis-
criminate between terrestrial transits of the target star and transits of giant-planet
background stars. In some cases, FOP should also be able to use ground-based
observations to measure the mass of the largest planets, which together with esti-
mates of planet diameters derived from Kepler transit-depth measurements, can
be combined to determine the density of the planets.
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Computational Sustainability:
Computational Methods for a Sustainable
Environment, Economy, and Society

CArLA P. GoMEs
Cornell University
Ithaca, New York

The dramatic depletion of natural resources in the last century now threatens
our planet and the livelihood of future generations. Our Common Future, a report
by the World Commission on Environment and Development published in 1987,
introduced for the first time the notion of “sustainable development: development
that meets the needs of the present without compromising the ability of future
generations to meet their needs” (UNEP, 1987). The concerns raised in that report
were reiterated by the Intergovernmental Panel on Climate Change (IPCC, 2007).
In the fourth Global Environmental Outlook report published later that same year
the authors concluded, “there are no major issues raised in Our Common Future
for which the foreseeable trends are favorable” (UNEP, 2007).

Key issues in the development of policies for sustainable development will
entail complex decisions about the management of natural resources and more
generally about balancing environmental, economic, and societal needs. Making
such decisions optimally, or nearly optimally, presents significant computational
challenges that will require the efforts of researchers in computing, information
science, and related disciplines, even though environmental, economic, and soci-
etal issues are not usually studied in those disciplines.

In this author’s opinion, it is imperative that computer scientists, information
scientists, and experts in operations research, applied mathematics, statistics, and
related fields pool their talents and knowledge to help find efficient and effective
ways of managing and allocating natural resources. To that end, we must develop
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critical mass in a new field, computational sustainability, to develop new com-
putational models, methods, and tools to help balance environmental, economic,
and societal needs for a sustainable future.

Examples of computational sustainability problems presented in this short
paper range from wildlife preservation and biodiversity to balancing socio-eco-
nomic needs and the environment to the large-scale deployment and management
of renewable energy sources.

BIODIVERSITY AND SPECIES CONSERVATION

The reduction and fragmentation of natural habitats as a result of deforesta-
tion, agriculture, urbanization, and land development is a leading cause of species
decline and extinction. One strategy for improving the chances of species viability
is to protect habitats by creating biologically valuable sites or reserves. Examples
include the National Wildlife Refuge System, managed by the U.S. Fish and
Wildlife Service, national parks, and conservation reserves established by private
groups, such as the Nature Conservancy and the Conservation Fund.

Given the limited resources available for conservation, these sites must be
carefully chosen. From a mathematical point of view, the site-selection or reserve-
design problem involves optimizing certain criteria, such as habitat suitability for
species, while simultaneously satisfying one or more constraints, such as limited
budgets (e.g., Ando et al., 1998; Moilanen et al., 2009; Polasky et al., 2008).

In recent years biologists attempting to combat habitat fragmentation have
promoted so-called “conservation corridors,” continuous areas of protected land
that link biologically significant zones. The design of conservation corridors is
a special aspect of the site-selection problem, and the objective is to create con-
nected corridors made up of parcels of land that will yield the highest possible
level of environmental benefit (“‘utility”) (Onal and Briers, 2005; Williams et al.,
2005).

At the Institute for Computational Sustainability (ICS) at Cornell University,
we recently formulated this problem mathematically as a so-called “connection
sub-graph problem” (Conrad et al., 2007; Dilkina and Gomes, 2009; Gomes et al.,
2008). The goal was to design wildlife corridors for grizzly bears in the U.S. north-
ern Rockies to enable movement between three core ecosystems— Yellowstone,
Salmon-Selway, and Northern Continental Divide Ecosystems—that span 64
counties in Idaho, Wyoming, and Montana. This large-scale optimization problem
places significant demands on current computational methods.

To scale up solutions, we needed a deeper understanding of the underlying
structure of the problem. To that end, we developed a budget-constrained, utility-
optimization approach using hybrid constraint-based mixed-integer programming
that exploits problem structure. Our results showed that we can dramatically
reduce the cost of large-scale conservation corridors by provably finding corridors
with minimum cost. If more than minimum funding for a corridor is available, this
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approach guarantees optimal utility. For example, for the grizzly bear problem our
solutions are guaranteed to be within 1 percent of the optimal solution for budget
levels above the minimum cost.

Complexity in site-selection and corridor-design problems increases when
different models for land acquisition over different time periods (e.g., purchase,
conservation easements, auctions), dynamic and stochastic environments, and
multiple species must be considered. For example, preserving bird habitats and
designing bird corridors requires a good understanding of hemispheric-scale
bird migrations with complex population dynamics across different climate and
weather systems and geographic topologies.

Thus modeling complex species distributions and developing conservation
strategies requires new large-scale stochastic-optimization methods. Moreover,
to obtain the right model parameters and determine current species distribution,
machine learning and statistical techniques must be used to analyze large amounts
of raw data (Dietterich, 2009; Elith et al., 2006; Kelling et al., 2009; Phillips et
al., 2004).

Gathering biological, ecological, and climatic data is essential to studying
complex systems, and the deployment of large-scale sensor networks is becoming
a key tool for environmental monitoring (e.g., Polastre et al., 2009; Werner-Allen
etal., 2006). The National Science Foundation (NSF) supports several cyber-infra-
structure initiatives for massive data collection and data analysis based on large-
scale autonomous sensor networks, such as the National Ecological Observatory
Network (NEON) and the Long-Term Ecological Research Network (LTER).

Designing a large-scale sensor network also presents computational chal-
lenges (e.g., network architecture, operating system and programming environ-
ments, data collection, analysis, synthesis, and inference) (Akyildiz et al., 2007).
For example, when using sensor networks to monitor spatial phenomena, selecting
the best placement of sensors to maximize information gain while minimizing
communication costs is a complex problem that requires new techniques (Krause
and Guestrin, 2009).

Citizen observation networks have several benefits. They help in collecting
data and, at the same time, enable the general public to engage in scientific inves-
tigation and develop problem-solving skills. Galaxy Zoo,' for example, provides
access to a large collection of images and engages the general public in classifying
galaxy shapes to improve our understanding of their formation. eBird,? a joint
initiative of the Cornell Laboratory of Ornithology and the National Audubon
Society, engages citizen-scientists in observing birds using standardized proto-
cols. Since eBird was released in 2002, it has been visited by more than 500,000
users and has collected more than 21 million bird records from more than 35,000

! Available online at http.//www.galaxyzoo.org/.
2Available online at http://ebird.org/content/ebird.
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unique users in more than 180,000 locations across the Western Hemisphere and
New Zealand (Sullivan et al., 2009).

MANAGEMENT OF NATURAL RESOURCES

This example concerns the state of marine fisheries. The biomass of top
marine predators is estimated to be one-tenth of what it was half a century ago
and is still declining (Worm et al., 2006). As a result of overfishing, pollution,
and other environmental factors, many important marine species are extinct, with
dramatic consequences for the filtration of nutrients by the ocean. Researchers
believe that the collapse of major fisheries is primarily the result of mismanage-
ment (Clark, 2006; Costello et al., 2008). Therefore, we must find sustainable
ways of managing fisheries.

One approach that has been shown to be effective for counterbalancing the
overharvesting of fisheries involves both placing limitations on total allowable
catches per species and requiring permits for harvesting specific quantities of fish
(individual transferable quotas) (Costello et al., 2008; Heal and Schlenker, 2008;
Worm et al., 2009). Complex dynamical models, originally developed as part of
dynamical systems theory, can be used to identify the optimal amount of fish that
can be harvested annually in a certain fishery, taking into consideration re-genera-
tion rates, carrying capacity of the habitat, discount rates, and other parameters.

Dynamical systems theory, which provides tools for characterizing the
dynamics and long-term behavior of systems as a function of the system param-
eters, provides insights into nonlinear system dynamics and identifies patterns and
laws, particularly bifurcations (Ellner and Guckenheimer, 2006; Strogatz, 1994).
A bifurcation occurs when small changes in the parameter values of a system (e.g.,
the rate of harvesting fish) lead to an abrupt qualitative change (e.g., the collapse
of a fishery). Decisions (e.g., the amount of fish to be harvested) are often based on
combinations of continuous and discrete variables. This leads to hybrid dynamical
optimization models, which, in principle, provide information on optimal harvest-
ing strategies (Clark, 1976; Conrad, 1999). However, finding such strategies is
computationally difficult, especially when considering multiple species.

BALANCING SOCIOECONOMIC AND ENVIRONMENTAL NEEDS

Chris Barrett of ICS has studied the socio-economic interrelationship between
poverty, food security, and environmental stress in Africa, particularly links
between resource dynamics and the poverty trap in small-holder agrarian systems
(Barrett et al., 2007). Barrett’s focus has been on pastoral systems in East Africa
that involve herds of cattle, camels, sheep, and goats (Luseno et al., 2003). Due
to high variability in rainfall, pastoralists must migrate with their herds looking
for water and forage, sometimes traveling as much as 500 kilometers.

The purpose of our studies is to develop a predictive model of the migratory

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

COMPUTATIONAL SUSTAINABILITY 31

patterns and decision models of these pastoralists. To do that, we use machine-
learning methods to determine the structure and estimate the parameters of
the models, based on field data about households, water sources, and climate
patterns.

Ultimately, these models will help policy makers predict the effects of poten-
tial policy interventions and environmental changes, with the goal of improving
the livelihoods of thousands of pastoralists. The project involves new technical
approaches to large, structural-dynamic, discrete-choice problems that will lead
to the development of computational models to support both descriptive studies
and predictive policy analyses (Toth et al., 2009).

Other computational sustainability topics in this context include automated
decision-support tools for providing humanitarian aid in response to catastrophes,
famines, and natural disasters in developing countries. The design of such systems
will require the development of intuitive, user-friendly interfaces for use by aid
workers.

ENERGY-EFFICIENT DATA CENTERS

The implications of climate change for environmental, economic, and social
systems have led to major changes in energy policy in many industrial countries,
including incentives for increasing energy efficiency. These incentives present
tremendous computational opportunities for helping to increase energy efficiency
through the design of intelligent or “smart” control systems for energy-efficient
buildings, vehicles, and appliances.

According to the World Business Council for Sustainable Development
(2008), buildings account for as much as 40 percent of energy use in industrial-
ized countries. Data centers (i.e., computing facilities with electronic equipment
for data processing, storage, and communications networking) are especially
inefficient users of energy.

In recent years the shift to digital services has led to a major increase in
demand for data centers. The Environmental Protection Agency estimates that
in the next decade the demand for data-center capacity will grow at a 10 percent
compounded annual growth rate (EPA, 2007). In addition, the costs of data centers
in the information technology (IT) sector are estimated to increase at an annual
rate of 20 percent, compared to an overall increase in IT of 6 percent (Kaplan et
al., 2008).

Data centers also have negative environmental impacts. According to a recent
report, the amount of carbon dioxide emissions produced by data centers world-
wide exceeds the total emissions of both Argentina and the Netherlands (Kaplan
et al., 2008). Thus the IT industry is looking to advanced power management
hardware, smart cooling systems, virtualization tools, and dense server configura-
tions to reduce energy consumption (Katz, 2009).

These new approaches rely heavily on large amounts of data provided by
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large-scale sensor networks (e.g., Bodik et al., 2008; Hoke et al., 2006; Patnaik et
al., 2009; Shah et al., 2008). Some companies are using containers that integrate
computing, power, and cooling systems in one module for data centers, instead
of raised-floor rooms. Several IT companies are committed to using alternative
energy sources, such as hydropower, solar power, and wind power, to bring the
carbon footprint of data centers to zero.

On a larger scale, data centers can contribute to reductions in energy use and
carbon emissions by facilitating e-commerce and telecommuting, for example,
which can eliminate some of the need for paper printing and for freight and pas-
senger transportation.

THE SMART GRID

Under the Energy Independence and Security Act (EISA) of 2007, the U.S.
Department of Energy was charged with modernizing the nation’s electricity grid
to improve its reliability, efficiency, and security, a concept known as the Smart
Grid. Ideally, the Smart Grid will radically transform the industry’s business
model from a largely non-digital, electromechanical grid to a network of digital
systems and power infrastructure and from a centralized, producer-controlled
network to a more decentralized system with more interaction between consum-
ers and local producers.

The objectives for the Smart Grid include: enabling active participation by
consumers; making possible the easy integration of a variety of generation options
(with a focus on renewable sources) and storage options; enabling new products,
services, and markets; providing quality power for the digital economy; optimiz-
ing assets and operating efficiently; automatically anticipating and responding to
system disturbances; and operating resiliently in the event of attacks or natural
disasters.

To realize these objectives, the Smart Grid will include smart sensors and
controls throughout the transmission and distribution system and a broad com-
munication platform for two-way communications to move data and electricity
between utilities and consumers. For example, consumers will have smart meters
that can track energy consumption, monitor individual power circuits in the home,
control smart appliances, and actively manage energy use.

Planning and operating such a large, complex digital ecosystem will require
technological advances in computing and information science related to sensing
and measuring technologies, advanced control methods, monitoring and respond-
ing to events, support for dynamic pricing, computational aspects of game-theory
models and mechanism design, multi-agent based models, improved interfaces,
decision-support and optimization tools, and security and privacy tools.
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RENEWABLE ENERGY

The development of renewable energy can have an even greater environmen-
tal impact than increasing energy efficiency. In recent years technological prog-
ress has been made (partly in response to government incentives) in renewable
energy sources, such as biofuels and biomass, geothermal, solar, and wind power.
For example, EISA set fuel economy standards for vehicles that will require the
production of 36 billion gallons of renewable fuels per year by 2022, a fivefold
increase over current ethanol production levels.

The logistics and planning of this large-scale domestic-based biofuels pro-
duction system raise complex stochastic optimization problems—variants of the
so-called “facility-location problem”—that must take into consideration feedstock
and demand and the dynamics of demand and capacity (Shmoys, 2004). And
the stakes are high. Finding good solutions to these problems can make the dif-
ference between economic viability and failure. Overall, we will need complex
computational models to find the best mix of energy generation and storage
technologies.

A larger project will be the development of computational models (Figure 1)
that show interactions between different energy sources and the agents directly
or indirectly involved (e.g., households, landowners, farmers, ethanol producers,
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FIGURE 1 Interacting components for biofuel analysis.
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gasoline refiners, food producers) and impacts on the environment (e.g., green-
house gas emissions, water, soil erosion, biodiversity, etc.).

To begin with, the overall impact of biofuels is not well understood. Take,
for example, their impact on land use. Traditional life-cycle studies do not take
into account emissions from changes in land use, which are difficult to quantify
(Seager et al., 2009; Searchinger et al., 2008; Tilman et al., 2009).

Another example is the impact of wind power, a promising renewable
energy source that has raised concerns about damage to bird and bat populations.
Research will be necessary to provide guidelines for the location of wind farms,
especially because most areas with favorable winds are associated with important
migratory pathways.

The research challenge is to develop realistic models that capture multiple
impacts and interdependencies without imposing strong (unrealistic) assump-
tions. In traditional approaches, convexity assumptions force unique equilibria,
or at the very least, the set of equilibria are themselves convex (Codenotti et al.,
2005; Heijungs and Suh, 2002; Ye, 2008). This has made their algorithmic solu-
tion possible, but such models do not capture key aspects of systems. Researchers
will have to develop more complex decision models through collaboration with
resource economists, environmental scientists, and computer scientists.

INDIVIDUAL INTERESTS VS. THE COMMON GOOD

A key issue in environmental policy is balancing individual interests and the
common good (e.g., Hardin, 1968). In this area, game-theory models can model
the interactions of multiple agents and show the effects of competing interests. In
the context of natural resources or climate change on the international level, for
example, economic incentives may influence whether a country is motivated to
enter an agreement and then abide by it.

Incentive-based policies can also facilitate sustainability challenges on a
smaller scale (e.g., the establishment of novel markets for land-conservation
activities). To be useful, multi-agent models will have to explore mechanisms and
policies for the exchange of goods.

THE RESEARCH CHALLENGES

Research in computational sustainability involves many different areas in
computing, information science, and related disciplines. Figure 2 shows some of
the areas that are closely related to examples in this article and to the ICS research
agenda (ICS, 2010). Figure 3 shows the levels of complexity in computational
sustainability, which often addresses large-scale problems based on large volumes
of data in highly dynamic and uncertain environments with many interacting
components.

Given these complexities, the study of computational sustainability problems
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FIGURE 2 Examples of research themes and interactions in computational sustainability

that are closely aligned with the research agenda of the Institute for Computational Sus-
tainability at Cornell University.

requires a fundamentally new approach that is unlike the traditional computer sci-
ence approach (i.e., the science of computation), which is driven mainly by worst-
case analyses. From the perspective of computational sustainability, problems are
considered “natural” phenomena that are amenable to scientific methodology,
rather than purely mathematical abstractions or artifacts. In other words, to cap-
ture the structure and properties of complex real-world sustainability problems,
principled experimentation is as important as formal models and analysis (Gomes
and Selman, 2005, 2007).

SUMMARY

The development of policies for a sustainable future presents unique com-
putational problems in scale, impact, and richness that will create challenges, but
also opportunities, for the advancement of the state of the art of computer sci-
ence and related disciplines. The key research challenges are developing realistic
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FIGURE 3 Increasing levels of complexity in computational sustainability problems.

computational models that capture the interests and interdependencies of multiple
agents, often involving continuous and discrete variables, in a highly dynamic and
uncertain environment.

Research in this new field is necessarily interdisciplinary, requiring that scien-
tists with complementary skills work together. In fact, collaboration is an essential
aspect of the new science of computational sustainability, an interdisciplinary
field that applies techniques from computer science, information science, opera-
tions research, applied mathematics, statistics, and related fields to help balance
environmental, economic, and societal needs for a sustainable future.

The focus is on developing computational and mathematical models, meth-
ods, and tools for making decisions and developing policies concerning the
management and allocation of resources for sustainable development. The range
of problems encompasses computational challenges in disciplines from ecology,
natural resources, economics, and atmospheric science to biological and environ-
mental engineering. Computational sustainability opens up fundamentally new
intellectual territory with great potential to advance the state of the art of computer
science and related disciplines and to provide unique societal benefits.
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Recent successes in the development of optical materials structured on a
length scale comparable to the wavelength of light have attracted growing interest
from scientists and engineers in many disciplines. Novel concepts of ultrasmall
microphotonic devices have the potential to revolutionize communications tech-
nologies on all scales, from on-chip data communications in computing to the
circuit board level to long-haul communications. Advances in semiconductor
nanophotonics and nanostructures have revolutionized solid-state lighting and
solar cells, which could have tremendous impacts on future energy applications.

The four presentations in this session provide an overview of photonic
technologies and new applications from academic and industrial perspectives.
The speakers cover both silicon-based photonics for chip-based applications and
[II-V-based semiconductors for energy applications.
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Optical Antennas:
A New Technology That Can Enhance
Light-Matter Interactions
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The purpose of optical antennas is to convert the energy of free propagating
radiation to localized energy, and vice versa. Although this is similar to what
radio wave and microwave antennas do, optical antennas exploit the unique
properties of metal nanostructures, which behave as strongly coupled plasmas at
optical frequencies. It is hoped that optical antennas can increase the efficiency of
light-matter interactions in important applications, such as light-emitting devices,
photovoltaics, and spectroscopy.

Electromagnetic antennas, a key enabling technology for devices such as
cellular phones and televisions, are mostly used in the radio-wave or microwave
regime of the electromagnetic spectrum. At optical frequencies, on the contrary,
electromagnetic fields are controlled by re-directing the wave fronts of propagat-
ing radiation by means of lenses, mirrors, and diffractive elements. Because this
type of manipulation is based on the wave nature of electromagnetic fields, it
cannot be used to control fields on the subwavelength scale. In contrast, radio
wave and microwave technology predominantly uses antennas to manipulate elec-
tromagnetic fields, controlling them on the subwavelength scale and interfacing
efficiently between propagating radiation and localized fields.

Recent research in nano-optics and plasmonics has generated considerable
interest in optical antennas, and several current studies are exploring ways of
translating established radio wave and microwave antenna theories into the opti-
cal frequency regime. The introduction of the antenna concept into the optical
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frequency regime will lead to new technological applications, such as enhanc-
ing absorption cross-sections and quantum yields in photo-voltaics, releasing
energy efficiently from nanoscale light-emitting devices, boosting the efficiency
of photochemical or photophysical detectors, and improving spatial resolution in
optical microscopy.

BACKGROUND

The word antenna most likely derives from the prefix an- (meaning “up”) and
the Indo-European root fen- (meaning “to stretch”) (Tucker, 1931; Watkins, 2000).
Therefore, from an etymological perspective, an antenna is that which stretches
or extends upward (Klein, 1966). Today, we refer to an electromagnetic transmit-
ter or receiver as an antenna, but these were originally called aerials in English
(Simpson and Weiner, 1989). In 1983, IEEE defined an antenna as a means of
radiating or receiving radio waves (IEEE, 1983).

Radio antennas were developed as solutions to a communication problem,
whereas optical antennas were developed for use in microscopy. Analogous to its
radio wave and microwave counterparts, we define an optical antenna as a device
designed to efficiently convert free propagating optical radiation to localized
energy, and vice versa (Bharadwaj et al., 2009). In the context of microscopy,
an optical antenna, which can concentrate external laser radiation to dimensions
smaller than the diffraction limit, can effectively replace a conventional focusing
lens or objective.

In a letter to Albert Einstein dated April 22, 1928, Edward Hutchinson Synge
describes a microscopic method (Figure 1) in which the field scattered from a
tiny particle could be used as a light source (Novotny, 2007b). The particle would
convert free propagating optical radiation into a localized field that would interact
with a sample surface. If we think of the surface as a receiver, the particle can be
viewed as an optical antenna. Synge’s method was probably inspired by the devel-
opment of dark-field microscopy, a technique invented at the turn of the twentieth
century by Richard Adolf Zsigmondy, an Austrian chemist (Elsevier, 1966).

In 1988, Ulrich Ch. Fischer and Dieter W. Pohl carried out an experiment
similar to Synge’s proposal, but instead of a solid metal particle, they used a
gold-coated polystyrene particle as a local light source (Fischer and Pohl, 1989).
They imaged a thin metal film with 320 nanometer (nm) holes and demonstrated
a spatial resolution of ~ 50nm. Later, laser-irradiated metal tips were proposed as
optical antenna probes for near-field microscopy and optical trapping (Novotny
et al., 1997, 1998), and since then various other antenna geometries have been
studied (e.g., rods and bowties).
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FIGURE 1 (a) Synge’s original proposal of near-field optical microscopy based on using
scattered light from a particle as a light source. Source: Adapted from Synge’s letter to
Einstein dated April 22, 1928, cited by Novotny, 2007b. (b) 1988 experiment in which the
near-field probe consists of a gold-coated polystyrene particle. Source: Fischer and Pohl,
1989. Reprinted with permission.

HOW OPTICAL ANTENNAS WORK

Although optical antennas are strongly analogous to their radio-frequency
(RF) and microwave counterparts, there are crucial differences in their physical
properties and scaling behavior. Most of these differences arise because metals are
not perfect conductors at optical frequencies, but are strongly correlated plasmas
described as a free electron gas. Optical antennas are also not typically powered
by galvanic transmission lines; instead, localized oscillators are brought close to
the feed point of the antennas, and electronic oscillations are driven capacitively
(Pohl, 2000). Moreover, optical antennas can take various unusual forms (e.g.,
tips or nanoparticles), and their properties may be strongly shape- and material-
dependent due to surface plasmon resonances.

Typically, an optical antenna interacts with a receiver or transmitter in the
form of a discrete quantum system, such as an atom, molecule, or ion. Because
the antenna enhances the interaction between the receiver or transmitter and the
radiation field, it may control the light-matter interaction on the level of a single
quantum system. On the one hand, the presence of the antenna modifies the
properties of the quantum system, such as its transition rates and, in the case of a
strong interaction, even the energy-level structure. On the other hand, the proper-
ties of the antenna depend on the properties of the receiver/transmitter. Thus, the
two must be regarded as a coupled system. The efficiency of the interaction can
be expressed in terms of established antenna terminology, such as antenna gain,
efficiency, impedance, directivity, and aperture (Bharadwaj et al., 2009).
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RADIATION ENHANCEMENT WITH NANOPARTICLE ANTENNAS

A spherical nanoparticle is probably the simplest model antenna (Anger et
al., 2006; Bharadwaj and Novotny, 2007; Bharadwaj et al., 2007; Kiihn et al.,
2006). Although this simple antenna geometry is not very efficient, quantitative
comparisons can be made by simple analytical means (Bharadwaj and Novotny,
2007). As shown in the inset of Figure 2a, we can consider a transmitter in the
form of a single fluorescent molecule optically pumped by external laser radiation.
For weak excitation intensities, the radiation rate I'_; can be expressed as

1—‘rad = 1—‘exc T]rad (1)

where I'___ is the excitation rate and 1, is the quantum yield. Both I, andn_,
depend on the antenna’s properties and the separation, z, between antenna and
molecule. 1, corresponds to the radiation efficiency, and the rates, I";, can be
expressed in terms of powers as P, = I', hv,, with hv, corresponding to the atomic
transition energy.

Figure 2a shows the experimentally recorded photon emission rate of a single
dye molecule as a function of its separation from an 80nm silver nanoparticle. The
superimposed curve is a theoretical calculation based on a simple electromagnetic
model in which the molecule is treated as a classical oscillating dipole (Bharadwaj
and Novotny, 2007). The data demonstrate that, as the silver particle is brought
closer to the molecule, the fluorescence emission rate first increases and then is
suppressed. The initial fluorescence enhancement is due to the antenna effect of
the silver particle. The excitation rate, I, , increases because of the enhanced
local fields near the nanoparticle.

However, for separations shorter than z = 10nm, the radiation efficiency
M,,q decreases rapidly as more and more of the energy is absorbed in the silver
nanoparticle. At a distance of z ~ 3nm, the rapid decrease of 1, wins over the
increase of I',_, and the fluorescence of the molecule is quenched. Hence, there
is an optimal separation between molecule and antenna.

Figure 2b shows a near-field fluorescence image of single dye molecules dis-
persed on a flat glass surface. The fluorescence emission rate was recorded pixel
by pixel, while the dye sample was raster scanned under a laser-irradiated nano-
particle antenna held at a fixed distance of z ~ Snm above the sample surface by
means of a shear-force feedback mechanism (Anger et al., 2006; Hoppener et al.,
2009; Karrai and Grober, 1995). The resolution achieved in this type of near-field
imaging is determined by the antenna size. With an 80nm silver or gold particle,
we typically achieve resolutions of ~ 65nm. The different fluorescence patterns in
Figure 2b are due to different orientations of the molecular transition dipole axis
(Frey et al., 2004; Novotny et al., 2001).

The results of similar experiments performed with other quantum systems,
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Fluorescence enhancement

FIGURE 2 Enhancement of the radiation rate of a single molecule with a silver nanopar-
ticle antenna. (a) Normalized fluorescence rate as a function of antenna-molecule separa-
tion. Dots are data, and the curve is the result of a theoretical calculation. Inset: scanning
electron microscope image of a nanoparticle antenna. The particle is held by a dielectric
tip, A = 488nm. (b) Fluorescence rate image recorded by raster scanning of a sample with
dispersed dye molecules in a plane z = Snm underneath a nanoparticle antenna. The dif-
ferent fluorescence patterns are due to different orientations of the molecular transition
dipole axis. Source: Adapted from Bharadwaj and Novotny, 2007.

such as quantum dots and carbon nanotubes, are consistent with the results for
single fluorescent molecules. An important finding is that for systems with weak
intrinsic quantum efficiency (1,) the radiation efficiency can be enhanced by the
optical antenna. In the example discussed here, in which we assumed 1, = 1, the
antenna can only decrease the radiation efficiency. However, for poor emitters,
such as carbon nanotubes, the antenna can increase the radiation efficiency by
more than a factor of 10 (Hartschuh et al., 2005). In general, the lower the 1, the
more the antenna increases the overall efficiency, an effect that was first observed
by Wokaun et al. in 1983.

This method of increasing the quantum efficiency of weak emitters might be
a promising development that could boost the efficiency of organic light-emitting
devices (OLEDs), silicon-based lighting, and solid-state lighting (SSL) in the yel-
low and green spectral region (Pillai et al., 2007; Wetzel et al., 2004).

The nanoparticle antenna is a model antenna, and its predictions have been
tested in various recent experiments. However, much higher efficiencies can be
achieved with optimized antenna designs, such as the optical half-wave antenna.
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NEAR-FIELD RAMAN SCATTERING

The hallmark of optical antennas, their ability to influence light on the
nanometer scale, leads naturally to nano-imaging applications. In the context of
nanoscale imaging, an optical antenna represents a near-field optical probe that
can interact locally with an unknown sample surface. For a near-field optical
image, the optical antenna is guided over the sample surface in close proxim-
ity, and an optical response (e.g., scattering, fluorescence, antenna detuning) is
detected for each image pixel.

The vibrational spectra provided by Raman scattering define a unique chemi-
cal fingerprint for the material under study. Raman scattering involves the absorp-
tion and emission of photons, almost identical in energy; thus a nearby antenna
can amplify both the incoming and outgoing fields. The total Raman scattering
enhancement is therefore proportional to the fourth power of the field enhance-
ment (Novotny and Hecht, 2006).

In tip-enhanced Raman scattering (TERS), optical antennas (e.g., metal tips)
are used for point-by-point Raman spectroscopy (Hartschuh, 2008; Hartschuh
et al., 2003; Stockle et al., 2000), similar to the original idea of Wessel (1985).
Raman enhancements achieved with metal tips are typically in the range of
10*-108, corresponding to field enhancements of 10 to 100.

Our TERS studies are focused on localized states (due to defects and dopants)
in carbon nanotubes (Anderson et al., 2005; Maciel et al., 2008). Figure 3 shows
(a) the simultaneously recorded topography and (b) near-field Raman image of
a single-walled carbon nanotube sample. The image contrast in the near-field

L 1 L L 1 s L

1200 1600 2000 2400 2800
v (cm™)

FIGURE 3 Near-field Raman imaging of a single-walled carbon nanotube sample. (a) To-
pography showing a network of carbon nanotubes covered with small droplets. (b) Raman
image of the same sample area recorded by integrating, for each image pixel, the photon
counts, which fall into a narrow spectral bandwidth centered around v = 2615 cm™' (indi-
cated by shading in 3c¢). (c) Raman scattering spectrum recorded on top of the nanotube.
Source: Adapted from Hartschuh et al., 2003.
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Raman image (c) is defined by the intensity of the G’ line (vibrational frequency
of v=2615 cm™") highlighted in the spectrum.

WAVELENGTH SCALING

At optical frequencies, electrons in metals have considerable inertia and
cannot respond instantaneously to the driving fields. Typically, the skin depth is
on the order of tens of nanometers, comparable to the dimensions of the antenna.
Traditional design rules that prescribe antenna parameters only in terms of an
external wavelength are thus no longer valid. The metal must be rigorously treated
as a strongly coupled plasma, which leads to the antenna “seeing” a reduced effec-
tive wavelength (Novotny, 2007a). This effective wavelength, kef_f, is related to the
external (incident) wavelength, A, by a surprisingly simple relation

Agp=n,+1n, [A/ kp] (2)

where A_is the plasma wavelength of the metal, and n, and n, are constants that
depend on the geometry and dielectric parameters of the antenna. A, is shorter, by
a factor of 2 to 6, than the free space, A, for typical metals (e.g., gold, silver, alu-
minum) and realistic antenna thicknesses (Bryant et al., 2008; Novotny, 2007a).

The shortening of wavelength from A to A_, has interesting implications. For
example, it implies that the radiation resistance of an optical half-wave antenna
is on the order of just a few Ohms (Alu and Engheta, 2008; Burke et al., 2006;
Novotny, 2007a). To see this, we note that the radiation resistance of a thin-wire
antenna is roughly R =30 n? (L/ A)%, with L being the antenna length. For a
half-wave antenna at RF frequencies, L = A/2 and R4~ 73Q. However, for an
optical half-wave antenna, L = A /2 and hence R, = (30/4) w* (A /A)%. In other
words, the radiation resistance at optical frequencies is a factor of (keﬂ/k)2 smaller
than at RF frequencies. For A_; = /5 we find R_, =3 Q.

Figure 4a shows the intensity distribution near a gold half-wave antenna of
length L = 110nm and radius R = Snm resonantly excited at A = 1170nm. The effec-
tive wavelengthis A . = 220nm. The induced current density j =i w €  [e(w) — 1] E
evaluated along the axis of the antenna is found to be nearly 180° out of phase
with respect to the exciting field.

The notion of an effective wavelength can be used to extend familiar design
ideas and rules into the optical frequency regime. For example, the optical analog
of the A/2 dipole antenna becomes a thin metal rod of length A /2. Since A, for
a silver rod of radius 5nm is roughly A/5.2 (Figure 4c), this means that the length
of a “A/2” dipole antenna is surprisingly small, about A/10.4. One can similarly
construct antenna arrays like the well established Yagi-Uda antenna developed in
the 1920s for the UHF/VHF region (Novotny, 2007a; Taminiau et al., 2008).
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FIGURE 4 Effective wavelength scaling for linear optical antennas. (a) Intensity distribu-
tion (E?, factor of 2 between contour lines) for a gold half-wave antenna irradiated with a
plane wave (A = 1150nm). (b) Scanning electron microscope image of a half-wave antenna
resonant at A = 650nm, fabricated by placing a gold nanorod ~ 65nm long into the opening
of a quartz nanopipette. (c) Effective wavelength scaling for silver rods of different radii
(5, 10, and 20nm). Source: Novotny, 2007a.

ENHANCED LIGHT-MATTER INTERACTIONS

The localized fields near an optical antenna open up new interaction mecha-
nisms between light and matter, such as higher order multipole transitions and
momentum-forbidden transitions. These interactions, which are inaccessible in
free space, have the potential to enrich optical spectroscopy and provide new
strategies for optical sensing and detection. In free space, the momentum of a
photon with energy, E, is p = E/c. However, the momentum of an unbound electron
with the same energy is two to three orders of magnitude greater, and the photon
momentum can be neglected in electronic transitions.

Near an optical antenna, the photon momentum is no longer defined by its
free space value. Instead, localized optical fields are associated with a photon
momentum defined by the spatial confinement, D, which can be as small as 1
to 10nm. Thus in the optical near field the photon momentum can be drastically
increased to a level comparable with the electron momentum, especially in materi-
als with small effective mass, m*. Hence, localized optical fields can give rise to
“diagonal” transitions in an electronic band diagram thereby increasing overall
absorption strength, which can be useful for devices such as silicon solar cells.
The increase of photon momentum in optical near fields has been discussed in
the context of photoelectron emission (Shalaev, 1996) and photoluminescence
(Beversluis et al., 2003).

The strong field confinement near optical antennas also has implications for
selection rules in atomic and molecular systems. Usually, the light-matter interac-
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tion is treated in the dipole approximation where the spatial variation of the fields
is much weaker than the spatial variation of quantum wave functions. However,
the localized fields near optical antennas give rise to spatial field variations of a
few nanometers; hence it may no longer be legitimate to invoke the dipole approxi-
mation. This is the case in semiconductor nanostructures, for example, where the
low effective mass gives rise to quantum orbitals with large spatial extent.

CONCLUSIONS AND OUTLOOK

Research in the field of optical antennas is currently driven by the need for
high field enhancement, strong field localization, and large absorption cross sec-
tions. Antennas for high-resolution microscopy and spectroscopy, photovoltaics,
light emission, and coherent control are being investigated. In one way or another,
optical antennas make processes more efficient or increase the specificity of
gathered information.

As in canonical antenna theory, there is no universal antenna design, and
optical antennas have to be optimized separately for each application. However,
to achieve the highest level of efficiency, the internal energy dissipation of any
antenna must be minimized. For a quantum emitter, such as an atom, molecule,
or ion, a good antenna yields a low nonradiative decay rate.

New ideas and developments are emerging at a rapid pace, and it is now clear
that the optical antenna concept will provide new opportunities for optoelectronic
architectures and devices. Today, the building blocks for optical antennas are plas-
monic nanostructures that can be fabricated either from the bottom up by colloidal
chemistry or from the top down with established nanofabrication techniques, such
as electron-beam lithography and focused ion-beam milling. It is also conceivable
that future optical antenna designs will draw inspiration from biological systems,
such as light-harvesting proteins in photosynthesis.
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Kepler and Newton were the first to propose that light has momentum and can
exert a mechanical force. The interaction of light with mechanical vibrations, in
the form of Brillouin and Raman scattering, has been known since the 1920s and
has many practical applications in the fields of spectroscopy and optoelectronics.
With the advent of the laser in the 1960s, it became possible to manipulate micron-
scale dielectric particles using optical “tweezers,” a technique developed by Art
Ashkin (1970). This was also the beginning of the use of laser beams for trapping
and manipuling gas-phase atoms, which ultimately led to the demonstration of
atomic Bose-Einstein condensates.

More recently, scientists have realized that laser light, with its very low intrin-
sic noise, can be used to cool a macroscopic mechanical-resonant element, and
perhaps reach temperatures suitable for measuring inherently quantum mechanical
behavior (Schwab and Roukes, 2005). In addition to the cooling effect, optical
amplification from a continuous-wave laser beam can be used to form regenera-
tive mechanical oscillators (Kippenberg and Vahala, 2008). These developments
have stimulated interest in the new field of cavity-optomechanics, and a myriad
of materials, devices, and techniques are being explored.

It is now widely understood that optical gradient forces, as opposed to the
scattering radiation pressure force, can be used in guided-wave nanostructures
to generate very large optomechanical couplings to micro- or nano-mechanical
motion (Eichenfield et al., 2009a). In contrast to the scattering radiation pressure
force, which one can intuit from the reflection of momentum-carrying photons,

57

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

58 FRONTIERS OF ENGINEERING

the gradient force, as its name suggests, results from gradients in the intensity of
light, which can be substantial in the near-field.

In a recently developed nanophotonic platform for using this strong gradient
optical force, light and sound are manipulated through a common nanostructure
(Eichenfield et al., 2009b,c). We call these devices “optomechanical crystals”
(OMCs) because of the simultaneous realization of phononic and photonic
bandgap states (similar to the electronic bandgaps that form in regular crystalline
materials).

OMC:s enable the engineering of various integrated functionalities that are
not possible in other systems. Ultimately, OMCs may be used in fully integrated
planar light and sound wave circuits. In this paper, we introduce the OMC concept
and describe a “photon-phonon translator,” which may have a variety of applica-
tions, from radio-frequency (RF)-over-optical communication to the study of
mesoscopic quantum systems.

INTRODUCTION TO OPTOMECHANICAL CRYSTALS

Periodicity applied to the propagation of light gives rise to photonic crystals
that can be used to engineer broad- and narrow-band dispersion, to confine opti-
cal modes to small volumes with high optical quality factors, and to build planar
lightwave circuits (Yablonovitch, 1987). Periodicity applied to mechanical vibra-
tions yields phononic crystals that harness mechanical vibrations the same way
photonic crystals harness optical waves (Olson and El-Kady, 2008). The latter
raises tantalizing possibilities, such as phononic bandgaps, nonlinear phononics,
coherent sources of phonons, and planar sound wave circuits. It has been proposed
that periodic structures might be used to simultaneously confine mechanical and
optical modes (Maldovan and Thomas, 2006). We endeavor to take this idea one
step further by using cavity-optomechanics concepts to marry mechanics and
optics in ways that make both more powerful.

The dispersive interaction induced by mechanical motion (Eichenfield et al.,
2009c¢) is responsible for coupling the photonic and phononic crystal properties
of the material to yield optomechanical crystals. For the complex motion in these
periodic structures, the origin of the optomechanical coupling can be subtle, and
in many cases even counter-intuitive. Nonetheless, understanding the nature of
the coupling is crucial, because the degree of coupling between different opti-
cal-mechanical mode pairs can vary by many orders of magnitude in the same
structure. Moreover, subtle changes in the geometry can induce enormous changes
in the coupling, which can be used to engineer the coupling if the system is well
understood.

A perturbation theory of Maxwell’s equations with shifting material boundar-
ies (Johnson et al., 2002) provides a simple, computationally robust method of
calculating the optomechanical coupling of these complex motions. We describe
below how this theory of perturbation can be used to create an intuitive, graphical
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picture of the optomechanical coupling of simultaneously localized optical and
mechanical modes in periodic systems.

A graphical representation illustrates methodologies for optimizing the cou-
pling of the mechanical and optical modes. Figure 1 shows the band structure
for photons and phonons (mechanical vibrations) of a quasi-1D patterned silicon
nanobeam. Phonon states can be localized just as localized optical resonances can
be formed in “flat-band” regions (regions of low optical dispersion in which the
energy velocity of light approaches zero) close to the zone boundaries.

Because the wavelength of the optical mode and the mechanical vibration
must be the same (they live on the same 1D lattice), the ratio of the frequency of
optical-to-phonon modes can be given as the ratio of the speed of light to that of
sound (or more generally whatever type of vibration is involved). It so happens
that for the silicon nanobeam shown in Figure 1, which operates at an optical
wavelength of 1.5 microns, the mechanical mode frequency is in the 1-5 gigahertz
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FIGURE 1 (a) General geometry of the structure projection of the periodic nanobeam
(infinite structure, no defect). (b) Optical-band diagram of the nanobeam’s projection. The
band from which all localized optical modes will be derived is shown in thick black, with
Ey of the optical mode at the X point shown to the right of the diagram. The harmonic
spatial potential created by the defect, along with the first three optical modes are shown
as emanating from the X-point band-edge. (c) Mechanical band diagram of the nanobeam’s
projection. The three bands that form defect modes that are discussed in this paper are
colored. The bottom-most mode is from the X point of the red band; the I" points of the
green and blue bands correspond to the middle and top mechanical modes, respectively.
The frequencies of the defect modes that form from the band edges are shown as short,
horizontal bars. Source: Eichenfield, et al. (2009¢). Reprinted with permission. Color figure
available online at http://books.nap.edu/openbook.php?record_id=12821&page=59.
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(GHz) range (shrinking the width of the nanobeam creates the intriguing possibil-
ity of reaching frequencies in the X-band [10-12 GHz] or even higher).

The bands in Figure 1(c) correspond to the bands that have large optome-
chanical coupling. By forming a “defect” in the periodic lattice through a slow
reduction in the hole-to-hole pitch in the center of a patterned beam, one can
form localized photon and phonon states (Figure 2). The three primary phononic
localized resonances are labeled as pinch, accordion, and breathing modes (see
caption).

The optomechanical coupling between mechanical and optical degrees of
freedom is given to lowest order by the dispersive term, g, = 60/dct = /L,
where @, is the unperturbed optical cavity frequency, L, is an effective length
over which a photon’s momentum is transferred to the mechanical structure (equal
to the cavity length in the case of a Fabry-Perot cavity), and o parameterizes the
maximum displacement of the mechanical motion for the mode of interest. Using
the perturbation theory of Maxwell’s equations with shifting material boundaries
(Johnson et al., 2002), one can calculate the derivative of the resonant frequency
of a structure’s optical modes, with respect to the o-parameterization of a surface
deformation perpendicular to the surface of the structure.

An example of the power of the perturbative method to engineer the opto-
mechanical coupling strength, is shown in Figure 3, in which the optomechanical
coupling strength of the fundamental accordian mechanical mode at ~1.5 GHz is
a function of beam width. The optomechanical coupling length approaches a mini-
mum value close to the wavelength of light for a beam width of 700 nm, whereas
it increases to more than 300 times this value for a beam only twice as wide.

THE OPTOMECHANICAL CRYSTAL
“TRAVELING PHOTON-PHONON TRANSLATOR”

The OMC concept naturally lends itself to a microchip integration platform
for the routing, interaction, and exchange of light and mechanics, with possible
applications in photonics and RF-over-optical communication. At the heart of
such applications is a device we call the “traveling photon-phonon translator.”
Shown schematically in Figure 4, this device consists of two optical cavities
coupled by a single phonon cavity. An input/output optical waveguide is strongly
coupled to one of the optical cavities (top cavity, labeled a), as is a phononic
waveguide to the phononic cavity (labeled ). The second optical cavity (bottom,
labeled OLP) is pumped to some large coherent state amplitude via a second opti-
cal. For the traveling photon-phonon translator to effectively convert photons to
phonons, or vice-versa, several criteria relating to the input and output coupling
rates of photons and phonons and internal dissipation rates must be met.

Because of the great flexibility in OMC architecture, however, fulfilling
these criteria is rather simple due to the chip-scale platform in which the devices
are formed, allowing many degrees of freedom for photon-phonon confinement
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FIGURE 2 (a) Schematic illustration of actual nanobeam optomechanical crystal with
defect and clamps at substrate. (b) Localized optical modes of the nanobeam OMC. The
colors of the names correspond to the illustration of the inverted potential in Figure 2(b).
(c) Localized, optomechanically coupled mechanical modes of the nanobeam OMC.
The colors of the names correspond to the colored bands and horizontal bars showing
the modal frequencies in Figure 2(c). Source: Eichenfield, et al. (2009¢). Reprinted with
permission. Color figure available online at http://books.nap.edu/openbook.php?record_
id=12821&page=61.
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FIGURE 3 For the accordion mode with the fundamental optical mode, (a) the effective
length as a function of total beam width, (b) a breakdown of individual unit cell contribu-
tions to the total optomechanical coupling for a structure with a beam width of 700 nm
(circled in (a)), mode frequency of 3.97 GHz and effective motional mass of 0.334 pg, with
accompanying mechanical mode plot. The narrower mechanical mode envelope results
in drastically different optomechanical coupling contributions from those with the wider
beam. Source: Eichenfield, et al. (2009c¢). Reprinted with permission.

FIGURE 4 Traveling photon-phonon translator. Optical cavities and waveguides are col-
ored blue (a and ocp) while the phononic cavity and waveguide are beige (b). Color figure
available online at http://books.nap.edu/openbook.php?record_id=12821&page=062.
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FIGURE 5 Photon-to-phonon scattering matrix amplitudes as a function of laser detuning,

A. |s,,| is the reflected signal from the optical waveguide coupled to cavity a,

$,,| is the

reflected signal for the phonon input. |s,,| and |s,,| are the photon-phonon interconversion

amplitudes.
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and coupling to other modes on the chip. A simulation of the scattering matrix
for input and output coupled power (amplitude) for both phonons and photons is
shown in Figure 5 for a structure with parameters determined from a numerical
modeling of a quasi-2D OMC cavity structure. The efficiency of phonon-to-
photon or photon-to-phonon transfer (the system is symmetric, and thus equal for
the two conversion efficiencies) can be as high as 75 percent, limited by internal
mechanical and optical loss.

These encouraging initial theoretical results indicate that the traveling pho-
ton-phonon translator concept can be used to interconvert photons and phonons
with high efficiency for applications in optical delay lines (the slower phonon
provides the delay), dynamic optical routing/buffering (Lin et al., 2009), and nar-
row-band RF/microwave filters (Hossein-Zadeh and Vahala, 2008).

Beyond classical RF-microwave photonic applications, the OMC photon-
phonon translator works equally well as a quantum translator for individual quanta
of phonons or photons if the phononic cavity can be coupled to a low enough bath
temperature (100mK). Such a system would be very interesting as a converter of
microwave to optical photons when integrated with piezoelectric materials. In
the burgeoning field of circuit quantum electrodynamics (Schoelkopf and Girvin,
2008), rapid progress has been made in realizing on-chip coupled qubits via a
microwave “quantum bus”’; this could enable off-chip coupling via photons for
long-distance quantum communication and entanglement between nodes.
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Light-emitting diode (LED) technology has advanced tremendously since
the first demonstration of a practical visible-spectrum LED almost 50 years ago
(Holonyak and Bevacqua, 1962). Subsequent LEDs initially used in simple dis-
plays (e.g., calculators, watches) and indicator lamps (e.g., clock radios, compact
disc players) have been replaced by more powerful, and more sophisticated,
devices that produce not only red and green emissions, but also blue and, most
important, white. The latter were enabled by the development of the indium-
gallium-nitride (InGaN) material system, which was made possible after key
breakthroughs in materials technology were made in Japan in the late 1980s
(Amano et al., 1986, 1989).

In the early 1990s, efficient blue LEDs based on this material system were
demonstrated (Nakamura et al., 1993, 1995), and in combination with a well known
yellow-emitting phosphor for scintillators and cathode-ray-tubes, Y3A15012:Ce3+
(“YAG”), these devices demonstrated emission of solid-state white light for the
first time (Nakamura and Fasol, 1997). In the late 1990s, Watt-class, high-power
LEDs (Hofler et al., 1998) that delivered meaningful levels of light output (from
an illumination perspective) were made commercially for the first time.

Since then, InGaN-based LEDs have become more efficient and even more
powerful, and the availability of suitable phosphors has increased; today the vari-
ety, light output, and quality of LED-based white light has reached the point that
it is beginning to unseat conventional lighting technologies in general illumination
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applications. Indeed, with their high energy efficiency and strong environmental
attributes (no lead, no mercury, long operating lifetime), LEDs are certain to be
dominant in the future of lighting.

BASICS

In principle LEDs are similar to the simple silicon-based p-n junction diode.
Layers of semiconductor material are deposited by an epitaxial method (usually
metal-organic chemical vapor deposition [MOCVD]) (Manasevit and Simpson,
1969) on a suitable substrate wafer. The layers are treated (i.e., doped) with extrin-
sic impurities to form negatively charged (n-type) and positively charged (p-type)
regions. The charges induce a built-in electric field at the interface between these
regions (the p-n junction).

When sufficient positive external voltage is applied across Ohmic contacts
to the p- and n-type regions, the built-in electric field across the p-n junction
is reduced, thereby initiating current flow. The current flow is sustained by
the recombination of negative charge-carriers (electrons) with positive charge-
carriers (holes) in the vicinity of the p-n junction. Each recombination event
produces energy approximately equal to the electronic energy band-gap of the
semiconductor material at the p-n junction. Since silicon is an indirect band-gap
semiconductor (Bardeen et al., 1956), electron and hole recombination in silicon
requires interaction with the crystal lattice (i.e., the recombination current gener-
ates mostly heat).

In other semiconductor materials, especially many III-V compound semicon-
ductor materials, such as gallium arsenide (GaAs), indium phosphide (InP), and
gallium nitride (GaN), the transition for an excited electron to the valence band
does not require momentum (i.e., lattice interaction), so the released energy is
in the form of light. Even in these direct band-gap materials, which are used for
LEDs, a radiative transition must always compete with crystal lattice imperfec-
tions and impurities that produce non-radiative transition pathways. Nevertheless,
in very pure material, such as GaAs and InP, the radiative efficiency (internal
quantum efficiency) can approach 100 percent. In addition, the external applied
voltage is approximately the same as that of the emitted photon. We can thus
see that the LED has the potential to generate light with almost 100 percent effi-
ciency, providing a basis for what has been called the “ultimate lamp” (Holonyak,
2000).

Typically, a layer(s) of specific composition is inserted at the p-n junction
to allow control over the energy band-gap, and thus over the photon energy (or
wavelength), of emission. Today the InGaN-GaN system is used for wavelengths
of ~ 365 (ultraviolet, UV-A) to 550 (yellow-green) nanometers (nm). For amber
(~ 590 nm) to deep red (~ 650 nm) emission, the most efficient LEDs are based
on the (Al,Ga)InP system.

Efficient generation of light alone does not make for an efficient diode. The
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light must escape the semiconductor crystal into air to be useful. Accomplishing
this is less straightforward than one might expect, because the optical refractive
indices of most III-V semiconductors is quite high (GaN: n ~ 2.4, InGaP: n ~ 3.5).
The high refractive index means that light generated inside the semiconductor
must impinge near-normal incidence at the semiconductor/ambient interface in
order to escape. Light incident at higher angles is totally internally reflected back
into the semiconductor, increasing the chance of absorption (e.g., at metal elec-
trodes, etc.). Various means are used to increase the probably of light extraction,
such as chip shaping, texturing, and photonic crystal structures. In the highest
performing LEDs today, light extraction efficiency is ~80 percent for InGaN and
~60 percent for AlGalnP (Krames et al., 2007).

For ease of use and to encourage wide adoption in applications, the LED
interface for users must be similar to interfaces with other electronic components.
Thus means of accessing and contacting (e.g., reflow solderability) the electrodes
and, especially for high-power LEDs, removal of heat, are critical factors. The lat-
ter is usually accomplished by including a heat-sink element (usually copper) into
the primary LED package. Indeed, today’s high-power LED packages (Figure 1)
have very little resemblance to their “Smm lamp” ancestors, which had small chips

current
(a) spreading
layer

p-type layer
n-type layer

active
layer

substrate

cathode

FIGURE 1 (a) Simple LED chip construction (conductive substrate). Typically, the n-type
layers are epitaxially deposited, followed by the active layer(s), and then the p-type layers.
Ohmic contact electrodes are formed for injecting current into the device. In many cases,
current spreading means are employed to provide uniform electrical injection within the
thin epitaxial layers. (b) Cross section of a high-power flip-chip LED, showing a con-
siderably more complex structure that is the present requisite for state-of-the-art LEDs
for illumination (Krames et al., 2003). (c) Exploded view of a high-power LED package
(Carey et al., 2001). High-power chips require sophisticated packaging with good optical
efficiency and means for thermal management.
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that dissipated less than 100 milliWatts (mW) and produced very little heat. LEDs
used today for automotive forward lighting are capable of dissipating up to 10

Watts of power (Dupuis and Krames, 2008).

PERFORMANCE

Sustained improvements in the material quality, diode-layer structure, and
overall chip architecture have improved the performance of LEDs dramatically
over the last decade or so. Figure 2 shows the best-reported external quantum
efficiencies (i.e., the ratio of photons out per electrons injected) for power LEDs
for both InGaN and AlGalnP. The best InGaN devices are in the blue-emitting
region and have external quantum efficiencies of ~66 percent, meaning that two
out of every three electrons injected into the electrical contacts emit a useful
photon. Figure 2 also shows the photopic luminosity function, V(A), which is
a measure of the response of the human eye as determined by the Commission

Internationale de I’Eclairage (CIE).
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FIGURE 2 Best-reported external quantum efficiencies for high-power InGaN-GaN and
AlGalnP LEDs vs. emission wavelength at reasonable operating current densities. Also
shown is the human eye responsivity as determined by the photopic luminosity function,
V(1), wherein one Watt of optical power at 555 nm corresponds to 683 lumens. Sources:
Krames, 1999, 2009; Michiue et al., 2009; Sato et al., 2008, and Vampola et al., 2008.
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It is an unfortunate truth that, as Figure 2 shows, the most efficient LED wave-
lengths are at either side of the visible spectrum (i.e., towards the UV or infra-red).
For AlGalnP, the reason for the lower performance at shorter wavelengths is that
AlInP is an indirect band-gap semiconductor, and increasing the substitution of
Ga by Al for shorter wavelength emission fundamentally reduces the probability
of radiative (vs. nonradiative) transitions.

For InGaN, the reason for decreased efficiency at longer wavelengths can be
attributed to the miscibility gap between GaN and InN (El-Masry et al., 1998),
the increasing strain with higher InN mole fractions, and the fact that this wurtz-
ite (asymmetric) crystal generates polarization-induced built-in electric fields
at hetero-interfaces (Bernardini et al., 1997) that perturb the conduction- and
valence-band profiles of layer structures and complicate the efficient recombina-
tion of electrons and holes.

By working on a non-basal plane of GaN, polarization fields can be reduced,
and the 550 nm data point of Figure 2 is, in fact, from a “semi-polar” (11-22)
orientation InGaN-GaN LED (Sato et al., 2008) and not the conventional “polar”
(0001) orientation. Although considerable improvement is possible (and expected)
in the “green gap” region, the present performance of LEDs is nevertheless
already very competitive and, in many cases, far superior to, conventional light-
ing technologies.

WHITE LEDS

Although the combination of separate blue, green, and red LEDs can be tuned
to make white light, the most common approach applied in industry is to down-
convert blue, violet, or UV light into longer wavelength light by using phosphors,
which are excited by the LED primary emission. The phosphors are typically
applied in various ways around or on top of the LED chip. The most common
method is to use YAG phosphor powder (typically mixed in an organic binder)
to overlie a blue LED chip emitting in the range of 440-460nm. The blue LED
chip excites the YAG, which produces yellow light. The YAG phosphor powder
loading is tuned to allow a precise amount of the primary blue light to “leak”
through. When done properly, the combination of the leaked blue light and the
yellow phosphor emission yields a white light chromaticity in the 4,000-7,000
Kelvin (K) correlated-color-temperature (CCT) regime with a fairly high conver-
sion efficiency. To generate “warmer” white chromaticities (2,700-4,000K), red
phosphors are typically added to the mix (Mueller-Mach et al., 2002).

Figure 3 shows the relative efficacies of white-light generation at ~ 2,900K
by: (i) tungsten-filament incandescence; (ii) a tri-phosphor fluorescent lamp
(FL); and (iii) an LED with blue-pumped phosphors. The incandescent tungsten
(household filament bulb) radiates as a blackbody and at 2,900K generates by far
most of its radiation in the infrared range (i.e., heat). The overlap with the visible
spectrum is very poor, and convolving the blackbody spectra irradiance with V(L)
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FIGURE 3 Equal-lumen spectra of white light emitters based on (i) incandescent tung-
sten, (ii) tri-phosphor fluorescence, and (iii) phosphor-converted LEDs, all at a CCT of
~ 2900K. The incandescent bulb radiates most of its energy outside the visible spectrum
(400-700nm) as heat. The Stokes energy loss for down-conversion is indicated for the
fluorescent lamp (FL) and LED.

gives a maximum luminous efficacy for this source of ~ 16 lumens per electrical
Watt (Im/W). In practice, incandescent bulbs perform at a lower level (~ 10-15
Im/W) than this theoretical limit.

The tri-phosphor FL (ii) uses line-emitting phosphors excited by the mercury
(Hg) vapor discharge at 254nm. The phosphors are specifically selected so that
their emission peaks are in the eye-sensitive region, and indeed the maximum
luminous efficacy for the FL spectrum in Figure 3 is quite high, 360 Im/W. How-
ever, the enormous Stokes’ loss in photon energy from 254nm to ~550-600nm
caps the maximum luminous efficacy (in Im/W) to ~ 150 Im/W. In practice, other
loss mechanisms also come into play, and typical performance for tube FLs are
in the 80-90 Im/W range.

The LED (iii) in Figure 3 uses a blue emitter to pump a combined green and
red phosphor mix to obtain the desired CCT of 2,900K. The high intensity of
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blue light at the chip surface typically requires using fast-decaying phosphors to
provide broad emission. The result is an emission spectrum that closely resembles
the targeted blackbody curve in the visible-spectrum regime.

One might assume that this provides a more natural appearing light, com-
pared to the high-intensity peaks of the FL spectrum, but as of this writing the
author is aware of no studies of the effects of smooth vs. spiked spectra on human
perception. The smoother spectrum brings a penalty in luminous efficacy, com-
pared to the FL, and the maximum for the LED in this case is 310 Im/W. However,
for a blue-pumped LED the Stokes loss is only ~ 20-25 percent, putting the maxi-
mum achievable efficacy at ~ 250 Im/W. Thus the obtainable luminous efficacy
for the LED is 60-70 percent higher than for FLs and more than 15 times higher
than for incandescent lamps.

Figure 4 shows the performance evolution of “warm white” (2,700-4,100K)
high-power LEDs and an indication of projected performance from a recent
report commissioned by the U.S. Department of Energy (DOE, 2009). Future
LED performance is projected to be ~ 160 Im/W by 2018, which is still far from
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FIGURE 4 Evolution of luminous efficacy (lumens per electrical Watt) for commercial
“warm white” (2700-4100K) LED products as well as a projected performance based
on information compiled for the U.S. Department of Energy. At right, typical luminous
efficacies are indicated for conventional lighting technologies including incandescent
tungsten, tungsten-halogen, compact fluorescent, tube fluorescent, and high-intensity-
discharge lamps.
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the maximum attainable performance described above. Nevertheless, even at the
targeted performance level, LEDs would outperform all known technologies for
generating white light, including high-intensity-discharge (HID) lamps.

CONCLUSIONS

As LED technology approaches its 50th anniversary, it appears well posi-
tioned to penetrate the general lighting market and change the world as we know
it. LED-based light sources promise to provide reduced energy consumption,
longer operating lifetime (and thus reduced waste), and no generation of materials
known to be hazardous to the environment, such as lead or mercury. In addition,
the low-voltage drive and fast switching speed of LEDs means lighting for the
future could look very different from the lighting we know today. It may include
dynamic control features for automatic mood-setting or tuning of intensity and
color to increase workforce productivity or simply to elevate people’s moods.
These additional features, combined with the energy savings and other “green”
aspects of LEDs, ensure that LED-based solid-state lighting has a very bright
future.
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U.S. health care expenditures, $2 trillion in 2005 and 16.2 percent of the U.S.
gross domestic product (GDP), are projected to reach $4 trillion by 2015 and
20 percent of GDP. Approximately 31 percent of these costs are administrative,
35 percent are for care of the elderly, 80 percent are related to management of
chronic diseases, and 25 percent are related to treating people who engage in risky
behaviors. Overall, these expenditures are almost evenly split between public and
private funding, and this is expected to continue. Thus, health care expenditures
have, and will continue to have, a substantial impact on public spending, private
funding, and U.S. competitiveness in the international economy.

The medical and health care industries are fragmented and complex, have
multiple stakeholders, and must accommodate dynamic, rapidly changing pro-
cesses. When compared to other industries, improving health care presents unique
challenges. Consider for instance, that one out of 100,000 parcels is misplaced by
couriers, but 5 to 10 percent of medical records are reportedly misplaced. Whereas
the banking industry has a transaction error rate of 1 in ten million, the error rate
in hospital transactions is more than 2 in one hundred (2 percent). The accident
rate for airplane landings and takeoffs is on the order of 1 in one million, whereas
about 7 in one hundred (7 percent) adverse events are related to the administration
of medication.

Because of the enormous cost of care, pressure for optimal decision mak-
ing on both providers and consumers has grown astronomically, and a variety of
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engineering tools have been helpful in creating optimal policies for the design
and operation of health care delivery systems. As the use of electronic medical
records and the availability of data and information increase, we are becoming
more aware of how that can be used to help providers and patients design and
evaluate individual choices of care. However, because of the nascent use of stan-
dards for data interchange, privacy and security concerns, and the special interests
of insurance, medical, and consumer advocacy groups, a multitude of challenges
must be overcome before these tools can be used to their best effect.

The four presentations in this session are focused on health information
technology, advances in diagnosis and treatment, patient safety and the detection
of adverse events, and effective management of chronic disease. In the first pre-
sentation, Elmer Bernstam highlights the status of health information technology
(HIT) and describes promising research in biomedical informatics that could
potentially improve HIT. Lucila Ohno-Machado, the second speaker, focuses on
the technical aspects of calibrating measurements in medical decision support
models and the implications of using un-calibrated models to make health care-
related predictions.

The third speaker, Genevieve Melton, reviews classes of detection systems
for adverse effects, describes some recent advances, and highlights technical
challenges. In the fourth presentation, David Dorr describes a care-management
model for providing reliable, effective care for older adults with multiple chronic
illnesses and preventing unnecessary decline, expensive hospitalizations, and even
death.
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To improve the quality of our health care while lowering its cost, we will make
the immediate investments necessary to ensure that within five years all of
America’s medical records are computerized. This will cut waste, eliminate red
tape, and reduce the need to repeat expensive medical tests. . . it will save lives
by reducing the deadly but preventable medical errors that pervade our health
care system.

—Barack Obama
George Mason University, January 8, 2009

Widespread dissatisfaction with health care in America and rapid advance-
ments in information technology have focused attention on information technol-
ogy, which has dramatically improved efficiency and safety in other industries, as
an obvious part of the solution to our health care woes. However, there is increas-
ing evidence that the adoption of health information technology (HIT) will not
guarantee comparable benefits in health care.

In fact, unmitigated enthusiasm for HIT may even be dangerous. Similar
enthusiasm has repeatedly threatened the field of artificial intelligence (Al),
resulting in cycles of excitement and disappointment (referred to as “Al winters”).
Motivated by a desire to avoid “HIT winters,” we will briefly review the effects
of HIT and the “semantic gap,” that is, the difference between “health data” and
“health information.” In addition, we identify significant social and administra-
tive barriers to the adoption of HIT in the context of the technical issues; because
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HIT is embedded in a social context, these technical issues must be resolved in
a socially and administratively acceptable way. We conclude with research chal-
lenges that must be addressed before the full promise of HIT can be realized.

EFFECTS OF HEALTH INFORMATION TECHNOLOGY

HIT is an “easy sell” to an American public increasingly dissatisfied with the
U.S. health care system. Indeed, based on some evidence that HIT can improve
the quality of health care (Chaudhry et al., 2006), prevent medical errors (Bates et
al., 2001), and increase efficiency (Chaudhry et al., 2006), there seem to be some
good reasons for optimism.

Unfortunately, many, perhaps most, HIT projects have failed (Littlejohns et
al., 2003), and evidence shows that HIT can worsen health care quality in some
ways by increasing errors (Koppel et al., 2005; Levenson and Turner, 1993),
decreasing efficiency, and perhaps even increasing mortality (Han et al., 2005).
The term “e-iatrogenesis’” has been coined to describe the unintended deleterious
consequences of HIT (Weiner et al., 2007).

Enough negative evidence has accumulated to prompt the Joint Commission
(formerly the Joint Commission on Accreditation of Healthcare Organizations)
to issue a “Sentinel Event Alert” (defined as “unexpected occurrence[s] involving
death or serious physical or psychological injury, or the risk thereof”) cautioning
health care organizations about potential hazards associated with the implementa-
tion and use of HIT (Joint Commission, 2008).

WE’VE BEEN THERE BEFORE: AI WINTERS

During the 1950s, we were faced with a different problem—the cold war. At
that time, the government considered IT a promising solution (at least a partial
solution) to the problem of tracking Russian communications. It was thought that
if researchers could develop automated translation, we would be able to monitor
Russian communications and scientific reports in “real time.” There was a great
deal of optimism about this, and there were “. . . many predictions of fully auto-
matic systems operating within a few years” (Hutchins, 2006).

Although many promising applications were found for the poor-quality auto-
mated translations that resulted, the optimistic predictions were not realized. To
this day, the fundamental problem of context and meaning remains unsolved, mak-
ing disambiguation difficult and resulting in some amusing failures. Anecdotal
examples include: “The spirit is willing, but the flesh is weak” was translated from
English > Russian > English as “The vodka is good, but the meat is rotten,” and
“out of sight, out of mind” came out as “blind idiot.”

In 1966, the influential Automatic Language Processing Advisory Committee
(ALPAC) concluded that “there is no immediate or predictable prospect of useful
machine translation” (NRC, 1966). As a result, research funding was stopped, and
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little research was done on automated translation in the United States from 1967
to 1976, when it was revived and supported until 1989 (Hutchins, 2006). Interest-
ingly, disappointment in automated translation in the 1960s was not an isolated
event. Similar “Al winters” occurred with respect to connectionism (1970s),
expert systems (1990s), and other Al topics.

So, although there is tremendous interest in HIT, and even good evidence that
it can be useful, some will certainly be disappointed with the results. A recent
report by the National Research Council concluded that . . . current efforts aimed
at the nationwide deployment of health care IT will not be sufficient to achieve
the vision of 21st century health care, and may even set back the cause if these
efforts continue wholly without change from their present course” (NRC, 2009).
Thus, there is also good reason for concern that HIT (and the field of biomedi-
cal informatics, in general) may be headed for a bust. However, an “HIT winter”
would be unfortunate, because there are real benefits to pursuing research and
implementation of HIT.

THE SEMANTIC GAP

Loosely speaking, philosophers who study information draw a distinction
between data (syntax) and information, defined as meaningful data (i.e., data +
meaning or, alternatively syntax + semantics) (Floridi, 2005). The fundamental
problem is that existing technology can store, manipulate, and transmit data but
not information. Thus the utility of HIT is limited to the extent to which data
approximates meaning, and, unfortunately, there is a large gap between health
care data and health care information. Because the difference between data and
information is meaning (semantics), we call this the “semantic gap.”

Interestingly, Claude Shannon hinted at this issue in 1948 in a seminal paper,
“A Mathematical Theory of Communication.” This “mathematical theory of
communication” came to be known as information theory. Shannon wrote that
“[flrequently, the messages have meaning; that is they refer to or are correlated
according to some system with certain physical or conceptual entities. These
semantic aspects of communication are irrelevant to the engineering problem.”
Thus, Shannon’s “information theory” explicitly refers to data rather than infor-
mation in the philosophical sense.

Consider the differences between banking data and health care data, an
account at a bank versus a patient’s record (Table 1). One difference is that
concepts relevant to health are vague compared to banking concepts. The proper
interpretation of the symbols relevant to health care requires significant back-
ground knowledge. For example, a patient can be “sick” in many ways, including
derangements in vital signs (e.g., extremely high or low blood pressure), prognosis
associated with a diagnosis (e.g., any patient with myocardial infarction [heart
attack] is sick), and other factors. Two clinicians who are asked to describe the
same “sick” individual may legitimately focus on different facts or data.
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TABLE 1 Comparison of Health “Data” and Banking Data

Banking Data Health Data
Concepts and Precise General, subjective
descriptions Example Example
Account 123 balance = $15.98 Sick patient
Actions Usually (not always) reversible Often not easily reversible
Example Example
Move money A > B Give a medication
Perform a procedure
Context Precise, constant, or irrelevant to the task Vague, variable

User autonomy

Users

Workflow

Example
us$

Well-defined and constrained

Example

What I can do with my checking account =
what you can do with yours

Clerical staff, account holder

Well-defined, documented, and explicit

Example

Normal lab values differ by
lab. No two cells, organs,
tumors, or patients are
identical.

Variable and dependent on
circumstance

Example

Clinical privileges depend on
training, changes over time,
and circumstances

Varied, including highly
trained professionals

Highly variable, implicit with
many undocumented tasks
and exceptions

In contrast, the balance in a bank account (e.g., $1,058.93) is relatively objec-

tive and is captured by the symbols. If we assume that all transactions (credits and
debits) to the account are in the same units (dollars and not pounds or Euros), we
need only the numbers and the mathematical operations of addition and subtrac-
tion to compute and report the balance. Even though these symbols abstract away
the rich semantic complexity of the balance, such as its current purchasing power
or that the money can be used to purchase goods and services, this is of no con-
sequence to the successful automation of bank accounts. Thus data-manipulating
machines (IT) are much better suited to manipulating bank accounts than they are
to manipulating clinical descriptors.

Twenty-five years ago, S. Marsden Blois (1984) argued that the difficulty of
using computers in medicine was due to the nature of medical concepts and medi-
cal descriptions. Most medical concepts do not have explicit definitions in terms
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of necessary and sufficient conditions. Thus they are difficult to describe in the
formal languages required by computer systems. For instance, a 2000 definition
of a myocardial infarction (heart attack) is nine pages long and contains many
imprecise terms, such as: “prolonged,” “usually,” and “experienced observer.”
Other medical concepts, such as “sharp pain,” may be even more difficult to map
to formal representations.

SOCIAL AND ADMINISTRATIVE BARRIERS TO THE
ADOPTION OF HEALTH INFORMATION TECHNOLOGY

Manipulating data instead of information has many consequences for HIT.
The problem for American clinics and hospitals is not usually a shortage of com-
puters. Most hospitals and even small private practices use computers to manage
financial and administrative data, and many hospitals have functioning e-mail
systems and maintain a Web presence. In addition, many clinicians use personal
digital assistants (McLeod et al., 2003), and some communicate with patients via
e-mail. In contrast, however, most clinical records are kept on paper.

There are many barriers to the adoption of HIT. Hospitals that have not
implemented electronic medical records most frequently cite financial concerns,
including the lack of adequate capital for purchasing equipment (74 percent),
maintenance costs (44 percent), and unclear return on investment (32 percent) (Jha
et al., 2009). Additional barriers include a mismatch between costs and benefits,
cultural resistance to change, lack of an appropriately trained workforce to imple-
ment HIT, and many others (Hersh, 2004).

To some, clinicians’ resistance to computerization appears to be irrational.
However, given the mixed evidence regarding the benefits of HIT, caution seems
increasingly reasonable. Thus many clinical enterprises are not computerized
because of rational skepticism about the costs and benefits of current HIT, not
because of an irrational resistance to technological progress.

RESEARCH CHALLENGES

Significant research will be necessary to address serious problems before HIT
becomes more attractive to clinicians. Many of these problems are outlined in a
recent National Research Council report (NRC, 2009). First, there is a mismatch
between what HIT can represent (data) and concepts relevant to health care (data +
meaning). This very difficult, fundamental challenge subsumes multiple Al prob-
lems (e.g., context or common sense) that have proven very difficult to solve. HIT
can manipulate form, but not meaning—hence the term “formal methods.” Until
we have true information technology, rather than data technology, the benefits of
HIT will be limited to applications in which formal methods (i.e., methods that
manipulate form) suffice.

A second research challenge is to define appropriate applications for HIT,
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as well as policies, procedures, and methods of implementation. Clearly, HIT
can be helpful in many ways. For example, computerized alerts and reminders
can improve compliance with preventive-care guidelines (Shea et al., 1996) and
may be cost effective when used in this way (Bernstam et al., 2000). Similarly,
examples of reductions in the number of medication errors and other benefits have
been published (e.g., Bates et al., 2001). Therefore, in spite of its limitations, cur-
rent HIT can be useful when applied to suitable problems.

A third research challenge is to evaluate HIT as a clinical intervention. An
instructive example is that a commercial electronic health record was associated
with increased mortality at one institution (Han et al., 2005), but no such associa-
tion was found at another institution that implemented the same system in a similar
care setting (Del Beccaro et al., 2006). Thus outcomes depend on the interplay
among HIT, its implementation at a particular institution, and the nature of the
institution (e.g., workflow, patient mix, policies, availability of specialists, etc.).

A computer system cannot be considered in isolation. Its effects must be
evaluated in the context of a specific organization. Any system that can affect
clinical decisions has the potential to worsen as well as to improve outcomes.
Therefore, these systems should be evaluated as clinical interventions, just as
drugs, medical devices, and procedures are evaluated.

Fourth, HIT must augment human cognition and abilities. This has been
elegantly expressed as the “fundamental theorem of informatics”: human +
computer > human (Friedman, 2009). In other words, there must be a clear and
demonstrable benefit from HIT. Clearly, it can be beneficial in some situations,
and in some ways human cognition and computer technology are complementary.
Computers excel at precise, efficient manipulation of data, whereas we excel at
discovering, storing, and processing meaning. Thus there are tremendous oppor-
tunities for effective human-machine collaboration. For example, monitoring (e.g.,
waveforms) is much easier for computers than for humans. In contrast, reasoning
by analogy across domains is natural for humans but difficult for computers.

Defining scenarios, with all relevant parameters, in which HIT is beneficial
and demonstrating that using HIT is reliably beneficial in these scenarios remains
a research challenge. In its present form, HIT will not transform health care the
same way that IT has transformed other industries, partly because of the large
semantic gap between health data and health information (concepts). In addition,
it is worth noting that many problems with health care will only be solved by
changes in health care policy, financing, and so forth.

To address the research challenges described above will require unprec-
edented collaboration among disciplines that have traditionally worked indepen-
dently and have fundamentally different methods, values, and domains of study.
Nevertheless, many promising interdisciplinary approaches have been developed.
For example, seemingly simple safety devices, such as checklists, which were
pioneered in aviation, have been applied to health care with dramatic results
(Pronovost et al., 2006). Statistical process control, simulation, and other engi-
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neering methods have also been successfully applied to certain aspects of health
care (NAE and IOM, 2005).

HEALTH INFORMATION TECHNOLOGY AND
U.S. COMPETITIVENESS

True HIT (i.e., health information technology, not health data technology) is
critical for U.S. competitiveness in biomedicine—both for biomedical research
and for clinical care. Clinical trials are increasingly being conducted in countries
with large populations (i.e., large subject pools) and lower regulatory barriers
(compared to those in the United States), such as India (Glickman et al., 2009).
Barring substantial changes in our values, privacy concerns, and expectations, we
simply cannot compete. For example, because of privacy concerns, the United
States has no universal patient identifier. As a result, it is very difficult to identify
subjects across clinical trials or patients who move between hospitals and other
care settings. In contrast, unique patient identifiers in other countries have greatly
facilitated clinical research.

Similarly, the high cost of health care in the United States encourages “medi-
cal tourism.” Many Americans travel abroad for care that is too expensive for them
to obtain in the United States (Wapner, 2008). Some foreign hospitals actually
specialize in providing care to Americans who come for a high-cost procedure,
such as coronary artery bypass surgery.

True HIT can help address both of these problems. If we can collect clinical
information (meaningful data) as a byproduct of routine care, we can then learn
from experience, rather than relying solely on clinical trials. In parallel, we can
leverage this information to improve care processes. Thus we would fulfill the
promise of HIT described by President Obama.

CONCLUSIONS

Clearly we must improve health care in fundamental ways, and HIT will be
important in transforming the health care system. However, disappointment seems
inevitable, because the promises made on behalf of HIT are not likely to be fully
realized in the near future. Historical precedents for such cycles of enthusiasm
and disappointment with technology include Al, for which boom and bust cycles
appear to be the rule rather than the exception.

Realizing the promise of HIT to improve health care will require an unprec-
edented level of collaboration among communities that have traditionally had little
in common, speak different languages, and have very different world views. Thus
we are faced with both challenges and opportunities to find fresh perspectives on
fundamental problems in the health care domain. In the process, we may also
solve some fundamental information (i.e., computer science) problems related to
context and meaning.
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Predictive models to support diagnoses and prognoses are being developed in
virtually every medical specialty. These models provide individualized estimates,
such as a prognosis for a patient with cardiovascular disease, based on specific
information about that individual (e.g., genotype, family history, past medical
history, clinical findings). Statistical and machine-learning techniques applied to
large clinical data sets are used to develop the models, which are used by both
health care professionals and patients. However, verification (a critical step in the
evaluation of a model) that the probabilities of estimated or predicted events truly
reflect the underlying probability for a particular individual is often overlooked.

ASSESSING CALIBRATION

A simplistic type of calibration is calibration-in-the-large or bias. If the out-
come is binary (e.g., “0” if a patient is not diseased and “1” if a patient is diseased),
the bias corresponds to the average error for the estimates. For example, an esti-
mate of 89 percent for a patient whose outcome is “1” contributes an individual
error of 0.11. The average error for all patients is the measure of calibration-in-
the-large. Calibration-in-the-large may be appropriate for considering a group of
patients, but says little about how calibrated each estimate is. For example, the
assignment of the prior probability of an event as the estimate or risk score for
every patient, although it would result in a perfectly calibrated-in-the-large model,
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would provide no individualized information. Hence it would be of limited practi-
cal utility for assessing predictive models.

A fundamental problem in evaluating the calibration of a model in a health
care setting is the lack of a gold standard against which individual risk estimates
can be compared. A gold standard would be based on a sufficient number of exact
replicas of the individual, accurately diagnosed or followed without censoring,
so that the proportion of observed events would be equal to the “true estimate”
for that individual.

Since every individual is unique, meaningful approximations of true prob-
ability are only possible for relatively large groups of similar individuals. How-
ever, the way the similarity of patient profiles is defined is a critical factor. Cur-
rently, calibration is measured by comparing health outcomes in sets of patients
with similar estimated risks. That is, given a predicted risk for an individual, a set
of neighboring individuals (in the sense of proximity in single dimension of the
estimates, or “output space”) is assembled and the bias for this set is assessed.
This measure of “calibration-in-the-small” is the same as the measure of “calibra-
tion-in-the-large,” except that it is applied to a smaller set based on individuals
who received similar estimates by a given model.

OUTPUT-SPACE SIMILARITY

One of the most widely used indices in assessing calibration of predictive
models was developed in the context of logistic regression by Lemeshow and
Hosmer (1982). The idea behind the test is simple: if cases are sorted according to
their estimated level of risk and the mean estimate for each decile of risk is very
close to the proportion of positive cases in the decile, then one cannot reject the
hypothesis that the model is correct (Hosmer and Hjort, 2002; Hosmer et al., 1991,
1997). The sum (i.e., the squared differences between the sum of estimates and
number of events in each decile divided by the sum of estimates in that decile) for
each outcome is reported to follow a ¥ distribution with 8 degrees of freedom. If
p < 0.05, we reject the hypothesis that the model fits the data. The H-L-C statistic
based on deciles of risk is defined as:

s (ﬂDI_ODI)z
g8t

D=0i= p

where 1, and o), are the sum of estimates in a decile and observed frequencies
in the same decile, for cells indexed by group (decile) / and outcome D. Hosmer
and Lemeshow showed via simulations that C is approximately distributed as 2
with [-2 = 8 degrees of freedom when the fitted model is the correct one and the
estimated expected cell frequencies are sufficiently large.

Note that the H-L statistic is model-dependent because the statistic compares
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the average estimate in each decile of estimated risk with the proportion of events
in that decile. To visualize the calibration of a predictive model, it is common to
plot the average estimate for groups representing either (1) percentiles of esti-
mated risk against the proportion of events in that group, as described above, or
(2) pre-defined ranges of the estimates. The latter is commonly used in clinical
predictive models.

INPUT-SPACE SIMILARITY

We described above how output-space similarity can be used to measure
calibration in a more refined way. However, output-space similarity is model-
dependent and difficult to understand. Similarity at the input-space is much
simpler (e.g., calculation of neighborhoods using features obtained directly from
data) and may be an equally legitimate way to assess calibration.

We describe a simulation in which we established in advance four tight clus-
ters of “patients” (100 in each cluster) according to two variables, x1 and x2. The
purposes of this simulation were to illustrate the H-L “goodness-of-fit” statistic
and to check whether differences in calibration can be determined using this sta-
tistic. Bi-normal distributions were generated with identical standard deviations
(0.1) and centered at (0,0), (0,1), (1,0), and (1,1) for clusters 1 to 4, respectively.
The binary outcome for each patient in a cluster was generated from a Bernoulli
distribution with probabilities 0.01, 0.4, 0.6, and 0.99 for clusters 1 to 4, respec-
tively. Figure 1 shows the spatial distribution of the clusters. For verification, the
four clusters were automatically re-discovered using the Expectation-Maximiza-
tion algorithm.

The resulting logistic regression model is highly significant. For comparison,
we built a neural network with hidden units so that it was capable of finding a non-
linear function relating the predictors and outcomes (Figure 1b). An ideal model
would assign the true underlying probability for each case (i.e., 0.01, 0.4, 0.6, and
0.99, depending on which cluster the case belonged to). A neural network with
enough parameters was able to get closer to that goal than a semi-linear model,
such as logistic regression.

Table 1 shows descriptive statistics for the estimates obtained by the two
types of models. The H-L-C statistic for the logistic-regression model was 6.43
(p = 0.59); hence we would not reject the hypothesis that the model is calibrated.
Although the neural network model had a less favorable H-L-C of 11.773 (p =
0.16), the overall errors were smaller.

In this example, the neural network provided better approximations of the true
underlying probability of the event in clusters 2 and 3, as can be seen in the ranges
of estimates in these clusters, as well as in their maximum residuals. However,
comparison of H-L-C and the calibration plot (Figure 2) do not indicate that a
neural network would be a better model in this case.
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FIGURE 1 Simulation with four predefined non-overlapping bi-normal clusters of individ-
uals with known underlying probability of an event (0.01, 0.40, 0.60, and 0.99 for clusters
1 to 4, respectively). Top panel: Two-dimensional data are projected into one dimension by
the logistic-regression model. Dotted diagonal lines divide quartiles of risk. A patient from
cluster 2, indicated by the arrow, has an estimate closer to the average estimate for cluster
3 than to the average for cluster 2. Confidence in this estimate should be lower than for
a patient in the middle of one of the clusters. The input-space clusters, as opposed to the
quartiles of risk, can be explained because patients in cluster 1 have low x1 and low x2,
while patients in cluster 2 have low x1 and high x2, and so on. Bottom panel: Projection
of the points into an “axis” for neural network estimates. The neural network model comes
closer to the true probabilities for clusters 2 and 3 than the logistic-regression model.
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FIGURE 2 Calibration plot for logistic-regression and neural network models based on
deciles of risk. There is no apparent superiority of one model over the other.

IMPLICATIONS FOR MEDICAL DECISIONS

In clinical practice, incorrect estimates have significant implications. For
example, the widely used clinical practice guideline from the report by the Adult
Treatment Panel III (NCEP, 2002) uses cardiovascular risk estimates similar to
those available from online calculators to recommend particular treatment regi-
mens. For non-calibrated estimates, this may result in the inappropriate use of
medication to manage cholesterol levels.

Computer-based post-marketing tools for the surveillance of new medications
and medical devices use models that adjust risk for the population being treated
(Matheny et al., 2006). These models depend on the accuracy of the estimates to
trigger appropriate alerts for unsafe technologies and drugs. For non-calibrated
estimates, risk adjustments may result in a large number of false positives or of
false negatives, either of which would incur large costs to the health care system.
It is critical, therefore, to assess the calibration of estimates before using models
in clinical settings.

We and others have shown, in different domains, that the calibration of
medical diagnostic and prognostic models can vary significantly according to the
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population to which they are applied (Hukkelhoven et al., 2006; Matheny et al.,
2005; Ohno-Machado et al., 2006), even though discrimination indices such as the
areas under the ROC curves may not vary. Although some efforts are being made
to recalibrate models for different populations and study reclassification rates,
Web-based calculators that estimate individualized risk do not yet take this issue
into account and may present incorrect estimates for particular individuals.

We have proposed methods for taking into account input-space clusters in
predictive models (Osl et al., 2008; Robles et al., 2008), but much remains to be
done to inform health care workers and the public about the potential shortcom-
ings of this aspect of personalized medicine. As new molecular-based biomarkers
for a variety of health conditions are developed and used in multidimensional
models to diagnose or prognosticate these conditions, it will become even more
important to develop accurate methods of assessing the quality of estimates

derived from predictive models.
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Medical Informatics for
Detecting Adverse Events

GENEVIEVE B. MELTON
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The detection and prevention of adverse events (AEs) in medicine represents
a national priority. AEs, defined as injuries that occur in the course of medical
management, have important consequences, including higher costs, higher mor-
bidity, and higher mortality. Large-scale focus by the Institute of Medicine (Kohn,
2000) has emphasized most prominently the importance of detecting and prevent-
ing AEs to improve patient outcomes. By identifying the AE and analyzing,the
context in which it occurred, AE detection can improve system factors and
cognitive processes surrounding possible future events and direct resources into
targeted efforts to prevent AEs in healthcare.

Unfortunately, with traditional voluntary reporting methods, many AEs are
not reported. Manual reviews of charts, although effective, are too costly for
routine use. Information technology and informatics tools that use data from
electronic health records (EHRs) can potentially improve AE detection and have
been identified as important tools for creating a “culture of safety.”

Several classes of automated AE detection systems have been described, most
of which use numeric or coded data from EHRSs, such as codes for diagnoses and
procedures, records of medication administration, laboratory values, and vital
signs. Substantial progress has been made in detecting and preventing adverse
drug events (ADEs), particularly with the introduction of electronic prescriptions
in both inpatient and outpatient settings. Natural language processing (NLP), a
set of automated techniques for converting narrative text into a format appropri-
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ate for computer-based analysis, can be used alone or in combination with other
automated methods to improve AE detection.

CHALLENGES AND CONSIDERATIONS
FOR AUTOMATED SYSTEMS

AE detection can be challenging because of the complexity and lack of
standardization of health care EHR systems and associated electronic data, par-
ticularly the lack of standards for the quality and formatting of data, standard
definitions of AEs, the variable performance of heuristic rule-based systems, and
sparse data sets on low-incidence events. Although most automated AE systems
provide feedback retrospectively, “active surveillance” systems that alert provid-
ers or administrators of events as they occur can potentially identify and investi-
gate AEs much more quickly.

Many robust EHR systems code data for administrative and billing processes
(International Disease Classification version 9 codes and Current Procedural
Terminology codes), demographics, laboratory results, admission and discharge
registrations, medication administration, and computerized physician order entry
(CPOE). However, with the exception of coding for administrative processes,
even these structured data are often formatted differently for different EHR and
hospital systems.

Although some AEs can be found using coded data, a large number of them
require supplementary methods and data sources. One reason for this is that
administrative and billing data can be incomplete or inaccurate, and they often
do not include AEs explicitly. In addition, more sophisticated data necessary for
AE detection, such as clinical reasoning, signs and symptoms, clinical summaries,
and physical findings are typically not included as structured data.

Standardized definitions of AEs are a fundamental prerequisite for accurate
measurement and analysis. However, centralized nomenclatures, or taxonomies,
have not been agreed upon for each health care setting. National initiatives will
be necessary to reach agreement and bring about consensus. Several promising
AE classification systems have been proposed according to setting or discipline,
including the JCAHO Patient Safety Event Taxonomy and the Clavien-Dindo
Classification of Surgical Complications.

Up to now, rule-based heuristic systems based on data from a variety of
sources have been primarily used for AE detection. Although such systems
perform well for certain tasks, they rely heavily on “triggers,” such as abnormal
laboratory values or low blood pressure, to indicate a possible AE. Machine-learn-
ing techniques are a promising set of approaches that can help to detect events
within datasets. Supervised and semi-supervised techniques are particularly help-
ful in cases where the AE is not obvious or intuitive, particularly when a large,
robust, and well-defined dataset exists to allow for adequate system training and
optimized performance.
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However, classification systems using machine learning can also perform
poorly, particularly for AEs that have a low incidence (< 1 percent), for which
data sets may be sparse and unbalanced. Several techniques have been proposed
for balancing such data sets, and some have been using sampling techniques with
variable success.

Developers of AE detection systems must also be aware of the cost of false
negatives and false positives. An important trade-off must be made between the
clinical indication and relative cost of screening extra patients to find AEs and the
cost of missing AEs. Most AE detection systems are designed to minimize false
negatives so as to maximize the overall detection rate; adjunct manual screening
is usually used to confirm identified AEs.

ADVERSE DRUG EVENTS:
AN EXAMPLE OF IMPROVED DETECTION

Most ADEs occur when drugs are ordered (55 percent), administered (35
percent), transcribed (5 percent), or dispensed (5 percent). In hospitals that use
CPOE:s, orders for medications and other clinical care are entered directly into
the EHR system. CPOE has been the most successful example of an informa-
tion technology that helps to detect ADEs. Because many CPOE systems now
include alerts and reminders about drug prescriptions, they can also prevent many
ADEs.

Additional “triggers” in coded data about medication administration or abnor-
mal laboratory values (e.g., supra-therapeutic or sub-therapeutic drug levels, low
hemoglobin, or poor renal function) can improve detection or even prevent many
ADEs. This has been demonstrated in several clinical trials in both inpatient and
outpatient settings.

NATURAL LANGUAGE PROCESSING:
A TOOL TO IMPROVE DETECTION

Clinical documents in EHRs are promising data sources for AE detection
systems because they often include clinical reasoning, signs and symptoms,
clinician’s summaries, and physical findings, all of which may be helpful for AE
detection. Although such narratives are rich in content, they present significant
challenges to automated systems in the medical domain. Several investigators
have tried using “trigger words,” such as “perforation,” “iatrogenic,” or “error,’
for AE detection. However, this technique has limited utility because it does not
distinguish between a real, potential, or past event or condition.

Serious challenges to using NLP, or medical text-mining, will have to be
overcome. Clinical documents are variably formatted with section headers, tabs
or other spatial formatting, and transcription errors (i.e., misspellings and gram-
matical errors). Meaning in medical texts is not straightforward; there are often

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

102 FRONTIERS OF ENGINEERING

uncertainties, negations, and questions about timing. In addition, medical terms
include synonymy (related or synonymous terms), abbreviations (often redun-
dant), and context-specific meanings.

Several automated text-mining tools have been developed, including open-
source tools available through the National Library of Medicine. One widely used
proprietary medical NLP application, MedLEE, uses a vocabulary and grammar to
extract data from text. Although MedLEE was initially used to extract information
from radiographic reports, it has been expanded for application to a wide range
of medical texts. When applied to discharge summaries, it has demonstrated a
significant improvement in AE detection compared to traditional reporting alone.
Thus NLP techniques can potentially improve AE detection systems.

CONCLUSION

Automated AE detection systems with automated informatics techniques
have shown promising results for improving the detection and ultimately the pre-
vention of AEs. National initiatives for the adoption of universal EHR systems and
advances in informatics techniques for AE detection are likely to increase the use
of these systems, which are now widely used only for ADE systems in health care.
Addressing technical challenges related to AE nomenclature, machine-learning
methods, sampling techniques, and NLP will improve system performance and,
ultimately, improve patient safety.
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In the last 100 years, huge advances in public health and medical care have
resulted in people living longer, healthier lives. These advances have led to a shift
from infectious diseases (pneumonia, tuberculosis, and infectious diarrhea) as the
top three causes of death to the sequelae of chronic illnesses as the most common
causes of death. For instance, heart disease, the most common cause of death in
2000, is hastened by diabetes, hypertension, and high cholesterol (Anderson and
Arias, 2003). In addition, as people age, loss of functional ability and increasing
disability become primary determinants of increased use of medical services, loss
of independence, and death.

It has been shown that increasing disability and multiple conditions near the
end of life, rather than single conditions or age alone, are the primary causes of
increased hospitalizations and costs (e.g., Shugarman et al., 2009). Nevertheless,
the health care system in the United States still focuses on treating individual con-
ditions and meeting acute needs, rather than on ongoing care and overall health.
Thus fixing this system will require changing health care delivery to anticipate
these needs, teaching and encouraging people and their families to seek help, and
providing care that consistently matches medical knowledge.

One possible “fix” is to add care managers—specially trained nurses and
social workers who focus on the broad health picture—into primary care clinics.
Care managers support a different approach to health care characterized by coor-
dination, prioritization, and protocols for treatment plans assisted by the targeted
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use of health information technologies (HIT). With these “fixes,” the health care
system would address ongoing changes in a patient’s health as the care manager,
supported by HIT, focuses on proactive, collaborative, coordinated care.

COMPLEXITY OF CARE AND THE
NEED FOR CARE COORDINATION

In this article, we will consider gaps and potential solutions in the care of a
hypothetical elderly patient, Ms. Viera. In this example, we consider two alter-
nate courses in the life of a this hypothetical patient based on differences in care
delivery (Figure 1). Ms. Viera is a 75-year-old woman with five common chronic
conditions: (1) arthritis in her knees and hips; (2) diabetes, which she has had for
the last five years; (3) high blood pressure; (4) moderate kidney problems, which
have caused some swelling in her legs; and (5) recent difficulty remembering
things day to day. She lives alone and can manage the usual household tasks.
Socially, she goes to the senior center once a week, has a part-time professional
caregiver, and has a daughter who lives about an hour away by car.

At the start of our hypothetical year, Ms. Viera looks back on last year, during

Specialists
(7 ongoing)

FIGURE 1 An example of average health care and needs for a patient with complex
conditions.
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which she saw 13 providers, 8 of whom she continues to see regularly. Her regular
providers include her primary care provider (PCP), Dr. Smith, a doctor of internal
medicine who provides ongoing care with a team of specialists—a rheumatologist
for arthritis; a cardiologist; a neurologist, whom she saw in consult for memory
loss; a nephrologist for kidney problems and high blood pressure; an orthopedist
for her knees; a gynecologist; and an endocrinologist for diabetes. She filled 50
different prescriptions for 8 chronic medications and 4 short-term medications;
several of these medications were prescribed by specialists, and some were pre-
scribed by the PCP. She avoided the hospital last year, despite having nearly 90
times the risk of a hospitalization for someone her age with no chronic illnesses
(Wolff et al., 2002).

As Figure 1 shows, an enormous number of connections had to be tracked
by the patient, the family, and the caregiver—for communication and for changes
to medical treatment plans. The coordination of these connections is the primary
challenge we address in this paper.

Patients like Ms. Viera represent approximately 5 percent of people over
65, yet they use about 43 percent of all health care resources (Wolff et al., 2002).
When we consider re-engineering the system to improve Ms. Viera’s care, we must
first and foremost consider the benefit of those changes to her. A major hypothesis
in care-coordination research is that carefully planning and arranging care can
result in higher quality, more efficient care. Society, patients, and insurers will all
benefit by avoiding waste from errors and “defects” in the care delivered.

A CRUCIAL JUNCTURE

Let us return to the case of Ms. Viera. At the beginning of our year, she is
hospitalized briefly for difficulty breathing and dizziness. After about two days,
she is diagnosed with out-of-control blood sugars and some excess fluid on her
lungs. The hospital team stabilizes her by adjusting several medications, and she
is discharged back to her home.

Figure 2 shows one potential course her post-hospital convalescence could
take. Based on the hypothetical events listed on the left, in the next year, she goes
home, appointments are planned, she attempts to resume her usual activities,
sees specialists, has dizziness, chest pain, and some difficulties with control of
her chronic conditions. In the usual course of care, “System 17 (on the right), the
care-coordination tasks and their method of completion are highlighted. Studies
show that upon discharge from the hospital, one-third of patients have care plans
that are not followed or communicated (e.g., instructions to make an appointment
with a physician). In addition, calls from the hospital staff to the PCP, although
helpful, frequently do not lead to follow-up unless there is further communica-
tion—from either the hospital or primary-care team—directly with the patient. By
the time the provider reviews the faxed discharge summary, Ms. Viera has about
a 10 percent chance of being rehospitalized.

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

106 FRONTIERS OF ENGINEERING

Ms. Viera ishospitalized.

Month 1: Ms. Viera goeshome.
An appointment is planned with
her PCP for follow-up.

Month 2: Ms. Viera resumes
usual activities and becomes
dizzy in the morning

Month 3: Adjustments to
medications are made by 3
specialists.

Courtesy callmade to PCP.

Ms. Viera rece*ves sheetwith
instructions to make an
appointment; PCP receivesa fax
in 7 days with discharge info.

She calls the ng an

appointment is scheduled, but
she goes to the ED due to
worsening symptoms.

2 of 3 send reports to the PCP
office with plan; these reports
are duly filed. When seen by

the PCP, she can’t remember
these changes.

PCP sees patle#t urgently; BP is
out of control and Ms. Vierais
hospitalized for observation.

Month 6: Ms. Viera haschest
pain and calls her PCP for help.

After her second
hospitalization, she is
discharged to rehabilitation and
a skilled nursing facility.

FIGURE 2 A year in the life of Ms. Viera with the usual system of health care.

Month 12: Review of the year
for Ms. Viera and family

In the next month, Ms. Viera may increase her activities and develop symp-
toms from her medications. In the usual system, she may call her PCP and, while
waiting for the return call, her symptoms may worsen, and she may go to the
emergency department. Upon seeing three of her specialists in follow-up, the lack
of information sharing among settings and caregivers leads to new medications
being prescribed but not remembered by the patient or family and not reconciled
against her old list.

Finally, in month six, Ms. Viera may have a serious new problem—worsening
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chest pain. In the usual system, all of her other issues may have distracted the
primary-care team from controlling her blood pressure, which leads to a repeat
hospitalization for monitoring. Although she does not have a heart attack, the
changes in her medications and the unfamiliarity of her surroundings in the hos-
pital may lead to a fall and a further need for rehabilitation.

In each of these common scenarios, gaps in coordination lead to increased use
of health care and worse health for Ms. Viera. Our primary purposes in this paper
are to elaborate on the reasons for our failure to create reliable health systems and
to provide suggestions for improvement.

DEVELOPING A HEALTH CARE SYSTEM OF SYSTEMS

One way to change the current system of coordination “as usual”—which
includes many gaps—is to think of health care as a more reliable and effective
system of systems. One challenge in creating a reliable system is that gaps are not
uniform; they vary over time and from individual to individual based on a wide
range of factors, such as social needs, economic conditions, chronic illnesses,
personal preferences, and local system infrastructure. Multiple disciplines, such
as cognitive engineering, systems science, industrial engineering, and informatics,
must be combined to begin to minimize and then close these gaps.

One way to address these problems is to take a close look at the existing
health care delivery system and diagnose the gaps through a structured approach
by looking at goals of care, current processes, infrastructure, and participants. We
have completed a series of studies of the system of primary care, a subset of the
overall health care system that focuses on ongoing, outpatient care by a PCP and
a primary-care team (Dorr et al., 2005, 2006a,b, 2007b).

In this system, as shown in Figure 1, coordination of care is crucial to ensure
that it is ongoing, comprehensive, and relationship-based. In our studies, we first
defined the goals of care coordination and then the crucial processes necessary
to attain those goals. These processes are usually nonlinear, are initiated through
comprehensive assessments, and require iterative follow-up on care plans and
patient needs. Finally, the structure is developed, in terms of the team’s abilities,
the clinic-based technology that ensures (or at least supports) reliability, and
defined roles, all relevant to the patient’s needs.

IDENTIFYING GAPS

Because patients have complex needs and there are many potential connec-
tions, we first identified the major problems by identifying gaps in the provision
of care. We and others have used observations and semi-structured interviews of
(1) patients with complex conditions, (2) physicians and nurses, and (3) other
health care professionals to identify the most common gaps in care coordination
in the primary-care clinic (Bodenheimer, 2008; Dorr et al., 2006b; Wilcox et al.,
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2007). Principal problems identified in analysis include: (1) a lack of collaboration
between patient/family and health-care team; (2) the absence of reliable, complete
communication; and (3) failure to prioritize care needs based on both patient input
and evidence for effective treatment.

Collaboration requires shared decision-making, a process whereby patients
are educated about their condition, are offered options, and are provided with
tools to help them make decisions. For patients with multiple chronic conditions,
decisions must be made frequently and must be coordinated across conditions.
Goal-setting by patients—which has been shown to lead to improved health—is
done less than 25 percent of the time, and patients report that they do not feel
included in decisions more than 50 percent of the time (Bodenheimer and Hand-
ley, 2009).

The reasons for frequent gaps in communication include: (1) the patient’s
need for clear communications that focus on goals and outcomes; (2) the need
for multiple inputs (e.g., from specialists and the primary-care team, as well as
the patient and family) to complete a communication, which requires cyclical
or iterative processes; and (3) the mode of communication either requires more
attention than is available (e.g., in-person conversations with the provider) or is
not timely (e.g., faxes) (Westbrook et al., 2007). With limited time and attention,
failures in communication are common, leading to errors and preventable negative
outcomes, such as emergency department visits resulting from unreturned calls
or unclear instructions.

Finally, as the severity and risk factors of the patient’s condition increase, the
prioritization of needs and next steps is crucial. Systems that remind providers
and/or patients about every potential treatment or step in a care plan individually
lead to provider/patient fatigue and distraction and ultimately fail to improve
care. In one study, more than 50 percent of patients did not understand directions
given to them by their physicians at the end of a visit (Bodenheimer and Handley,
2009).

COMPONENTS OF A SOLUTION

To understand the components of the solution, we now return to our sample
patient, Ms. Viera. Given the same events outlined above over the course of a year,
an optimal system, as shown in Figure 3, would address a number of the gaps we
identified in the usual system of care.

Reorganizing the Care Team

The first category is team reorganization (Bodenheimer et al., 2002). In other
disciplines, such as crew-resource management (e.g., air crews and other teams
that work in high-risk, high-attention areas), the crucial requirements for reli-
able, effective performance include team competencies, thorough training, and
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Ms. Vierais hospitalized.

Month 1: Ms. Viera goeshome.
An appointment is planned with
her PCP for follow-up.

Month 2: Ms. Vieraresumes
usual activities and becomes
dizzy in the morning

Month 3: Adjustments to
medications are made by 3
specialists.

Month 6: Ms. Viera has chest
pain and calls her PCP for help.

Month 12: Review of the year
for Ms. Viera and family

System2a: High care

coordination

Care Manager (CM) called by
family.

CM assures appointment made
and calls 2-4 days post-
hospitalization. CM attends
PCP visit.

CM takes call, and has patient
come in per provider advice;
low blood sugarsare to blame
and medications adjusted.

On monthly review by CM, Ms.
Viera bringsin her medications
and notes changes. The
medication listis updated.

Under a CM pr8tocol, her BP
was controlled and she is seen,
stabilized, and returned home.

With Ms. Viera's permission,
the daughter comes in for a
conference, and helps arrange
to keep Ms. Vieraathome.
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System2b: High health
information technology

Admitting information sent to
PCP, picked up py CM.

Scheduled outreach for follow-
up tracked per protocol and CM
need; these remain until
communicatlogompleted.

Blood sugars are tracked over
time in the system, with regular
follow-up calls scheduled as
medications ad&sted.

Specialistreferrals deemed
critical are tracked by system
and missing report causes a
reminder to be triggered.

Protocols are e*'orced by
system, with reminders about
patient goals and follow-up.

Asummary generated by the
system helps inform the
conference and aids in care
planning.

FIGURE 3 A proactive, collaborative system of coordinated health care.

well-defined, well-designed functions (Salas et al., 2006). For care coordination,
specific roles—such as the role of a care manager—must be defined to address
the need for reliable, effective communication and smooth, efficient workflow
(Dorr et al., 2006b).

Evidence based on studies of care managers or care coordinators have
increasingly shown that they can be crucial to minimizing the exacerbation of
disease (Dorr et al., 2005), reducing the number of hospitalizations (Dorr et al.,
2008), and improving patient satisfaction with their care (Wilcox et al., 2007). The
essential competencies of care managers include the ability to educate patients and
motivate them to set and follow goals and care plans, as well as to communicate
effectively with members of the team, the patient, and the patient’s family.

Processes tested and implemented for the care of patients with specific condi-
tions have been codified in primary-care team protocols that include identification
of common conditions (e.g., elevated blood pressure), a treatment plan, and a flow
chart. With the protocol, tasks are disseminated to appropriate team members
beyond the beleaguered physician by pre-defining, in sequence, the steps that must
be ordered manually under the current system. For protocols to be reliable, how-
ever, they must include collaboration, prioritization, and the complexity of the
patient’s needs. Comprehensive assessments of preferences and goals that include
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multiple conditions and patients’ needs have been shown to improve the health of
older adults and to facilitate patient decision-making (Boult et al., 1999).

In our sample case, the care manager would facilitate coordination by receiv-
ing the call from the hospital, making the post-hospitalization follow-up call to
the patient and family, and following protocols and proactively identifying the
patient’s needs. Care managers can help close the communication loop because
they remain focused on the key communication tasks for at-risk patients, follow
up on critical referrals to specialists, and arrange conferences to consolidate
communication. In the usual flow of things, the clinical staff must attend to many
urgent needs as they arise and therefore have limited time to perform these less
urgent, but no less important, tasks. Research has shown that trained care manag-
ers can accomplish these tasks and hence greatly improve the effectiveness and
efficiency of health care delivery.

Health Information Technology

The number of patients that can be followed by a care manager is limited.
Studies have shown that 2 to 5 percent of patients in a usual primary care clinic
meet the criteria of Ms. Viera’s case: an at-risk patient diagnosed with multiple
comorbid illnesses in need of ongoing care coordination. In a clinic of seven
physicians, more than a thousand patients may meet these criteria, which could
easily overwhelm care managers.

The primary goal of care coordination is to monitor, over time, the active care
and treatment plan for patients and to take necessary steps to ensure that the plan
is completed successfully. For example, health information technology (HIT) can
greatly increase the likelihood of success. Key process points can be defined and
programmed to remind care managers about crucial tasks. Whereas electronic
health record systems usually focus on individual clinic visits and work flow and
relegate hundreds of items to unstructured to-do lists, in our example, HIT func-
tions can be adapted to help prioritize tasks by (1) identifying crucial elements
that should be shared by members of the primary-care team, (2) ensuring that
relevant information is delivered to the correct team members in the appropriate
format, and (3) reminding clinicians about uncompleted tasks. To start the process,
HIT, using filtering and prioritized data flow, must identify all patients under care
management and the state of their current treatment plans and goals.

In our studies, by using HIT, care managers were able to follow an aver-
age of 350 patients at a time, approximately 1,000 per year (Dorr et al., 2007a).
Patients under care management received prioritized messages about their hospital
stay, were given automatic follow-up after sentinel events that persisted beyond
an individual call or visit, and were moved to the top of the queue for attention
when necessary.

The HIT system can embed protocols, although they must be flexible enough
to accommodate the needs of care managers; for example, care managers only
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need the next step defined and a reminder sent to address a patient’s rapidly chang-
ing status. Even for individual patients, care managers must identify the highest
priority tasks and should be reminded about these first (Dorr et al., 2006a). For
Ms. Viera, who sees 12 specialists a year, the care manager would designate which
of these referrals are critical and directly affect the care plan; HIT would then
remind the caregiver about these elements only.

Finally, summaries of the complex care and needs of patients are crucial
to addressing emerging issues quickly and integrating the patient’s history with
anticipated care needs in one place. Figure 4 shows this summary mechanism, the

07/26/2006 PATIENT WORKSHEET Comprehensive
Problems

Hyperthyroidism Hypertension

status post appendectomy Appendectomy

Diabetes Meliitus, Type 2 Cholecystectomy

Active Medications

1. - Digitoxin, 0.1mg, Tablet; 3 TABLET

2. - Testing; No dose found

3. - Testing; No dose found

4. - Entex LA (Guaifenesin/PPA HCI), 400-75mg, Tablet SA; 1 TABLET; BID
Allergies

Penicillins; Reaction(s): Urticaria (Hives)

No Known Drug Allergies; Reaction(s): Unknown

Penicillins; Reaction(s): Urticaria (Hives)

Disease Management

Readiness for Change

07/22/2003 Precontemplation
Preventive Care

Pap Smear Pneumovax
No Data - 01/01/2003
Clinical Laboratory Data
HgbA1c (<=7.0) UAProtein UAIDb/Cr (<30) 24 Urine Albumin (<30)
No Data - 06/01/2001 Negative  No Data - NoData -
12/18/2000 Positive
11/06/2000 Negative
Serum Cr Serum K Lipid Profile LDL (<100)  Trig (<150) HDL (>45)  CHOL (<200)
02/03/2005 1.5 10/03/2004 4.1 04/26/2003 107 93 50 176
01/26/2005 43 08/12/2004 34  04/06/2003 154 85 41 212
10/03/2004 6.4  04/26/2003 42 02/24/2003 149 151 41 220
04/26/2003 1.1 02/05/2003 6.0 02/06/2003 168 189 33 239
TC/HDL Ratio HCT hsCRP Homocysteine
04/26/2003 3.5 02/05/2003 359% 04/06/2003 0.6 mg/lL  04/06/2003 6 umol/lL.
04/06/2003 52 10/02/2002 37.7% 02/24/2003 1.2mg/ll  03/15/2002 5 umoliL
02/24/2003 54 08/23/2002 36.0%
02/06/2003 72 08/06/2002 39.0%
Clinic Data
Date Weight BMI(<25)  Weight Class Blood Pressure (<130/80) (clinic data only)
No Data - - - 01/25/2001 145/74 mmHg
Heart Rate
01/25/2001 86
Last Foot Exam:  No Data - Last dilated retinal exam: No Data -
Reminders
Lab

[ 1Urine Albumin Test - Should be done yearly for Patients with Diabetes.
[ 1Lipid Panel - Do Lipid Panel every 3-12 months until LDL < 100 for Patients with Diabetes and LDL < 130.
[ 1HgbA1C (should be done on all Patients with Diabetes).

FIGURE 4 Comprehensive summary sheet.
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patient’s worksheet (which, by itself, has been shown to improve adherence with
evidence-based treatments for chronic and preventive illness by 17 to 30 percent)
(Wilcox et al., 2005).

BUILDING A SUSTAINABLE MODEL

Once a patient’s needs and potential solutions have been identified, we work
to implement them into a model of care. In seven intervention clinics at Inter-
mountain Healthcare, a large, integrated health-delivery system, we installed care
managers, trained them, and adapted HIT over a period of two years to develop
the protocols and system described above. Over the next four years, patients seen
by care managers lived longer, had 24 to 40 percent fewer hospitalizations, and
had significantly better control of their conditions than similar patients at clinics
without care managers (Dorr et al., 2005, 2008). The clinics with care managers
also achieved higher efficiency levels, as measured by clinical output (patients
seen and complexity of conditions treated). Lower costs that resulted from greater
efficiency covered the costs of the care managers and the costs of expanding the
program (Dorr et al., 2007b).

Unanticipated effects included variations in referral patterns and care-man-
agement patterns that led to some variations in outcomes. For instance, patients
with predominantly social or financial problems did not have significantly fewer
hospitalizations or emergency department visits, despite the care managers’
efforts. A positive unanticipated effect was a result of integrating a set of providers
and patients. A number of patients described the care manager as “a life-saver,”
and a number of providers said they “could not imagine practicing without the
care manager.”

MAINTENANCE AND SUSTAINABILITY OF THE
CARE-MANAGER MODEL

The next step is to determine the maintenance and sustainability of the care-
manager model. In our qualitative studies, we defined core aspects of success-
ful care management and embedded these in a training- and HIT-enhancement
program. The core components of the model were defined as: (1) a trained care
manager; (2) a supportive, trained team; and (3) specialized HIT. We then created
a training and HIT support program (for details, see caremanagementplus.org). To
date, more than 75 clinical teams have participated in the training and have been
working on improving their HIT systems. In all, 73 percent of the teams were able
to implement the core components of the model.

Further work is being done on sustainability, which can be a problem because
many care-management tasks are not specifically reimbursed, despite their value.
Changes in the reimbursement system (e.g., payments for the “medical home,” a
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comprehensive model of primary care) or direct payments for care coordination
may enable many more primary care teams to adopt these models.

CONCLUSIONS

Successful models of coordinated care that meet identified needs and improve
patient health can be created by identifying gaps in current care systems, devel-
oping solutions that meet a particular patient’s needs, and developing change-
management processes. We have shown that one successful model is to use care
managers to augment primary-care teams and HIT to remind care managers and
clinicians about prioritized tasks. The next steps will be to explore ways to ensure
sustainability and to reinforce changes in the current health care system.
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SETH GUIKEMA
Johns Hopkins University
Baltimore, Maryland

Patrick O’MARA
STV, Incorporated
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America’s infrastructure, which includes highways, bridges, mass transit,
fresh water supply, wastewater treatment, telecommunications, energy, dams,
and schools to name just some of its components, is often taken for granted and
overlooked until something goes wrong. As we have learned in the recent past, the
importance of these “invisible systems” becomes immediately apparent when they
are not working. Natural and man-made disasters in the last decade have high-
lighted the vulnerability of our nation’s interdependent infrastructure systems.

e Power outages darkened the entire northeastern region in 2003.

e Communication lines have often been disrupted preventing e-mail, cell
phone, and telephone transmissions.

e An interstate highway bridge, the I-35W bridge in Minneapolis, collapsed
and disrupted traffic patterns and limited access.

e In New York City, steam pipes exploded when an aging power supply
system failed, disrupting transportation and energy distribution.

e In 2005, Hurricane Katrina caused levees to collapse in New Orleans and
flooded entire neighborhoods and communities in the city and along the Gulf
Coast.

The interconnectedness of infrastructure systems increases their susceptibil-
ity to failures and compounds recovery efforts. For example, an earthquake may
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damage buildings, bridges, and roadways, which may hamper emergency access
to fires caused by ruptured gas lines. In addition, these fires cannot be extinguished
if the transmission lines that provide power to the local water pumping station
are down.

The presentations in this technical session will focus on research efforts
to improve the long-term resiliency and sustainability of critical infrastructure
systems, which we so often take for granted. This research includes investigating
ways to develop systems that can withstand natural disasters and/or return to full
operation soon after a catastrophe occurs. Similarly, techniques, such as life-
cycle assessments, are being studied to create a more sustainable infrastructure
by reducing energy requirements, using recycled materials, and/or making better
decisions.

In the first presentation, Kristina Swallow presents an overview of the state of
our nation’s infrastructure as outlined in the American Society of Civil Engineers
Infrastructure Report Card, highlights possible causes of infrastructure deterio-
ration, and proposes possible solutions. The second speaker, Stephanie Chang,
focuses on research to assess the vulnerability of urban infrastructure systems in
areas susceptible to natural disasters with the goal of maximizing preparations
and reallocating resources to make recovery and repair operations more efficient.
Arpad Horvath, the final speaker, focuses on environmental life-cycle assessment
modeling of infrastructure systems and the implications, for the environment and
energy use, of using different designs and materials.
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America’s Infrastructure Report Card:
Causes, Costs, and Solutions

KRiIsTINA L. SwALLOW
AVP Consulting, Inc.
Las Vegas, Nevada

Whenever any one of us turns on the water, drives on a road, goes to a park
or lake, takes out the trash, or turns on a light, we benefit from the vast complex
network of systems that comprises America’s infrastructure. Infrastructure is
silent, invisible, and rarely thought of unless something goes wrong and it fails to
perform. Unfortunately, due to age, poor maintenance, and higher than predicted
demands, much of our infrastructure is in danger of failing, and it is critical that
it be brought up to current standards.

In 1988, a congressionally chartered commission, the National Council on
Public Works Improvement, completed a study on the state of America’s infra-
structure entitled Fragile Foundations: A Report on America’s Public Works.
Using a report card format to guide its analysis and publish its results, the com-
mission gave the United States an overall infrastructure grade of C, stating that
an annual increase in investment of up to 100 percent was required to improve it
(ASCE, 2009, p.9).

Since then the American Society of Civil Engineers (ASCE) has issued four
report cards on the nation’s infrastructure. In the most recent report card, issued
this past March, infrastructure was given an overall grade of D (Table 1) (ASCE,
2009, p. 2). ASCE estimates that infrastructure spending in the next five years
will have to be $2.2 trillion to improve its condition of to “good” (ASCE, 2009,
p. 6). This represents an investment of $500 billion more than was estimated in
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TABLE 1 2009 Report Card for America’s Infrastructure

Aviation D
Bridges C
Dams D
Drinking Water D-
Energy D+
Hazardous Waste D
Inland Waterways D-
Levees D-
Public Parks and Recreation C-
Rail C-
Roads D-
Schools D
Solid Waste C+
Transit D
Wastewater D-
AMERICA’S INFRASTRUCTURE G.P.A. D

Note: From 2009 Report Card for America’s Infrastructure, American Society
of Civil Engineers, p. 2. Copyright 2009 by the American Society of Civil
Engineers. Adapted with permission.

ASCE’s 2005 report card and approximately $1.1 trillion more than the U.S. cur-
rently invests in infrastructure (Table 2) (ASCE, 2009, p. 7).

The ASCE report card evaluates the condition of infrastructure as determined
by its ability to meet current and projected needs and its resiliency and estimates
the costs to improve the quality from its current grade to a B. Although long-
term maintenance and funding for capital improvements can prolong the life
of infrastructure systems, effectively improving the nation’s infrastructure will
require prioritized spending and an understanding of the underlying causes of
failure. ASCE found that infrastructure systems across the nation were (1) either
approaching or had already exceeded their overall design life; (2) trying to meet
demands that exceeded their design capacity; (3) lacking in redundancy; (4) inter-
dependent on other failing systems; and (5) facing technological obsolescence. By
recognizing that the overall decline is attributable to more than one contributing
factor, engineers can take a broad approach to understanding the problems and
developing solutions.
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WATER SYSTEMS

Drinking water systems touch the lives of all Americans, and their continued
performance is critical to our overall health. At a time when much of the United
States is deep into a multi-year drought, it is vital that drinking water systems
function continuously, correctly, and efficiently, and that they have the best tech-
nology to optimize consumption.

However, ASCE gives the nation’s drinking water systems a grade of D-.
Despite significant investment at the federal and local levels, ASCE reports that
there is still a projected $11 billion shortfall in the funding necessary to replace
facilities that are nearing the end of their useful lives (ASCE, 2009, p. 26).

In 2000 the U.S. population consumed an estimated 43 billion gallons of water
per day. An additional 7 billion gallons of clean drinking water are lost every day
through leaking pipes (ASCE, 2009, p. 24). In addition, drinking water systems
are not as resilient as they should be; most of them do not have the redundancy
necessary to maintain service in the event of a disruption. A complicating factor is
their dependence on a reliable power source to provide continuous service; energy
infrastructure earned a D+ rating.

The nation’s wastewater systems, facing similar challenges, also received a
grade of D-. The facilities in many of these systems have reached the end of their
useful lives resulting “in the release of as much as 10 billion gallons of raw sewage
yearly” (ASCE, 2009, p. 58). In addition, many are combined storm water/sanitary
sewer systems that are incapable of conveying flows generated by major storms
or runoff from heavy snowfalls. At a minimum, there must be separate sanitary
sewer systems in these locations to prevent uncontrolled discharges of raw sew-
age. The projected annual funding shortfall for wastewater treatment systems is
$6 billion (ASCE, 2009, p. 58).

To meet increasing demands, maintain critical systems, replace aging facili-
ties, and create necessary redundancies to ensure resiliency, ASCE estimates
that there is an overall need for $255 billion for water and wastewater systems
in the next five years. However, in January 2009, the estimated spending for the
next five years was only $146.4 billion, representing a $108.6 billion shortfall.
Although there are long-term federal funding programs for national defense and
the interstate highway and aviation systems, no such program exists for drinking
water and wastewater systems (ASCE, 2009, p. 60).

Long-term funding for drinking water and wastewater systems is critical to
maintaining and improving public health and should be coordinated with a variety
of other funding mechanisms at the local and state levels. In addition, water is
becoming increasingly scarce. Hence water and wastewater utilities will have to
work together to identify ways to increase supply to meet growing water needs.
Solutions may include developing reclaimed water systems, improving capture of
storm water, and using treated wastewater to replenish groundwater supplies.

Copyright © National Academy of Sciences. All rights reserved.
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TRANSPORTATION SYSTEMS

The nation’s transportation systems face similar funding and aging chal-
lenges. Although bridges received the highest grade on the report card, a C, more
than one in four bridges is either structurally deficient or functionally obsolete
(ASCE, 2009, p. 74). With a typical design life of 50 years, “the average bridge
... is now 43 years old” (ASCE, 2009, p. 76).

Although a structurally deficient or functionally obsolete bridge is not neces-
sarily unsafe, it “cannot accommodate current traffic volumes, vehicle sizes, and
weights” (ASCE, 2009, p. 76). The resulting restrictions create congestion, delays,
and unreliable service for emergency vehicles. The limitations are compounded by
growing traffic demands. In the past 20 years truck traffic has more than doubled,
and trucks are carrying increasingly large loads.

The condition of bridges is only one contributing factor to congestion on our
roadways. ASCE gives the roads themselves a grade of D-. Congestion on road-
ways results in time wasted and fuel costs of $710 per motorist annually (ASCE,
2009, p. 100). In addition to these wasted resources, the poor quality of roadways,
84.9 percent of which are rated as only adequate, leads to safety problems. In
2007 alone there were 41,059 fatalities from motor vehicle crashes and 2.5 million
injuries (ASCE, 2009, p. 100).

Trucks are a significant factor in problems with roadways. In the 10 years
ending in 2004, “freight traffic moved by truck grew 33%” (ASCE, 2009, p. 100).
This significant increase is a strong indication of “the increased dependency of
commerce on the efficiency of the roadways and the added wear and tear [on the
roads] caused by trucks” (ASCE, 2009, p. 100).

The resiliency of roadways and bridges is critical. When a bridge or roadway
fails, there is often an immediate loss of life and, until the system is restored,
increased delays for roadway users. ASCE estimates a total of $930 billion will
be required over the next five years to improve the nation’s roadways to a grade
of B. Of that amount, they anticipate that there will be a funding shortfall of
$549.5 billion.

In addition to providing funding at all levels for maintenance and capital
improvements, the nation’s goals should be not only to improve the condition of
roads and bridges, but also to increase research on ways to improve safety, reduce
lost time due to construction, and improve overall movement on the roadways.

CONCLUSION

This brief summary highlights some of the challenges facing two types of
infrastructure systems included in the ASCE 2009 Report Card for America’s
Infrastructure. This study provides a snapshot of the current state of America’s
infrastructure, identifies the reasons for its decay, and offers specific recommenda-
tions for addressing the challenges to infrastructure systems in all categories.

Copyright © National Academy of Sciences. All rights reserved.
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In addition, ASCE developed five key solutions applicable to improving the
overall state of our infrastructure: (1) increase federal leadership in infrastructure;
(2) promote sustainability and resilience; (3) develop federal, regional, and state
plans for infrastructure; (4) address life-cycle costs and ongoing maintenance
needs; and (5) increase infrastructure investment from all stakeholders (ASCE,
2009, p. 11). Implementing these solutions will result, over time, in an improved
infrastructure for the nation that will support the health, safety, and economic
security of its citizens.

REFERENCE
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Infrastructure Resilience to Disasters
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Urban societies depend heavily on the proper functioning of infrastructure
systems such as electric power, potable water, and transportation networks.
Normally invisible, this reliance becomes painfully evident when infrastructure
systems fail during disasters. Moreover, because of the network properties of
infrastructure, damage in one location can disrupt service in an extensive geo-
graphic area. The societal disruption caused by infrastructure failures is therefore
disproportionately high in relation to actual physical damage.

Engineers have long tried to design infrastructure to withstand extreme
forces, but recently they have begun to address the need for urban infrastructure
systems that are resilient to disasters (e.g., NIST, 2008). Conceptually, resilience
entails three interrelated dimensions: lower probabilities of failure; less-severe
negative consequences when failures do occur; and faster recovery from failures
(Bruneau et al., 2003). The emphasis on consequences and recovery suggests that
improving the resilience of infrastructure systems is not only a technical problem,
but it also has societal dimensions.

The consequences of recent disasters have demonstrated that urban infrastruc-
ture systems in the United States and other developed countries (not to mention in
developing regions of the world) remain highly vulnerable. Moreover, infrastruc-
ture failure is often a primary cause of economic and human losses in disasters.
Consider, for example, the consequences of infrastructure failures caused by
wind, storm surges, and levee failures in New Orleans during Hurricane Katrina.
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TABLE 1 Examples of Infrastructure Failures and Consequences in Disasters

Infrastructure Failure and

Event Location Consequences Source
1993 Great Des Moines, Businesses suffered greater Webb et al., 2000
Midwest floods Towa economic losses from

infrastructure outages (water,
electric power, and wastewater
services) than from physical
flooding of their facilities.

1994 Northridge ~ Los Angeles, Damage to bridges, which Gordon et al., 1998
earthquake California closed portions of four major
M,,=6.7) freeway routes, accounted for

$1.5 billion in losses from
business interruption (a quarter

of the total).
1995 Great Kobe, Japan Extensive infrastructure failures,  Chang (in press); Chang
Hanshin-Awaji including outages of electric and Nojima, 2001
earthquake power and telecommunications
(M,,=6.9) (1 week), water and natural gas

(2-3 months), commuter railway
(up to 7 months), and highway
systems and port infrastructure
(approx. 2 years). It took 10
years for the city population

to recover. Economic activity,
especially at the port, has still
not fully recovered.

Table 1 provides a few other examples to illustrate the frequency and range of
infrastructure failures in disasters.

Because infrastructure failures are clearly a primary cause of disruptions in
disasters, strategies for improving the disaster resilience of communities must
focus on improving infrastructure resilience. Yet few standards or guidelines
have been developed for this, partly because of the complexity of the problem
(American Lifelines Alliance, 2006).

RESEARCH ON INFRASTRUCTURE IN DISASTERS

Much of the early work on infrastructure in disasters was on understanding
the mechanics of how components of infrastructure systems (e.g., bridge piers,
buried pipes, electric power transformers, and other substation equipment) per-
form when subjected to extreme forces or conditions. This basic understanding

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 1 Continued
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Infrastructure Failure and

Event Location Consequences Source
September 11, New York City ~ Widespread disruption in O’Rourke et al., 2003
2001 World lower Manhattan to emergency
Trade Center service facilities, transportation
terrorist attack (including subways),
telecommunications, electric
power, and water.
August 14, 2003 Portions of Power outages began in McDaniels et al., 2007;
blackout U.S. Midwest, northern Ohio and cascaded U.S.-Canada Power
Northeast, through the electric power System Outage Task
and southern grid to cause the largest Force, 2006
Ontario blackout in North American
history (affecting 50 million
people). Losses amounted to
an estimated $10 billion. Water
supply, telecommunications,
transportation, hospitals, and
other dependent infrastructures
were disrupted.
2004 Hurricanes  Central Port closures disrupted delivery American Lifelines
Charley, Florida of fuel and emergency materials.  Alliance, 2006
Frances, and Electric power outages lasted for
Jeanne more than a week. The supply of

emergency generators was not
large enough to meet demand.

was then extended to the performance of component assemblages (e.g., bridges,
pipeline networks, substations). Studies ranged from field work to laboratory
simulations with scale models and computer-based analyses.

As aresult of these studies, new engineering designs, materials, and retrofit-
ting strategies were developed to improve the ability of infrastructure elements to
withstand natural hazards. New technologies were also developed, such as sen-
sors for monitoring structural health and detecting damage and real-time system
controls.

While these remain active areas of inquiry, new research themes have emerged
to address some of the complexities of infrastructures, which include societal as
well as technical issues. How, for instance, will the failure of one bridge affect
businesses throughout the urban area that rely on the transportation system? How
will the failure of one infrastructure system disrupt other infrastructure systems?
How can repairs following a disaster be planned so they minimize social and

Copyright © National Academy of Sciences. All rights reserved.



Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2009 Symposium

128 FRONTIERS OF ENGINEERING

economic losses? Such questions have prompted research that is, by necessity,
interdisciplinary.

CHALLENGES OF INTERDISCIPLINARY RESEARCH

Interdisciplinary inquiry is inherently difficult for many reasons, ranging
from intellectual issues, such as differences in communication and attitudes, to
organizational issues, such as funding mechanisms and academic structures. Inter-
disciplinary research at the intersection of engineering and the social sciences is
especially challenging (NRC, 2006).

One basic hurdle has been different disciplinary concepts of the term “infra-
structure.” To structural engineers, for example, infrastructure comprises con-
structed elements, such as pipes and bridges, described in terms of materials and
design properties that condition their responses to physical forces. To economists,
infrastructure—often referred to as “public capital’—comprises an input to eco-
nomic production measured in dollars (e.g., Munnell, 1992) and often quantified
at the state or national level. These fundamental differences reflect different ways
of conceptualizing and measuring infrastructure.

Overcoming these challenges has required more collaborative, interdisciplin-
ary research than in past engineering studies. It has also required researchers to
pay greater attention to issues of time, space, and context. These trends are illus-
trated below in an example from the field of earthquake engineering.

WATER SYSTEMS IN A LOS ANGELES-AREA EARTHQUAKE

The Los Angeles Department of Water and Power (LADWP), the largest
municipal utility in the United States, provides potable water to 3.9 million people
through 11,700 kilometers of infrastructure in one of the most seismically active
regions of the country. Over the last several years, researchers affiliated with
the Multidisciplinary Center for Earthquake Engineering Research (MCEER),
a research center funded by the National Science Foundation, have been study-
ing the potential consequences of major earthquakes on the LADWP water
system. Highlights of three of these studies illustrate some key challenges and
breakthroughs.

Modeling Potential Physical Damage

The first study, conducted by geotechnical engineers, developed a model of
potential physical damage to the LADWP network (Romero et al., 2009). Geo-

IThe MCEER-LADWP research program also involved other studies (not described here) that
analyzed regional seismicity, modeled performance of the electric power transmission system, and
investigated forms of business resilience and resilient behaviors
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graphic information system (GIS) technology was used to visualize the spatial
dimensions of seismic ground waves, peak ground deformation, fault rupture, soil
liquefaction, and landslides, as well as the network itself. The model, the Graphi-
cal Iterative Response Analysis for Flow Following Earthquake (GIRAFFE),
assesses damage to network components (pipes, tanks, reservoirs, etc.) and
performs hydraulic modeling of water flows through the damaged network.
GIRAFEFE also estimates serviceability—defined as the ratio of post-earthquake
to pre-earthquake water flow—for each service area.

In 2008, results for one hypothetical event, a M, 7.8 earthquake on the south-
ern San Andreas Fault, were used as part of the largest emergency preparedness
exercise in U.S. history. In that scenario, overall water serviceability 24 hours after
the earthquake was estimated to be as low as 34 percent (after reserves in storage
tanks had been depleted). LADWP has now adopted GIRAFFE, trained its person-
nel to use it, and is applying the results in its system decision making.

Modeling the Post-Earthquake Damage-Repair Process

In a related study, systems engineers modeled the damage-repair process to
estimate the duration of water outages (Brink et al., 2009). A discrete-event simu-
lation model was developed that mimics the actual post-earthquake restoration
process, including the movements of repair crews over time and their activities,
which are subject to personnel and material constraints. Data were derived from
extensive consultations with LADWP engineering staff.

The restoration model was then run in tandem with the GIRAFFE damage
and water-flow model to simulate serviceability in 12-hour increments as repairs
were made over time and space; uncertainties were handled through multiple
discrete simulations. The results showed substantial variations in how restoration
might proceed, and LADWP concluded the restoration model would be helpful
in planning for resource allocations following a disaster.

Modeling the Effects of Water Outages on Businesses

Urban planners used the models described above and other MCEER engineer-
ing studies to investigate the consequences of water outages, including impacts
on the economy (Chang et al., 2008). For example, an agent-based simulation
model accounts for how different types of businesses would be affected by water
outages. Inputs include water serviceability ratios and restoration times based on
the studies described above, as well as characteristics of businesses per se. Data
were derived from surveys of impacts on businesses in previous disasters. Impacts
from water outages were estimated in the context of other types of earthquake-
related disruptions, specifically damage to buildings and power outages. Results
for a My, 6.9 Verdugo Fault scenario indicated that water outages could account
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for an estimated $467 million in direct business losses, or about 1.5 percent of the
estimated total economic losses.

CRITICAL FACTORS IN INTERDISCIPLINARY STUDIES

The studies described above have demonstrated the feasibility and promise of
interdisciplinary research on infrastructure resilience for developing the capability
of modeling post-disaster losses and recoveries over time. Based on the experi-
ence of developing GIRAFFE, the restoration model, and other models, we have
identified factors that promote interdisciplinary research in this area:

e GIS technology helps bridge disparate datasets and models by providing
a common platform for information sharing and data integration.

* The concept of infrastructure “‘services” is critical for linking physical
damage to societal impacts. This concept, which differs from both the traditional
engineering concept of infrastructure and the traditional economic concept of
infrastructure, reflects an intermediate representation that connects them.

* A research center approach makes it possible to address the entire scope
of a complex problem through the coordinated efforts of a multidisciplinary
team, convened and sustained over several years. This coordination is necessary
to identifying critical gaps in knowledge, involving appropriate researchers, and
overcoming disciplinary barriers.

¢ Collaboration with the end user, that is, with LADWP, the infrastructure
organization itself, is essential. LADWP engineers contributed in important ways
to framing questions, developing data, and ultimately, to applying outcomes to
decision-making.

Without all of these factors in place, this interdisciplinary research could not have
been conceived or conducted.

CHALLENGES ON THE HORIZON

Where is the current frontier in research on infrastructure resilience to
disasters? In this author’s opinion, much remains to be understood and addressed
about the performance of engineered elements and systems. In addition, the nexus
between engineering and social sciences has just begun to be explored through
interdisciplinary research, and many important questions remain to be answered.
In this context, three new challenges have been gaining attention.

Interdependencies

The first challenge is interdependencies—understanding and addressing how
failures in one infrastructure system lead to failures in another. Loss of electric
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power, for example, commonly leads to disruptions in water, transportation, and
health care systems, among others (McDaniels et al., 2007). There are several
types of interdependencies: physical linkages (e.g., pump stations in water deliv-
ery systems that require electricity); cyber linkages (e.g., computerized system
controls that rely on telecommunications); geographic linkages (e.g., pipelines
located on transportation bridges); and “logical” linkages (e.g., infrastructure
elements related through economic markets driven by human decision-making)
(Rinaldi et al., 2001).

The technical understanding of these interdependencies is still in its early
stages, and many infrastructure organizations have been reluctant to share infor-
mation about their vulnerabilities for security reasons. Nevertheless, an under-
standing of infrastructure interdependencies is critical for cities deciding on
strategic investments in infrastructure improvements that will have the greatest
payoff in terms of resilience.

Multi-hazards

The second new challenge is multi-hazards. Because infrastructure systems
are vulnerable to multiple stressors (e.g., wind, ice, flood, earthquake, terrorism,
deterioration), it is important to find solutions and support decisions that consider
them in that context. Synergies in risk-reduction technologies may reduce the
costs of pre-disaster retrofitting and post-disaster repairs. Methods are also needed
to assess how the deterioration of infrastructure over time affects disaster risk.

Sustainability

The third challenge, sustainability, is the consideration of infrastructure
resilience in a long-term environmental context. It can be argued that disaster
resilience is an inherent characteristic of sustainability. On one level, designing
and building infrastructure that is able to withstand disasters will reduce their
negative environmental impact, such as debris from damaged structures, spills of
hazardous materials and other contaminants, and the carbon footprint of recon-
struction activities. Infrastructure designers should, therefore, include such life-
cycle environmental impacts in their decision-making (Guikema, 2009).

On another level, because infrastructures are long-lived, infrastructure resil-
ience will require the capacity to meet demands that may change drastically
over their life cycles. Such changes may include urban growth and increases in
populations. Climate change will also be important, for example, through rising
sea levels that redefine coastlines and through changes in the occurrence prob-
abilities of hazardous events, including hurricanes, extreme rainfalls, droughts,
temperature extremes, landslides, and floods. Climate change will not only put
coastal infrastructure, such as port and harbor facilities, at risk. In many cities,
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climate change will also stress water supplies, wastewater treatment facilities, and
transportation systems (Infrastructure Canada, 2006).

In addition, infrastructure systems themselves have substantial effects on the
environment. For example, building flood-control levees, paradoxically, encour-
ages development in hazardous floodplains. Thus the vulnerability of New Orleans
to Hurricane Katrina was partly attributable to decisions, such as levee construc-
tion, that were made over a period of many decades to protect against relatively
frequent storms, but that increased the city’s vulnerability to very large, albeit
rare, catastrophic storms (Kates et al., 2006).

In addition, the capacity of Louisiana’s coastal wetlands to help buffer wind
and storm surges was substantially degraded over decades by the construction of
levees, shipping channels, oil and gas industry facilities, and other infrastructures
(e.g., Kousky and Zeckhauser, 2006). Some have suggested that flood protection
should not only comprise building levees, but should also be designed to encour-
age marsh restoration (Guikema, 2009). Others have proposed the decommis-
sioning of existing infrastructures—such as the selective dismantling of dams
and levees—along with ecosystem restoration as an approach to addressing the
problems of aging infrastructure and the ecological degradation it has caused
(Doyle et al., 2008).

Still others have pointed out that compact city designs intended to promote
sustainability (e.g., to promote energy efficiency and reduce emissions of green-
house gases) may actually undermine disaster resilience by putting more people
in high-density developments located in floodplains and other hazardous locations
(Berke et al., 2009).

UNANSWERED QUESTIONS

How can infrastructure systems be designed to both reduce risk and support
more sustainable cities? How can infrastructure systems be designed for disas-
ter resilience—for today, as well as for the future? These questions may be the
most difficult, and the most important, to answer. Addressing them will require
interdisciplinary research that spans the distances between engineering fields and
between engineering and the social sciences.
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The Environmental Footprint of
Infrastructure

ARrPAD HORVATH
University of California, Berkeley

Infrastructure, the backbone of everyday life, has contributed immeasurably
to human progress. But as we operate, expand, and maintain infrastructure, we
must also recognize its huge environmental “footprint”: greenhouse gas emis-
sions, toxic discharges, water use and pollution, waste generation, human and
ecological health impacts, and so on. In the face of climate change and dwindling
resources, we must reduce this environmental footprint and maximize the benefits
of our infrastructure.

INTRODUCTION

Operating, expanding, and maintaining infrastructure costs a substantial frac-
tion of our gross national product. Although these costs are enormous, we also
reap enormous benefits from our infrastructure. In fact, we cannot function with-
out it. Infrastructure is everywhere, but we tend to notice it only when something
goes wrong, when a tap goes dry, when a bridge collapses, when phone lines go
silent. Few of us stop to marvel at what infrastructure makes possible.

In fact, most people do not have a correct understanding of the concept of
infrastructure. To many, the word means only the transportation and utility sys-
tems. But infrastructure is much, much more than that. It includes the buildings
we occupy, the telecommunications system and the Internet, the energy economy,
and the health care system.
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Traditionally, society has worried about the technical, economic, safety, and
quality performance of infrastructure systems. Lately, we have become interested
in its economic costs, societal costs, and environmental costs.

SUSTAINABILITY—A PARADIGM SHIFT'

The U.S. interstate highway system (IHS) launched by the Federal Aid High-
way Actin 1956 became the largest infrastructure project the world had ever seen.
It was said that IHS would increase the defense readiness of the United States by
providing reliable highways for the movement of military personnel and equip-
ment and provide a backbone for interstate commerce. By the time the system was
completed some 37 years and more than $400 billion later, it had far exceeded
those expectations.

The new highways crisscrossing America from coast to coast and north to
south contributed to unprecedented growth in the productivity of U.S. industry
(by some accounts, 31 percent in the late 1950s; 25 percent in the 1960s; and 7
percent in the 1980s) (Anonymous, 2008). Interstate highways have made more
things possible than anyone predicted. They changed American life forever.

But infrastructure must be periodically reinvented. The flagship investment of
the 1990s was the Internet, which has profoundly changed the way we live, work,
and play. Like IHS, the Internet has created jobs and eliminated jobs, opened new
horizons, spun off new activities, increased productivity, brought many along on
virtual road trips, and connected the world in Second Life (http://www.secondlife.
com). The Internet became the world’s superhighway much faster than the inter-
state highways were able to connect the far ends of the United States. And the
electronics and telecommunications industries became essential components of
all the industries and systems in our infrastructure.

Today, the United States—as well as the rest of the world—needs break-
through investments in the built environment on the scale and level of relevance
of the THS and the Internet. We need a paradigm shift in our built environment to
the paradigm of sustainable development. Using life-cycle assessment (LCA), a
systematic methodology that reveals the environmental impacts of every life-cycle
stage of every component in the infrastructure, we have learned that buildings,
transportation, and water and wastewater systems are responsible for the largest
use of energy, water, and raw materials in the world. Physical infrastructure, which
was once hailed as a high achievement, now causes people to turn away. Who
wants to live near a highway? Or a power plant? Or a water-treatment facility?

Changing the environmental performance of infrastructure will take more
knowledge and quicker action. Even as industries try to establish and mitigate
their environmental footprint (e.g., industries in the European Union affected by

IThis section first appeared on the web as http://www.sitra.filen/News/articles/Article_2008-03-
19.htm.
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carbon constraints and industries in the United States affected by sulfur dioxide
(SO,) regulations), it is high time for infrastructure professionals and industries
to get organized and move forward with evidence-based arguments and recom-
mendations for sustainable development.

ENVIRONMENTAL MODELING OF INFRASTRUCTURE

The first things we will need are models of infrastructure. In all models, the
real world must be abstracted to make problems understandable, solvable, and
manageable. Environmental modeling of infrastructure starts with modeling the
complex systems that underlie transportation, energy, water, wastewater, munici-
pal and industrial waste management, telecommunications, and other systems and
services. Modeling infrastructure is doubly difficult because most infrastructures
are networks of systems with large geographical and temporal dimensions. For
example, the electric power system in the United States is more than 100 years
old and reaches every corner of this vast country.

Most of these systems, even though they lie within the geographical boundar-
ies of a country, connect with international systems and have supply chains that
span the globe. For example, the U.S. civilian air transportation system is closely
connected to international civil aviation. Most of the aircraft owned by U.S. air-
lines were assembled here, but many critical components were produced (or partly
produced) in other countries. Mapping these supply chains is often difficult.

Many products and processes, and therefore many economic sectors, are
involved in the life cycle (planning and design, construction, operation, mainte-
nance, end of life) of infrastructure systems. Analyzing thousands of products is
difficult, but assessing services is even more difficult because descriptions, pro-
cess models, and data are scarce. In addition, technologies are far from uniform
across the United States, let alone internationally, and there are variations in all
life-cycle phases. Thus modeling them all is a daunting task. We design, build,
and operate infrastructure differently from one state to the next, not to mention
from one country to the next, and these differences must be captured in abstracted
models.

Once models have been created and tested, they can be translated into basic
process-flow diagrams for environmental analyses. A few years ago I attempted to
find a comprehensive process-flow diagram for making, delivering, placing, and
curing concrete. Although we make and use one billion tons of concrete a year in
the United States and 10 billion tons worldwide, I could not find a single model.
Mapping the process flow of the Internet and the supply chains that contribute to
its (mostly flawless) operation is an even more complex job. Clearly, we have a
lot to do in the first step towards environmental analysis.
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LIFE-CYCLE ASSESSMENT

Many decision makers are aware of LCAs and their potential to provide
infrastructure assessments. In principle, an LCA must quantify all of the resource
inputs and environmental outputs of a product, process, or service, not just at
the point of manufacture or generation, but through the entire underlying sup-
ply chain. Unfortunately, few have used LCA in practice, and it has rarely been
applied to real-life situations.

LCA was conceptualized to change practices throughout the entire economy,
protect human and ecological health, preserve resources, and support sustainable
development. We need to begin using LCA to make infrastructure decisions.
Billions of dollars must be invested in infrastructure, but they must be invested
to improve environmental quality. Although there is a general consensus among
societal stakeholders that this should be done, essential questions remain to
be answered by LCA and other kinds of environmentally informed decision
making.

Here are some sample questions for which we have no definitive answers:

* Is solar-generated electricity more environmentally friendly than wind-
generated electricity?

e Is traveling by high-speed rail more environmentally efficient than flying
or driving?

e Should roadways be built to follow natural topographies or should we use
cuts, fills, and tunnels wherever needed?

* Does centralized wastewater treatment have lower energy requirements
than decentralized treatment?

e Should we build concrete or steel bridges?

* What are the life-cycle environmental emissions of the U.S. telecommu-
nications system?

* Should water reservoirs be built on hills or on flat land?

These are just a few of the infrastructure decisions that must be pondered
every day, and answering these questions correctly or incorrectly can have
profound environmental implications. Yet for many of these types of questions
we do not know whether one alternative is more environmentally friendly than
another, and we are even farther from being able to supply robust answers based
on absolute numbers. Although the temporal and spatial complexities of these
kinds of questions are daunting, we must answer them, and do so correctly, lest
we continue making decisions without forethought that may result in further
environmental damage. Sadly, we are still many years from answers with an
acceptable degree of certainty.
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AN EXAMPLE: LIFE-CYCLE ASSESSMENT OF PASSENGER
TRANSPORTATION MODES

This example illustrates the complexities and challenges of environmental
assessment, especially using LCA. In a recent paper (Chester and Horvath, 2009),
we explored the total energy, greenhouse gas (GHG), SO,, nitrous oxide (NO,),
and carbon dioxide (CO,) burden of several types of passenger transportation:
sedan; SUV; pickup truck; city bus; Bay Area Rapid Transit (BART) (considered
a subway); commuter rail (Caltrain); and light rail (MUNI). For comparison, we
included small, midsize, and large aircraft, and the Boston Green Line light rail
(the oldest line of the Boston subway and the most heavily traveled light-rail line
in the United States). The results are presented in Figure 1.

Our analysis was based not only on tailpipe emissions, a typical measure
of vehicle emissions, but also on the provision of vehicles, the transportation
infrastructure, and fuels, in other words, all of the life-cycle phases of vehicles,
the physical infrastructure that makes travel possible (e.g., roads, rails, stations,

Conventional Gasoline Sedan

Conventional Gasoline SUV

Conventional Gasoline Pickup
Urban Diesel Bus (Off Peak)
Urban Diesel Bus (Peak)
Commuter Rail (SFBA Caltrain)
Light Rail (SF Muni)

Light Rail (Boston Green Line)
Small Aircraft

Midsize Aircraft

Energy Consumption (MJ/PKT)

Large Aircraft 1.4

Conventional Gasoline Sedan

Conventional Gasoline SUV

Conventional Gasoline Pickup
Urban Diesel Bus (Off Peak) i
Urban Diesel Bus (Peak) i
Commuter Rail (SFBA Caltrain) i
Light Rail (SF Muni) i

Light Rail (Boston Green Line) ]

Small Aircraft

Greenhouse Gas Emissions (g CO,e/ PKT)

Midsize Aircraft 98
Large Aircraft 92
O Vehicle Active Operation O Vehicle Inactive Operation B Vehicle Manufacturing 8 Vehicle Maintenance
W Vehicle Insurance B Infrastructure Construction Minfrastructure Operation Dinfrastructure Maintenance
M Infrastructure Parking Olnfrastructure Insurance 0 Fuel Production

FIGURE 1 Energy use and greenhouse gas emissions per passenger kilometer traveled
(PKT) for various modes of passenger transportation. Source: Chester and Horvath,
20009.
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airports, etc.), and the stages prior to the combustion of fuels or generation of
electricity.

Altogether 79 components associated with these transportation modes were
analyzed (about 200 different calculations), representing a great variety of tech-
nologies, products, processes, and services in the Bay Area, the state of California,
and Boston, as well as nationwide and worldwide, wherever the supply chains
for these components reach. Thus assessing the environmental performance of
these systems was challenging for many reasons, not least because the data were
numerous and spanned many decades and were generally difficult to obtain. For
example, components of some systems were built decades ago, and some are
shared with freight transportation.

Our analysis showed that physical infrastructure and the provision of fuel
contributed significantly to environmental effects. For example, they add 63
percent to road, 155 percent to rail, and 31 percent to air transport’s total burden,
above and beyond tailpipe GHG emissions, as expressed in passenger kilometers.
In addition, usage rates make a big difference in the total environmental burden.

WHAT’S NEXT??

Reducing the environmental footprint of infrastructure presents us with enor-
mous tasks, but also enormous opportunities. Most of the energy we use in con-
structing, operating, maintaining, retrofitting, and decommissioning infrastructure
is based on fossil fuels. We already know that carefully selected, produced, and
used biofuels can reduce our fossil-fuel demand. Large-scale efforts, such as the
Energy Biosciences Institute at the University of California, Berkeley (http://www.
energybiosciencesinstitute.org), could lead to breakthrough technologies for
infrastructure.

We must work with the supply chains of infrastructure systems to understand
how we can reduce the environmental impacts of raw materials, equipment,
products, and services before they are built into infrastructures. We also need
to educate current students and the leaders of our society in how to achieve the
highest environmental standards in the infrastructure organizations they support,
run, finance, or regulate.

Environmental assessment of infrastructure was introduced in the scientific
literature decades ago, and LCA studies were introduced about 15 years ago. But
we must support current researchers and groom future researchers to improve
their understanding of the complex, ever-changing set of systems that comprises
our infrastructure. To answer even the most burning infrastructure questions, we
will need many more studies that can lead to recommendations that can be readily
adopted by practitioners.

2A version of this section first appeared on the web as http://www.sitra.fi/en/News/articles/
Article_2008-03-19.htm.
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Investing in the new paradigm—that the future must be based on principles of
sustainability—is the most significant investment we will make in this generation.
The question is how far this investment will take us toward reaching our goal.
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