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THEME:

Computer science is enabling

an entirely new level of

scientific progress.
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MY OBJECTIVES:

* Provide some perspective by characterizing
science, computational science, and computer
science at a high level of abstraction.*

e Provoke some discussion

*Truth in advertising: this is speculative!
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AGENDA for TODAY

e The nature of science

* An expanded view of computational science and
engineering

e The three modes of interaction between CS and
the rest of science (and engineering)

* The essence of CS

* Advancing beyond today
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SCIENCE

e What is science about?

- Describing and making sense of reality, and
predicting future realities

* What are some of the more interesting aspects of
reality?

- Large numbers of complex objects

- Dynamic behavior of those objects over time
- Relationships between objects

- Systems of objects

e What are the abstract activities of science?

Georgia Colegsal
Tech Cammpuiing



KEY SCIENTIFIC ACTIVITIES

* Observing/measuring reality

* Representing observations and measurements in a
form commensurate with mathematical, logical, and
computational techniques

* Translating representations into a form meaningful
to humans (if necessary)

* Creating abstractions and building models

* Manipulating abstractions and models to obtain
insights and predictions
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CENTRALITY TO SCIENCE

* The key activities of science - in the abstract - are a
subset of the essence of CS

* CS adds the ability to represent processes beyond
what mathematics can do

* CS permits the manipulation of representations to
obtain new representations that can be related to
reality (like math, but beyond)




Computational science &
engineering (CS&E) is the

currently prominent (but not
only) way in which computer
science 1s utilized in science.
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CS DOES THREE THINGS FOR
SCIENCE

* Provides tools for simple computation and
CS&E

* Provides an expanding variety of other tools
for scientific inquiry

* Provides concepts and techniques for dealing
with complexity in other domains
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PREVAILING VIEW OF CS&E

Computational science, the scientific investigation of
physical processes through modeling and simulation on
computers, has become generally accepted as the third pillar of
science, complementing and extending theory and
experimentation.

- Horst Simon

Series Editor, Chapman &
Hall/CRC Computational
Science Series

.
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AN EXPANDED VIEW OF CS&E

* The importance of data is increasing exponentially
(and the amount of data even faster!)

* One starts with managing and displaying data

* But it cannot stop there because one can make
unexpected discoveries in the data

11



A RECENT EXAMPLE

December 4th, 2008

Students Find Exoplanet
Written by Nancy Atkinson

QuickTime™ and a
decompressor
are needed to see this picture.

Three undergraduate students doing a research project
discovered an extrasolar planet. The planet is about five times as
massive as Jupiter, not all that big as far as previously detected

See: www.universetoday.com/2008/12/04/students-find-exoplanet/

Georgia
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INFORMATIONAL SCIENCE*

* CS&E must be expanded in its definition to
include data discovery techniques beyond
simulation and modeling

* “Data mining” techniques are the best known,
but are still rudimentary

* Advances will be made, and other techniques
will be invented

* Beyond this is the need for integration of CS
into considerations of CS&E

* - la Colegeaf
Due to the late Jim Gray Gogrga | Sollege o
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EVOLUTION OF THE SCIENTIFIC
ENTERPRISE

» Mpythical (< 1000 CE)

* Observational (< 1500 CE)
« Empirical (> 1500 CE)

e Theoretical (>1700 CE)

« Computational (> 1950 CE)
* Informational (> 2000 CE)



Computer Science is not the same as

Computational Science,

but they have a large overlap.

la Collegesof
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CS DOES THREE THINGS FOR
SCIENCE

* Provides tools for simple computation
and CS&E

*Provides an expanding variety of other
tools for scientific inquiry

* Provides concepts and techniques for
dealing with complexity in other
domains
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NON-COMPUTATIONAL TOOLS

* Non-computational tools range from the very
simple (data display) to the very complex (3D,
distributed, virtual environments for
experimentation)

* There is considerable research devoted to
developing more tools for science (e.g. NSF’'s CDI
program)

* Three representative examples given here



SENSOR NETWORKS

* Explosion in size and capability of physical
sensors in the past 20 years

* Now practical to install thousands or even
millions of sensors to gain a simultaneous and broad
picture of a phenomena - e.g. continental drift, ocean
currents, behavior of an entire structure in an
earthquake, flow of a river

e To be useful, sensors must be connected and
coordinated by networks using distributed systems
techniques, intermittent networking, autonomous

control, etc.
la Coleasaf
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“"Digitizing a River in One Week”
0120778, Deborah Estrin, University of California-Los Angeles
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Permission Granted
Credit: Jason Fisher, UC Merced

In response to growing freshwater resource problems in California's San Joaquin Valley, industrial
contamination in the Hudson River, and water shortages in the southeast, a team of scientists and
engineers from the Center for Embedded Networked Sensing (CENS) tested a sensor deployment campaign
approach at the confluence of the Merced and San Joaquin Rivers. Their objective was to create a system
for rapidly characterizing a complex river reach not only in terms of its bathymetry and floodplain, but also
its flow and water quality parameters-all within one week! Adding to the value of this effort was a
concurrent study by information scientists from the center who study organizational and data handling
strategies associated with such a campaign.

Using a robotic sensing device, the researchers were able to scan flow and water quality conditions across
transects taken upstream, downstream, and within the confluence zone. Over a 5-day period, nearly 300
cross-sectional distributions for flow velocity, temperature, pH, specific conductance, oxidation-reduction
potential, dissolved oxygen, nitrate, and chlorophyll a were collected. The results from this campaign also
resulted in a striking three dimensional map of the confluence zone, which, together with the transect
data, is used to create a multi-dimensional river model that scientists can use to analyze and forecast river
conditions, as well as to plan future large-scale experiments aimed at understanding and improving water
quality.

Slide source: NSF/CISE  Detail: research.cens.ucla.edu/projects/2007/Terrestrial/Systems/
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ORGANIZING LARGE DATA SETS

* Scientific data bases now often contain terabytes of
information

* Flat or relational organization may be very
inefficient for computational uses and/or visual
exploration of the data

* A new data structure was developed that can
represent data aggregations at multiple resolutions in
high dimensionality

20



“Multiresolution Data Aggregation Supports Visual Data

Exploration”
0414857, Li Yang, Western Michigan University

File Visualizers Options Tools Help
Visualizers
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A screen snapshot of visualizing the data aggregation
tree on twelve variables of 25000 samples of housing
unit records in the 1% Public Use Microdata Sample
files made public by the US Census 2000. The screen
snapshot gives an overview of the sample records in
parallel coordinates, where data aggregates are
visualized as density bands and individual records are
visualized as line segments. The visualization shows a
gray data selection band across all coordinates, which
specifies a query region that can be used to retrieve a
subset of data for further visualization.

Permission Granted

Credit: Li Yang and Mustafa Sanver, December 2007

Real world data sets are often archived in the relational
format and are growing in size from gigabytes to terabytes
to petabytes. This project investigates multi-resolution
data aggregation for interactive visual exploration and
exploits data resolution as a new dimension for efficient

data processing and effective data visualization. This
project developed a data structure to support both multi-
resolution data aggregation and high dimensional indexing
that has demonstrated significant improvement in data
visualization performance.

The developed data aggregation tree resides on hard disk
where each internal node of the tree piggybacks statistical
data aggregates in the region represented by the node.
Therefore, the data aggregation tree organizes data sets
at multiple resolutions. Such a piggyback of data
aggregates efficiently supports both range query and data
aggregate query. It presents a fundamental change of
data input to visual data exploration.

This development may lead to practical applications in
interactive visual data exploration, query processing, and

new data mining techniques.

Source: www.cs.wmich.edu/~mvis/

Slide from: NSF/CISE
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VIRTUAL EXPERIMENTATION

* Modeling or simulation permits “experiments”
in the computer, but requires precise
mathematical formulations

* Virtual worlds permit experimentation in areas
that cannot be precisely modeled

* Example: enabling a “person” to alter the way
they are “seen” in a social interaction

22



“HSD - Understanding Human Interaction in Virtual Worlds”
0527377, Jeremy Bailenson, Stanford University

4

A virtual reality simulation to allow
people to interact in real-time within
a collaborative virtual environment.

Permission Granted
Credit: permission granted by PI

This Human and Social Dynamics project brings together researchers
from communications, psychology, and computer science to explore
how the ability to alter one's physical appearance and social behaviors
(i.e., "transformed social interaction™) in virtual worlds - through the
use of avatars - impacts computer-mediated communications.

This team is studying multi-person social interaction by using
networked virtual reality technology. The study considers three
categories of transformations: self-representation (where participants
can alter the appearance, voice, and nonverbal behavior of their
avatars), social-sensory abilities (where participants are given tools or
information to provide them a new perspective on the interaction,
sometimes including additional information on the social behavior of
others), and social environment (where the social context is changed
to maximize interaction goals).

One specific hypothesis is that transformed social interaction can
make people more persuasive in virtual environments.

The researchers have developed a series of experiments to
determine the validity of this hypothesis.

One of the key findings is that people generally have a difficult time
detecting transformed social interaction; and, people exhibit a
tendency to confer greater social influence to people when using
digital media. Because of this unique attribute, the researchers note
that transformed social interaction might be used successfully in
education and training environments.

Slide from: NSF/CISE

Source: vhil.stanford.edu/ projects/
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CS DOES THREE THINGS FOR
SCIENCE

* Provides tools for simple computation
and CS&E

* Provides an expanding variety of other
tools for scientific inquiry

* Provides concepts and techniques for
dealing with complexity in other
domains
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SOME EXAMPLES
(Sketches only!)

* Physical concepts
* Earth’s life-support systems
* Biology

* Engineering design
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PHYSICAL CONCEPTS

* Sussman & Wisdom use CS concepts to
communicate concepts of EE, physics,
and other subjects

* Expressing laws of advanced classical
mechanics computationally insures
preciseness and provides computational
effectiveness

* Students required to formulate
analyses as algorithms

* Result is a powerful learning tool
* Seth Lloyd and others go much further

Georgia Collsgeal
Tech Campuiing
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EARTH'S LIFE-SUPPORT

e Itis i§n¥esr;|;5évtlhsat we understand and be able to

predict/control the systems around us
- biotic: biodiversity, ecosystems, human activity, etc.
- abiotic: atmosphere, oceans, plate tectonics, etc.

* Clearly it is a system of systems in which the
individual systems and especially the interactions
between them must be understood

* Increasingly computing is essential (e.g. climate)
-sensing, data management, analysis and modeling

* Beyond these tools, CS provides theories and concepts
for describing complex systems of systems and their
interactions Qe gth | Conaning

27
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* We have an exponentially increasing amount of
knowledge about biological “parts” (cells, genes,
membranes, subsystems, biochemistry, etc%

* Yet, we do not understand even how a cell works
sufficiently to modify it or repair it based on first
principles

Having a “parts list” doesn’t explain “how”
* Systems Biology objectives:

- gather more data (genomics, proteomics, etc.) and
analyze it (bioinformatics)

- build a science of the principles of operation of
biological systems

* Biological systems share much with . .
hardware/software systems (e.g. discrete, hierarchical,
complex, information-driven) and can be partially
modeled by abstract machines, formal languages, etc.
Ge%g’g 1 oe® off

>ermmanting
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IMPROVING AN ENGINEERING
DESIGN

* Team of electrical engineers at a major telecom
manufacturer worked many months on an advanced

product
* Strong constraints on weight, size, and power
* Hard deadline was approaching without success

* Chance conversation led to using CS concept -
parallel processes - to organize circuits

* This enabled achieving all goals in less than two
weeks

29



Computer science some day will be

as important in science and engineering as

mathematics is today.

ia
Tech
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COMPUTER SCIENCE

e What is the essence of CS?

* Why is it becoming so central to S&E?

* How can we move forward to sharpen and improve
its power?
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FIVE ESSENTIAL QUESTIONS OF CS

* How can any and every thing be represented

digitally?

* How can any dynamic behavior be represented by
a program?

e What machines can be devised to execute
programs?

* What relationships exist among representations,
programs, and machines?

* How can we create representations, programs,
machines, and relationships?

32
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DOES THIS CAPTURE THE ESSENCE OF CS?

* Help! Discussion wanted!!
* Remember: No discipline is “pure”

* What about quantum or biological
computing?

* How can we validate the completeness of
this characterization of CS?

* Are there similar characterizations already?

* What is it good for, anyway?

33
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MOVING FORWARD

For computer scientists:
* Continue to develop good tools

* Where possible also develop our science to

provide the intellectual tools for the future (cf.
CDI Initiative from NSF )

For all scientists and engineers:
 Utilize the best computational tools you can

* Try to apply CS tools and concepts where you
are able

* Work with computer scientists to show them
were CS concepts need extension

34
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CONCLUSION

* Computer science is advancing research far beyond
even what we could have imagined only recently

* CS-based tools (data organizations, visualizations,
virtual worlds, etc.) are opening up new lines of research

* Use of CS concepts to formalize, conceptualize, and
theorize is an extremely powerful new strategy

* The essence of CS (abstractly) includes the essence of
science, but has added capabilities

* It is important that CS continue to build an intellectual
framework that encompasses what CS is and does

Not only are unanswerable questions being
answered, but questions we didn’t even
think of asking are being suggested -
because of CS
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THANK YOU/



For More Information (starter list)
Science 2020 study

www.research.microsoft.com/towards2020science/background_overview.htm
www.nhature.com/nature/focus/futurecomputing/index.htmi

Expressing physical concepts in CS terms

Structure and Interpretation of Classical Mechanics, Gerald Jay Sussman and Jack
Wisdom, with Meinhard E. Mayer, MIT Press, 2001.

Programming the Universe: A Quantum Computer Scientist Takes on the Cosmos, Seth
Lloyd, Knopf, 2006

www.nytimes.com/2006/04/02/books/review/02powell.html

Computational thinking

“Computational Thinking, Communications of the ACM, vol. 49, no. 3, March 2006, pp.
33-35.

http://www.cs.cmu.edu/~wing/
Cyber -enabled Discovery and Innovation (CDI)
Initiative

www.nsf.qov/crssprgm/cdi/

Tech
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http://www.nature.com/nature/focus/futurecomputing/index.html
http://www.nytimes.com/2006/04/02/books/review/02powell.html
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CONTACT

Peter A. Freeman

freeman@cc.gatech.edu
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