
INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.B. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).
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INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.B. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).
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INFORMATION ABOUT PRINCIPAL INVESTIGATORS/PROJECT DIRECTORS(PI/PD) and
co-PRINCIPAL INVESTIGATORS/co-PROJECT DIRECTORS

Submit only ONE copy of this form for each PI/PD and co-PI/PD identified on the proposal. The form(s) should be attached to the original
proposal as specified in GPG Section II.B. Submission of this information is voluntary and is not a precondition of award. This information will
not be disclosed to external peer reviewers. DO NOT INCLUDE THIS FORM WITH ANY OF THE OTHER COPIES OF YOUR PROPOSAL AS
THIS MAY COMPROMISE THE CONFIDENTIALITY OF THE INFORMATION.

PI/PD Name:

Gender: Male Female

Ethnicity: (Choose one response) Hispanic or Latino Not Hispanic or Latino

Race: 
(Select one or more)

American Indian or Alaska Native

Asian

Black or African American

Native Hawaiian or Other Pacific Islander

White

Disability Status: 
(Select one or more)

Hearing Impairment

Visual Impairment

Mobility/Orthopedic Impairment

Other

None

Citizenship:     (Choose one) U.S. Citizen Permanent Resident Other non-U.S. Citizen

Check here if you do not wish to provide any or all of the above information (excluding PI/PD name):

REQUIRED: Check here if you are currently serving (or have previously served) as a PI, co-PI or PD on any federally funded
project

Ethnicity Definition:
Hispanic or Latino. A person of Mexican, Puerto Rican, Cuban, South or Central American, or other Spanish culture or origin, regardless
of race.
Race Definitions:
American Indian or Alaska Native. A person having origins in any of the original peoples of North and South America (including Central 
America), and who maintains tribal affiliation or community attachment.
Asian. A person having origins in any of the original peoples of the Far East, Southeast Asia, or the Indian subcontinent including, for 
example, Cambodia, China, India, Japan, Korea, Malaysia, Pakistan, the Philippine Islands, Thailand, and Vietnam.
Black or African American. A person having origins in any of the black racial groups of Africa.
Native Hawaiian or Other Pacific Islander. A person  having origins in any of the original peoples of Hawaii, Guam, Samoa,
or other Pacific Islands.
White. A person having origins in any of the original peoples of Europe, the Middle East, or North Africa.

WHY THIS INFORMATION IS BEING REQUESTED:

The Federal Government has a continuing commitment to monitor the operation of its review and award processes to identify and address
any inequities based on gender, race, ethnicity, or disability of its proposed PIs/PDs. To gather information needed for this important
task, the proposer should submit a single copy of this form for each identified PI/PD with each proposal. Submission of the requested
information is voluntary and will not affect the organization’s eligibility for an award. However, information not submitted will seriously undermine
the statistical validity, and therefore the usefulness, of information recieved from others. Any individual not wishing to submit some or all the
information should check the box provided for this purpose. (The exceptions are the PI/PD name and the information about prior Federal support, the
last question above.)

Collection of this information is authorized by the NSF Act of 1950, as amended, 42 U.S.C. 1861, et seq. Demographic data allows NSF to
gauge whether our programs and other opportunities in science and technology are fairly reaching and benefiting everyone regardless of
demographic category; to ensure that those in under-represented groups have the same knowledge of and access to programs and other
research and educational oppurtunities; and to assess involvement  of international investigators in work supported by NSF. The information
may be disclosed to government contractors, experts, volunteers and researchers to complete assigned work; and to other government
agencies in order to coordinate and assess programs. The information may be added to the Reviewer file and used to select potential
candidates to serve as peer reviewers or advisory committee members. See Systems of Records, NSF-50, "Principal Investigator/Proposal
File and Associated Records", 63 Federal Register 267 (January 5, 1998), and NSF-51, "Reviewer/Proposal File and Associated Records",
63 Federal Register 268 (January 5, 1998).
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CERTIFICATION PAGE

Certification for Principal Investigators and Co-Principal Investigators:
I certify to the best of my knowledge that:
 
(1) the statements herein (excluding scientific hypotheses and scientific opinions) are true and complete, and
(2) the text and graphics herein as well as any accompanying publications or other documents, unless otherwise indicated, are the original work of the
signatories or individuals working under their supervision.  I agree to accept responsibility for the scientific conduct of the project and to provide the
required progress reports if an award is made as a result of this proposal.
 
I understand that the willful provision of false information or concealing a material fact in this proposal or any other communication submitted to NSF is a
criminal offense (U.S.Code, Title 18, Section 1001).

Name (Typed) Signature Social Security No.* Date

PI/PD

Co-PI/PD

Co-PI/PD

Co-PI/PD

Co-PI/PD

Certification for Authorized Organizational Representative or Individual Applicant:
By signing and submitting this proposal, the individual applicant or the authorized official of the applicant institution is: (1) certifying that
statements made herein are true and complete to the best of his/her knowledge; and (2) agreeing to accept the obligation to comply with NSF
award terms and conditions if an award is made as a result of this application.  Further, the applicant is hereby providing certifications
regarding Federal debt status, debarment and suspension, drug-free workplace, and lobbying activities (see below), as set forth in Grant
Proposal Guide (GPG), NSF 00-2.  Willful provision of false information in this application and its supporting documents or in reports required
under an ensuring award is a criminal offense (U. S. Code, Title 18, Section 1001).
 
In addition, if the applicant institution employs more than fifty persons, the authorized official of the applicant institution is certifying that the institution has 
implemented a written and enforced conflict of interest policy that is consistent with the provisions of Grant Policy Manual Section 510; that to the best
of his/her knowledge, all financial disclosures required by that conflict of interest policy have been made; and that all identified conflicts of interest will have
been satisfactorily managed, reduced or eliminated prior to the institution’s expenditure of any funds under the award, in accordance with the
institution’s conflict of interest policy. Conflict which cannot be satisfactorily managed, reduced or eliminated must be disclosed to NSF.

Debt and Debarment Certifications                   (If answer "yes" to either, please provide explanation.)

Is the organization delinquent on any Federal debt?             Yes                                    No        
Is the organization or its principals presently debarred, suspended, proposed for debarment, declared ineligible, or voluntarily excluded 
from covered transactions by any Federal department or agency?             Yes                                    No        

Certification Regarding Lobbying
This certification is required for an award of a Federal contract, grant, or cooperative agreement exceeding $100,000 and for an award of a Federal loan or
a commitment providing for the United States to insure or guarantee a loan exceeding $150,000.

Certification for Contracts, Grants, Loans and Cooperative Agreements
The undersigned certifies, to the best of his or her knowledge and belief, that:

(1) No federal appropriated funds have been paid or will be paid, by or on behalf of the undersigned, to any person for influencing or attempting to influence
an officer or employee of any agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection
with the awarding of any federal contract, the making of any Federal grant, the making of any Federal loan, the entering into of any cooperative agreement,
and the extension, continuation, renewal, amendment, or modification of any Federal contract, grant, loan, or cooperative agreement.

(2) If any funds other than Federal appropriated funds have been paid or will be paid to any person for influencing or attempting to influence an officer or
employee of any agency, a Member of Congress, an officer or employee of Congress, or an employee of a Member of Congress in connection with this
Federal contract, grant, loan, or cooperative agreement, the undersigned shall complete and submit Standard Form-LLL, ‘‘Disclosure Form to Report
Lobbying,’’ in accordance with its instructions.

(3) The undersigned shall require that the language of this certification be included in the award documents for all subawards at all tiers including
subcontracts, subgrants, and contracts under grants, loans, and cooperative agreements and that all subrecipients shall certify and disclose accordingly.

This certification is a material representation of fact upon which reliance was placed when this transaction was made or entered into.  Submission of this
certification is a prerequisite for making or entering into this transaction imposed by section 1352, title 31, U.S. Code.  Any person who fails to file the
required certification shall be subject to a civil penalty of not less than $10,000 and not more than $100,000 for each such failure.
AUTHORIZED ORGANIZATIONAL REPRESENTATIVE SIGNATURE DATE

NAME/TITLE (TYPED)

TELEPHONE NUMBER ELECTRONIC MAIL ADDRESS FAX NUMBER 

*SUBMISSION OF SOCIAL SECURITY NUMBERS IS VOLUNTARY AND WILL NOT AFFECT THE ORGANIZATION’S ELIGIBILITY FOR AN AWARD. HOWEVER, THEY ARE AN
INTEGRAL PART OF THE INFORMATION SYSTEM AND ASSIST IN PROCESSING THE PROPOSAL. SSN SOLICITED UNDER NSF ACT OF 1950, AS AMENDED.
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PROJECT SUMMARY

The Laser Interferometer Gravitational-wave Observatory (LIGO) is an NSF-
funded project to detect gravitational waves emitted by astrophysical sources,
such as supernovae, pulsars, and orbiting pairs of neutron stars. A direct de-
tection of these signals would confirm a fundamental prediction of general rel-
ativity – the existence of gravitational waves – and provide a unique tool for
viewing exotic astrophysical events. The experiment consists of two interfer-
ometers being constructed in Hanford, WA and one in Livingston, LA; these
instruments should be operational in 2001.

The Center for Gravitation and Cosmology at UWM is a charter member of
the LIGO Scientific Collaboration (LSC), and participates actively in the LIGO-
I development group. Current LSC research activities at UWM are related to
the analysis of LIGO data. These activities include the development of meth-
ods to characterize and clean the raw data stream (removing instrumental and
environmental anomalies), and testing of algorithms to search for gravitational
waves from astrophysical sources (e.g. inspiraling binary stars and pulsars).
The research culminates in the migration of analysis codes to the LIGO Data
Analysis System (LDAS), where they can be used to analyze very large data
sets. For the last two years, this development work has been done on a 48-
node Beowulf parallel computer at UWM. This system, which was constructed
and operated by members of the LSC group at UWM, has provided us exten-
sive experience with homemade parallel computers.

This MRI proposal will fund construction of a Beowulf-computer system at
UWM for LIGO-related data analysis and code development. The proposed
system is a parallel computer composed of 128 off-the-shelf nodes (plus 5
spares) connected by high-speed networking. It will be an order of magnitude
more powerful than the present 48-node system at UWM. The system will be
available, through online network connections, to a broad group of scientists
within the LSC, including experimentalists, theorists, and astrophysicists.

The purpose of the machine is complementary to the systems being in-
stalled in the LIGO Laboratory, which are mission-critical systems intended to
run in production mode for long periods of time without interruption. In con-
trast with these systems, which will use a tape-robot based High Performance
Storage System (HPSS) to archive all the data, the system proposed here is
designed for rapid-turnaround data exploration and code development work. A
representative data set (days or weeks of data) will be kept on 10 Tbytes of low-
cost disks where it can be rapidly accessed. The complete system provides an
environment with sufficient aggregate CPU power (∼ 200 Gflops) for algorithm
and code developers to carry out extensive exploration and testing on LIGO
data, without interfering with the day-to-day data activities at the observatories,
and without placing unrealistic loads on the LIGO data-tape archive.
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C. Project Description

Note: Publication citations of the form [P1] refer to publications resulting from prior NSF support.
Note: The following acronyms and abbreviations are used in the text:
LIGO : Laser Interferometer Gravitational-Wave Observatory;LSC: LIGO Scientific Collaboration – a for-
mal scientific collaboration of researchers affiliated with the LIGO project.LDAS: LIGO data analysis
system;LAL : LSC Algorithm Library; FFT: Fast Fourier Transform;UWM : University of Wisconsin-
Milwaukee;40-m: A 40 meter baseline prototype interferometer at Caltech.

C-I Results From Prior NSF Support

Title: Data analysis tools, techniques, and algorithms for gravitational wave detectors
PI: Allen; NSF Award Number: PHY-9728704;Amount: $203,360
Period of Support: September 15, 1998 – August 31, 2000
The UWM LSC group also received support from NSF grant PHY-9507740 and from the LIGO Visitors Pro-
gram grant NSF PHY-9603177. The LIGO/LSC computing facilities at UWM were partly funded through a
supplement to PHY-9507740 ($75,000 in NSF funds, equally matched by UWM funds).
Note: This section only reports oninstrumentation-relatedresults from the grants listed above.

A The LIGO Project and LIGO Data Analysis
The Laser Interferometer Gravitational-Wave Observatory (LIGO) is an ambitious project to detect gravita-
tional waves from astrophysical sources such as coalescing neutron stars and black holes, spinning neutron
stars, and supernovae. To enable confident detection, the facilities include three independent detectors: two
in Hanford, Washington and one in Livingston, Louisiana. The data will be analyzed by the LIGO Scientific
Collaboration (LSC) whose members include about 300 scientists from approximately 30 universities and
laboratories.

Since the signals from gravitational waves are extremely weak, powerful data analysis techniques need
to be developed to extract them from the instrumental noise. Moreover, implementing these techniques on
LIGO data will require substantial computing power: searches for (low-mass) compact binary inspiral events
will require fractions of a Teraflop over a period of a year; all-sky pulsar searches would require Petaflops
of compute power. These requirements, in addition to the massive data flows from the three interferometers,
attest the need for dedicated computing facilities.

B UWM Group Involvement in LIGO Data Analysis
The Center for Gravitation and Cosmology (CGC) at the University of Wisconsin–Milwaukee (UWM) has
been involved in LIGO data analysis for six years. The UWM group is a member of the LIGO-I development
group and is deeply involved in the work of the LSC data analysis subgroups.

For the past several years the UWM group has concentrated much of its effort on the analysis of data
from LIGO’s prototype instrument: the 40-m Caltech interferometer. For 15 years this prototype has been
used by the LIGO project as a testbed for the full-scale LIGO detectors. In 1994 it was configured as a Fabry-
Perot interferometer, and had differential displacement sensitivity≈ 3 × 10−19m Hz−1/2; approximately
40 hours of data was collected during a week of operation.

The completion of theBinary Inspiral Search Project, which culminated in the publication of a Physical
Review Letter [P1], was a significant result for the UWM group. This letter reported on a search through
the 1994 data set for inspiral chirp signals that would be emitted by coalescing neutron stars in our Galaxy.
The 40-m prototype was sensitive enough to detect about 1/3 of the inspiral events in the Galaxy. Thus, the
analysis yielded a direct observational upper limit on the rate of neutron star coalescences in the Galaxy.
Although many orders of magnitude greater than the most likely rate, this project demonstrated that the data
analysis methods proposed for LIGO data can be used to do physics.
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The UWM group currently includes the core of data analysts from the author list of the Physical Review
Letter (Allen, Brady, J. Creighton, T. Creighton and Wiseman) [P1]. This group wrote the chirp generators
and filtering code, developed and wrote the template placement code, invented the method for setting an
upper limit [P2], constructed the Beowulf system used for the digital filtering, and carried out the analysis.

In the course of theBinary Inspiral Search Project, the following techniques were produced for dealing
with real data:

• Matched filtering methods that are nearly optimal, even in the presence of large non-Gaussian fluctua-
tions in the detector output.

• A specialized time/frequencyχ2 test whose statistical properties can be rigorously characterized, which
identifies the confidence with which a large output from a matched filter was (or was not) due to the
sought-after waveform [P3]. This method eliminates a large part of the non-Gaussian tail in the filter
output.

• Techniques to automatically identify and remove correlations from the multi-channel detector out-
put [P4].

• A new method (the “Loudest Event Statistic”) for determining upper rate limits on astrophysical pro-
cesses. This method is robust in the case of poorly characterized detector noise [P2].

One of the primary motivations of this MRI proposal is a desire to continue this type of exploratory and
development work with the larger datasets coming from full-scale LIGO.

C The Current UWM Group Beowulf System
In order to complete the binary inspiral search project, The UWM group assembled a Beowulf parallel com-
puter system in Spring 1998, In spite of carefully optimizing the code, the project was still computationally
challenging:∼ 1 CPUyear is needed on a high-end single-processor workstation to pass the 1994 data
through a filter bank large enough to cover a mass-range from1 M� − 3 M�. Over 100 such runs were
required in the course of development and testing, which would have required a century on a standard work-
station. Initial attempts to use borrowed supercomputer facilities (16-node IBM SP2 and 512-node Intel
Paragon) failed because of lack of storage space, access problems, and the difficulty of doing development
though a batch-queue system. Assembling our own Beowulf system has proven to be an effective way to
obtain raw computing power: commercial parallel computers with equivalent capabilities are more than an
order of magnitude more expensive.

The UWM Beowulf [P5] is composed of 48 DEC workstations running a Linux kernel connected by a
dedicated 100 Mbit/sec switch. Each node has a 300 MHz Alpha-21164 CPU capable of performing two
double-precision floating point operations/clock cycle, 160 or 256 Mbytes of RAM, and a 1 or 2 Gbyte disk.
The complete system has 29 Gflops of peak floating-point performance, 9 Gbytes of RAM, and 60 Gbytes
of disk storage, and cost (March 1998) about $70k. The nodes were selected based on benchmarking of the
critical fast-Fourier-transform (FFT) routines from the FFTW package [1]; they were chosen because their
price/performance ratio was 50% greater than any of the alternatives.

The system was set up by Allen and postdoctoral fellows W. Anderson and R. Balasubramanian. It was
operating within three weeks after all the parts had been delivered. A mini-Beowulf with 4 nodes was also
set up: it provides spare nodes and a playground for graduate-student training. Although disk mortality
during the first weeks of operation was a problem, the system has become reliable, easy-to-use, and simple
to maintain since the bad disks were replaced. It typically runs for several months without ever needing a
reboot or operator intervention. In addition to the binary inspiral project [P1], two other published projects
have been completed which would have been impossible without such a resource [P6, P7].

D Robust Time/Frequency Search Methods
The Beowulf was essential for the development of a robust time/frequency method to search for waveforms
with unknown characteristics. Flanagan and Hughes [2, 3] demonstrated a compelling need for such meth-
ods: systems of10 M� − 100 M� black holes might be strong sources for initial LIGO, if the waveform
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was known; however it is unlikely that numerical relativity will advance quickly enough to provide the wave-
form. Two postdoctoral fellows in the UWM group (W. Anderson and Balasubramanian) developed a robust
method which addresses this problem. The method constructs time/frequency plots and then uses Steger’s
algorithm [4] to automatically identify line-like features in the plots. Unlike matched filtering, it does not
require precise knowledge of the waveform. Other time/frequency methods are also under development [P8].

As with many non-linear methods, the only way to characterize this time/frequency method was by using
Monte-Carlo techniques. This involves creating large simulated data sets (some of which contain hidden
signals) and then using them to determine false alarm and false dismissal rates from the detection technique.
The parameters of the search method are then modified, and the process is repeated, until the parameters of
the search technique have been optimized. This is a time-consuming process, because the parameter space
is large; however, it is ideally suited for a Beowulf computer.

E Distribution of FRAME Format Data
One of the other significant activities of the UWM group during the past few years concerns the data format
that will be used both for LIGO data and for the data that will be collected by other gravitational wave
detectors. Since 1995, the UWM group has assisted the LIGO Laboratory in distributing the 1994 data
set. UWM translates data from the old 1994 format into the (international standard) FRAME format, and
produces data tapes for distribution [P9]. This has led to the identification and removal of many bugs from the
FRAME library and the LIGO data acquisition system. Research groups at Penn State, the Albert Einstein
Institute, U. Florida Gainesville and elsewhere have used these data to develop and test analysis methods on
a real data stream.

F Available Data, Software, and Research Products
DATA : Please see reference [P9].
SOFTWARE: Please see reference [P3].
RESEARCH PRODUCTS: Please see reference [P5].

C-II Research Activities At UWM

The next three years are critical for the LIGO experiment. The construction of the facilities is complete,
the detector design is frozen, and detector construction is proceeding rapidly. Sometime early in 2001, the
three interferometers will enter an engineering shakedown phase, which is scheduled to last for one year.
Immediately following that, a two-year-long science data run will begin.

PI Title NSF Proposal Number Status
Allen Gravitational wave data analysis for LIGO 0071028 under review
Brady Gravitational waves and physics of strong gravita-

tional fields
9970821 funded

Wiseman Gravitational wave source calculations and detec-
tion strategies

0071042 under review

Table 1: This MRI proposal is tied to three other proposals by UWM faculty to carry out LIGO-related
gravitational wave data analysis research work. The grants listed in the table will support personnel, travel,
and publication costs. This proposal is to fund the major equipment. TheManagement Plangives a tabular
list of the members of the LSC and the UWM group who will benefit from this equipment.
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A Organization of LIGO Data Analysis and The UWM Group
LIGO data analysis efforts are organized under the aegis of the LSC. The UWM group is a charter member
of the LSC LIGO-I development group and has been closely involved in its activities. Data analysis within
the LSC is organized into three working groups. The UWM LSC group has made significant contributions to
the success of the Astrophysical Source Identification and Signature (ASIS) subgroup [5]. Allen has served
as Chair since the group was formed in March 1998. Other members of the UWM group have served as
Web-master, Secretary, Meeting Organizer, and Software Librarian.

The UWM group is poised to make substantial contributions to LIGO data analysis efforts. Group
resources include:

• A team of three faculty (Allen, Brady, Wiseman) and three strong postdoctoral fellows (W. Anderson,
J. Creighton, T. Creighton) with extensive background, training, and experience.

• Several promising graduate students.

• Experience in setting up and operating computing facilities for development, prototyping, and data
exploration work.

• The resources of one of the nation’s strongest traditional relativity research groups, whose other faculty
(Friedman, Parker, Norbury) and postdoctoral fellows (Raval) include experts on neutron stars, compact
objects, pulsars, and early-universe cosmology.

In carrying the analysis of the 40-m prototype data through to publication [P1], the UWM group has proven
its ability to make significant contributions to the data analysis effort.

B Planned UWM Research Work
Current research at UWM is divided into three categories:

1. Determination of methods to characterize detector performance and behavior. This includes identifying
periods of normal detector operation, and removing environmental contamination.

2. The development of data analysis techniques to search for astrophysical sources. The goal is to deter-
mine detection methods that can be applied to real data; progress requires a combination of theoretical
work and simulations.

3. The implementation, testing, and optimization of data analysis codes to search LIGO data for astro-
physical and instrumental signals. These codes often implement methods developed in 2.

All production codes developed by the UWM group will conform to the LSC Algorithm Library (LAL)
coding standard [6]. A technical committee from the LSC has been appointed to oversee the development of
this standard; Alan Wiseman, a co-PI on this proposal, currently serves on the committee, and J. Creighton
is the LAL software librarian. Example code for the LAL has been written by Allen, J. Creighton, and Finn;
it is available from [5]. The UWM group will continue to assist in maintenance and development of the LAL
standard.

B.1 Detector characterization and environmental signature removal

Since gravitational wave signals are expected to be much weaker than detector noise, it is very important to
reduce the noise levels as much as possible. Until the interferometers at LIGO are operational, experience
with the 40-m prototype provides some insight into detector characterization and environmental signature
removal. In addition to the expected broad-band, colored background, the 40-m data have significant deter-
ministic components (spectral peaks), including∼ 100 sinusoidal components arising from vibration of the
support wires (violin modes) and 60Hz line harmonics. There are also transient features occurring every few
minutes: bursts of noise with durations of∼ 1− 500 ms from accidental disturbances.

Many noise sources can be monitored using independent sensors; e.g. seismometers, magnetometers,
etc.. For this reason, while the differential mode channel is the most important output of the LIGO detectors,
being a direct measure of the gravitational-wave strain, there are hundreds of other signals which are mea-
sured and recorded alongside it. They are recorded so that undesirable interference can be monitored, and if
possible removed.
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The pre-processing work needed to clean the LIGO data stream is being coordinated by the LSC Detector
Characterization Working Group [7]. Many of these functions will be implemented within the LIGO Global
Diagnostics System (GDS). The UWM group has responsibilities in three areas [8]: line identification and
removal, instrument state characterization, and multichannel correlation.

The UWM group has developed methods [P4] of identifying and removing correlations between the
environmental monitors and the gravity-wave signal. Since the systems (seismic isolation, electromagnetic
shielding, etc.) that isolate the interferometer from the environment are imperfect, these sources contaminate
the gravity-wave output. In many cases, this contamination can be modeled by linear transfer functions. In
some cases these can be measured directly using stimulation/response methods. However, in other cases,
this is impossible or impractical.

The method developed at UWM assumes that the interference or cross-correlation is described by a linear
transfer function, and uses the correlation matrix of the observed channels to estimate the transfer function
and to remove the estimated contamination. The transfer function is estimated by maximizing the variance
reduction in a given frequency band. It is the algorithmic equivalent of a multichannel signal analyzer that
can search all possible linear combinations of channels for the ones with the smallest possible variance in
some bandwidth. The method was developed and tested using 40-m data, and is remarkably effective, and
completely automatic. Applying these methods to the LIGO data stream should provide an automatic and
unbiased way of searching for hidden environmental influences and understanding their magnitudes.

The UWM group is also responsible for implementing methods to identify and characterize the 60Hz
harmonics and the violin modes of the suspension elements. This will be achieved using multi-taper meth-
ods [P10, 9] that faithfully estimate correlations in the data stream. Demodulating the different channels
with this signal provides a way of subtracting its effects. Other methods have also been proposed for this
purpose [10, 11]; they make use of additional information such as the correlation between the phases of the
different harmonics. Additional research is required to determine which of these methods is the best, or most
appropriate, for given circumstances. Nevertheless, some combination of these techniques should be useful
when LIGO-I data becomes available.

B.2 Hierarchical binary inspiral search code

Gravitational waves emitted by binary neutron stars (or black holes) are a promising source for earth-based
gravitational wave detectors. According to general relativity, the orbital separation of the system decreases
as the waves are emitted, and the neutron stars (or black holes) eventually coalesce. LIGO will be sensitive
to waves emitted during the last several minutes of binary inspiral. The search method of choice for finding
these signals is matched filtering using a filter-bank of computed template waveforms: the precise form of
each filter depends on the the masses and spins of the putative binary constituents. This method has already
been successfully applied to search for binary inspiral events in data from the 40-m prototype at Caltech
[P1].

In collaboration with the Cardiff LSC group, the UWM group is writing an analysis code for real-time
binary inspiral searches at the two observatories. To reduce the computational burden of these searches, a
two-stage hierarchical algorithm will be used. In the first stage, the data is filtered with a coarse template
bank; candidate events which exceed a relatively low threshold of signal-to-noise are identified. In the
second stage, data segments containing the candidate signal are re-analyzed using filters constructed from a
finer template bank and with a correspondingly higher threshold of signal-to-noise. The computational cost
of this method is estimated to be an order of magnitude less than that of a single stage search [12, 13]. This
should permit a search down to substantially lower masses [14] for given computer resources.

The Cardiff LSC group is taking responsibility for waveform and template bank generation; the UWM
LSC group is responsible for the filtering and search code. After the development work is complete, a series
of Monte-Carlo studies will be performed with LIGO engineering data to determine the signal-to-noise ratio
thresholds and filter-bank spacings that minimize computational demands for given false alarm and false
dismissal rates.

The underlying structure of this code will be relatively insensitive to the nature of the template wave-
forms. Consequently, it should be possible to use the same code to search for a variety signals with well-
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modeled gravitational waveforms. Building on preliminary work using 40m data [15], Creighton will write
code to perform searches for exponentially damped sinusoids in LIGO data using matched filters. (Newly
formed black holes, or the enveloping black hole in a merger, will ring-down to a stationary configuration by
emitting gravitational waves with this signature; the quality factor and period depend on the mass and spin
of the black hole.) This code may be an adaptation of the hierarchical search code simplified to carry out a
single pass since the bank of ringdown filters should be fairly small.

Creighton will also explore the possibility of using the synchronous detection of three phases of binary
coalescence—the late inspiral, the merger, and the ringdown—as a method of validating the detection of
moderate-mass black hole binary systems. This will involve combining outputs from inspiral filters, excess
power filters designed to detect the merger, and ringdown filters. This work will be done with Anderson at
UWM, R. Balasubramanian at Cardiff, and E. Chassande-Mottin at the AEI-Potsdam.

B.3 Robust filtering techniques and parameter space vetoes

The UWM group continues to work on robust methods of optimal filtering for both inspiral and stochastic
background signals [P11]. Standard methods are optimal for Gaussian noise; however gravitational-wave
detector data is typically characterized by a central Gaussian partanda Poissonian tail, requiring modified
or new techniques to be developed. In the weak-signal limit, where the instantaneous signal strength is
smaller than the detector noise, locally optimal methods exist [16]. In the filtering process, these methods
essentially truncate the correlation for sample values past the knee of the distribution. While these methods
can be characterized for simple detector noise models, it is virtually impossible to predict their performance
on real data. We will perform Monte-Carlo studies of these methods, by inserting simulated signals into real
detector noise, to determine their detection efficiency. This information will allow informed decisions to be
made about the implementation of these methods in the LDAS.

In addition to developing robust filters, a variety of vetoing techniques will be explored. Parameter-space
vetoes for optimal filtering appear promising. These methods are designed to overcome the disruptive effects
of non-stationary and non-Gaussian noise in the filtering process, and are generalizations of the single-filter
χ2 time/frequency test used in the 40-m inspiral search [P1]. The parameter space veto examines signal
strength across a bank of filters, as a function of the arrival time and mass parameters. If, after detecting
an event which exceeds the threshold for signal-to-noise, the filters across the bank do not respond in the
predicted manner, one concludes that the event was probably caused by an instrumental anomaly. The
performance of this, and other methods, can only be characterized by extensive Monte-Carlo studies with
real detector noise.

B.4 Multi-detector coincidence analysis

LIGO was built with three independent interferometers to establish detection confidence even if the noise
properties of the individual instruments cannot be completely characterized. But methods for combining
data streams from individual instruments have only been applied to resonant-mass detectors [17] and in a
limited way to interferometric analysis [18]. In multi-detector analysis, data can be combined before or
after signal processing. In the first case, one can apply optimal filtering to the combined data streams. This
method has been studied by Finn [19]. Alternatively, one can filter data from each site separately to generate
event lists for each detector, then cross-correlate the lists [17, 18]. If the detector noise is Gaussian, then
combining the data before filtering is more sensitive. If the detector noise isnot Gaussian, theoretical work
by Creighton [20] suggests that combining event lists generated independently at the sites, and following up
coincidences by combining the data streams may be the best approach to multiple detector data analysis.

In a new project organized under the aegis of the LSC, the UWM group will lead a mock analysis of the
1994 40-m data, splitting it in two and treating it as if each half was taken concurrently at the two LIGO
sites. This will allow the exploration of issues associated with analysis of data from separated sites. The
efficiency of a given detection strategy can be measured by inserting simulated binary inspiral signals, from a
postulated distribution of sources, into the two mock data streams and trying to detect them. Experimenting
with different strategies for correlating event lists obtained at the two sites, and assessing their false alarm
and false dismissal rates, should lead to practical strategies for multi-site detection.
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B.5 Detection of signals from continuous-wave sources

The most likely candidate sources of continuous, and nearly periodic, gravitational waves are rapidly rotating
neutron stars—pulsars[21, 22, 23]. The signals from these sources last for a long time (from∼3 months to
many thousands of years), the frequency evolves slowly (on a timescale of days to thousands of years), and
theexpected, dimensionless strain-amplitude at the earth is believed to be∼ 10−24[21, 24, 25].

The detection of continuous-wave sources will require the accumulation of signal to noise over long
observation times, i.e.∼ months. Computationally, this is the most difficult data-analysis problem for
gravitational-wave detectors, since earth-motion induced Doppler modulations of the gravitational-wave
frequency, if not removed, make the signals impossible to detect[26]. The gravitational-wave frequency
of some sources will also exhibit Doppler modulations due to orbital motion around a stellar companion.
These effects can be corrected (removed) using a parameterized model for the frequency evolution of the
gravitational waves [22, 27]. The number of independent parameter space points, for which corrections
must be applied to the data stream, increases with the observation time. The simplest search technique uses
the fast Fourier transform of long segments of the corrected data stream; using this method, searches for sig-
nals from the strongest sources would require Petaflop computing facilities to explore the entire parameter
space with a reasonable sensitivity[26, 22, 28].

Brady and T. Creighton [27] have explored alternative techniques. The optimal strategy, of those consid-
ered to date, accumulates signal to noise less rapidly than coherent Fourier transforms, but is computationally
more efficient. At the heart of this algorithm is the method ofstackedpower spectra—the demodulated time
series is divided intoN segments each of length∆T , each segment is Fourier transformed and a power
spectrum computed, and finally theN spectra are summed up. Brady and T. Creighton have also shown that
a two-pass hierarchical search strategy in which candidate sources from a search using short data segments
are followed up in a search using longer data segments can achieve improved sensitivity over single pass
searches.

As part of their commitment to the LSC, members of the UWM group (Brady and T. Creighton) have
taken the lead in implementing the proposed techniques. There are two steps in this development: (i) deter-
mination of an efficient, and robust method to select the parameter space points for which corrections must
be applied to the data stream, and (ii) data handling and parallelization of the “stack-slide” method which is
advocated in Ref. [27]. These will require significant Monte-Carlo simulations with with simulated data or
engineering-shakedown data. The proposed Beowulf system will be used for this purpose.

While developing the code with engineering data, we will address unresolved issues in searches for this
type of source. For example, how does one deal with a drifting noise floor? If the noise drifts on time-scales
of several hours, we expect that this issue is avoided by using stack-slide searches. If the noise changes on a
shorter time-scale, we will need to quantify the effects by comparing results from the search with those from
Monte-Carlo simulations. What constraints do memory and data access requirements place on the sensitivity
of a search?

The development of discrimination techniques will also be essential for detecting continuous-wave
sources, as these searches might reveal instrumental resonances that are not encountered in any other way.
Since the 4km interferometers at both LIGO sites will be identical in construction, it will be important to
take advantage of the 2km interferometer at Hanford to confirm the scaling of the signal strength with length.
Another useful discriminant has been suggested by Livas[29]. Since the detector response depends on the
position and orientation of the gravitational-wave source, a signal that lasts for a long time should be am-
plitude modulated with a period of one day. These modulations are not removed by resampling, so they
can be used to discriminate between instrumental effects, and signals that are astrophysical in origin. The
UWM group will promote this scheme into a statistical test, and quantify its behavior using Monte-Carlo
simulations.
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C-III Description of Research Instrumentation and Needs

The previous section described the research plans of the UWM group, and their relationship the the LSC.
The essential feature of the work isdevelopment of data analysis method which are well-adapted to the
nature of the LIGO data. This proposal is to build a facility for data analysis development work which is
specifically adapted to those needs. This facility will also be extremely useful to other members of the LSC
engaged in similar development work. To help describe the system that we are proposing, and to put it into
the correct context, it is helpful to first describe the computing systems that are being assembled by the LIGO
Laboratory, which have a substantially different purpose.

A LIGO Laboratory Computing Plans
The LIGO Laboratory is building three computing facilities: one at each LIGO site and one at the LIGO
central analysis facility at Caltech. The on-site systems will be Beowulf clusters with∼ 30 Gigaflops of
computing power and Terabyte capacity tape archives. These systems will perform real-time analysis and
reduction of the data, and will have less than a day of data stored on disk. This data will be copied onto
tape, then shipped on a daily basis to the main data archive of the LIGO Laboratory: an HPSS system at
Caltech. The LIGO Laboratory data analysis facility at Caltech will be a∼ 100 Gigaflop Beowulf cluster
and a hundred Terabyte tape archive.

These LIGO Lab systems are designed for reliable, mission-critical production purposes. They must
run 24 hours/day, every day with no data loss. They are also intended for “production-style” data analysis.
The on-site LIGO systems will be running LSC approved and tested codes on a real-time data stream. The
Caltech LIGO system will be doing the same thing, using data from an on-site tape archive.

B A System for Quick Turnaround Exploration, and Development
The data analysis and computing system proposed here fills a different need: thedevelopmentof those
reliable and well-understood production codes. It has a different structure and purpose than the LIGO Labo-
ratory systems: it is designed for rapid-turnaround data exploration and code development work. The UWM
system will not store the entire LIGO data set. Instead it will keep a representative data set (days of all-
channel data, and weeks of reduced data) on disks where it can be easily accessed, rather than being staged
off of tape. It will be an environment for prototyping and developing production codes, where extensive
exploration of algorithms can be quickly assessed. Unlike the central, mission-critical facilities, coding
mistakes and unreasonable demands on system resources don’t have catastrophic consequences.

This difference in purpose is reflected in several decisions in the proposed design. For example, the
main disk store in our system will be inexpensive high-speed commodity ATA/66 disks1, rather than the
more expensive RAID controllers and SCSI disks that will be used in the LIGO Laboratory systems. This
is because the LIGO Laboratory can’t afford to lose data, but in the our proposed system, some data loss is
acceptable: the data can be recovered from tape, if it’s really needed, or it can just be replaced with a newer,
fresher data set.

B.1 Beowulf system design

A Beowulf computer system is a collection of commodity PCs, connected with dedicated commodity net-
working hardware [30]. Generally these systems use stock versions of Linux as the operating system,
and public-domain implementations of the Message Passing Interface (MPI) and Parallel Virtual Machines
(PVM) standard for parallel programming. The choice of a Beowulf-type system is a natural one for our
purposes. An early benchmarking study carried out by Allen for the LIGO Laboratory [31] demonstrated
conclusively that for binary-inspiral detection, Beowulf-systems are an order of magnitude less expensive
than other types of systems for similar throughput. This is because the data analysis problem is “embarrass-
ingly parallel”. Since the same operations can be carried out independently on different parts of the data,
the communications requirements are low. Most of the cost of non-Beowulf parallel computers is in the

1 IBM Deskstar 37GP (37.5GB) disks cost $329.95 fromOutpost.com . See supplementary documents.
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special-purpose, low-latency communications fabric that permit any node to quickly access the memory of
any other node. For most of our analysis work, this is not needed. Simple estimates indicate that even for
pulsar searching (where it is necessary to carry out long distributed FFT’s) Beowulf systems offer a higher
price/performance ratio than special-purpose parallel machines.

The system design is a 128-node Beowulf machine, with Gbps switched networking, and two 37 Gbyte
disks per node. It will increase the computing power available at UWM by more than an order of magnitude,
to more than 0.2 Teraflop, increase the amount of fast local storage by more than two orders of magnitude to
about 10 Tbytes, and increase the system’s networking intersection bandwidth enough to make distributed
FFT’s feasible. The system will be available for use by other LSC group for data-intensive development and
exploration.

The system design is intended to:

• Obtain the highest performance for a given price by using commodity components whenever possible.

• Maximize the total on-line disk storage capacity of the system.

• Obtain the best balanced network bandwidth possible at reasonable cost.

Much of the planning is based on the experience that the UWM group acquired in constructing and operating
our first (48-node) Beowulf system.

B.2 System benchmarking

The design given here is a baseline design, not the final design, because the computer hardware market
changes so quickly. In the Fall 2000, when the funding period begins, there will be higher-performance
hardware available for the same cost. Specifically, the optimal point, which gives maximum performance for
a given cost, will have shifted. For this reason, the first three months of the funding period will be spent in
testing small two- and four-node configurations using loaner system hardware. The goal during this period
will be to obtain the maximum ratio of system performance to cost. So the baseline design given here should
be regarded as alower boundon the performance and capabilities that will be obtained.

The choice of hardware will be done by benchmarking three different codes, each intended to simulate
the most time-consuming part of a particular type of gravitational wave search. One of the codes will be
a preliminary version of the hierarchical inspiral search code described earlier in this proposal. This code
will be FFT (compute) bound on local (non-distributed) data. The second benchmarking code will be a
blind interchannel-correlation search code. This code should also be compute-bound on local data: the most
time-consuming parts are anticipated to be eigenvalue/eigenvector extraction from large matrices. However
this analysis also uses large (possibly distributed) FFT’s, so communications/networking performance could
have a substantial impact. The third benchmarking code will be test large distributed FFT’s: a necessary
component of the all-sky pulsar search problem. Thus, for realistic choices of hardware, we anticipate that
two of these codes are compute-bound, and the third will be either compute- or network-bound depending
upon the relative speed of the floating point and networking hardware.

This initial benchmarking/testing phase will last about three months. During this period, we will bench-
mark (at least) the following:

• Generic single- and dual-processor Intel Pentium III machines. Typical performance: specFP 30.4 at
733 MHz.

• Machines using the Advanced Micro Devices Athlon processor (a PIII clone). Typical performance:
specFP 24.4 at 750 MHz.

• Machines using the Compaq/Digital alpha 21264 processor. Typical performance: specFP 68 at 700
MHz.

• If available, machines with CPUs based on the Intel IA-64 architecture (performance unknown, but see
the Fourth-quarter Intel journal http://developer.intel.com/technology/itj/).

The benchmarking process used in 1998 when the UWM LSC group built its current Beowulf system is
illustrative: a similar process will be followed for the hardware acquisition phase of this proposal.
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B.3 Lessons from benchmarking for current Beowulf

The current UWM Beowulf system was designed for optimal filtering of signals through a template bank.
Profiling and optimization work on a prototype code described in [31] clearly demonstrated that after op-
timization of the other computational stages, the most time-consuming parts of this process were the fast
Fourier transforms (FFT). So, the choice of hardware for the individual nodes was the machine that gave
us the best performance on optimized FFT’s. Fortunately there is a public-domain optimized FFT package
(FFTW, [1]) which is extremely good. (Remarkably, this general-purpose public-domain package gives per-
formance which is either equal to or evenbetter thanoptimized hand-coded numerical libraries supplied by
the individual machine vendors.)

The choice of which nodes to purchase in Spring 1998 was based on the costs of performing FFT’s of
length218 = 262 144 floats (1 Mbyte of data at 4 bytes/float). After optimizing the FFTW code and exper-
imenting with compiler flags, the ratio of performance to price was computed for several different systems.
At that time, the machine that maximized the price/performance ratio was a DEC XL300 workstations based
on a 300 MHz alpha 21164 64-bit CPU. These machines, which cost just under $800 each (this isnot a
typo) were about half the speed of high-end Sun workstations that cost about $10,000 each. Part of the
reason that these machines perform so well is that they have a fairly large on-die cache (2 Mbytes). The
performance/price ratio of these DEC XL300 machines was about 50% larger than the closest alternative
at the time: generic 200MHz Pentium Pro PCs. Note that since purchasing DEC, Compaq has released
public-domain versions of the DEC C and Fortran compilers [32]. This would have given the XL300 an
even greater lead over the closest competition two years ago. At that time, for our application, the true 64
bit architecture and dual pipelined floating point units of the 21164 were a real advantage.

This type of benchmarking, on prototype or real filtering and search codes, is the best way to optimize
price/performance. It’s not possible to make the best choice based simply on studying CPU architecture or
counting floating point operations, because in many cases the limiting factor in system speed is memory
access. To quote from Dowd & Severance [33], “with today’s high-performance microprocessor performing
computations so quickly... it’s a useful intellectual exercise to view the simple computations such as addition
and multiplication as “infinitely fast” in order to get the programmer to focus on the impact of memory op-
erations on the overall performance of the program.” The only way to determine (and optimize) the speed of
memory access in algorithms as complicated as the FFT is to carry out comparative testing and optimization.

Dual (or more!) CPU systems appear at first to have clear advantages. After all, they cost only a bit more
than single CPU systems and have more floating-point units. Unfortunately, benchmarking of dual-CPU
systems in Winter 1997 and Spring 1998 showed that they did not give substantially more throughput than
similarly-priced single-CPU systems. The reason was that the processing speed for data sets too large to
fit into cache was being determined more by the cost of memory access than by the speed of floating-point
operations. Since both CPUs were contending for bandwidth on the same memory bus, the total processing
capability was approximately the same. Nevertheless our benchmarking and comparison work will also
include some dual CPU machines.

B.4 Operating system and networking choices

Our system will use the Linux operating system. We have extensive experience with Linux on both Intel
and Alpha platforms and feel confident that it is the best available choice for Beowulf clusters. It offers
an unbeatable combination of robust and tested networking, support for commodity hardware, open-source
code, and quality software tools. It has also received extensive use in many other Beowulf clusters.

The networking design and topology is shown in Figure 1. The design is intended to offer simultaneous
high-bandwidth communication between any pair of machines at reasonable cost, without over-subscribing
any of the links. Each individual nodes is connected to a switch via two 100-base T Ethernet lines. Standard
Linux drivers are available to provide load-balanced channel bonding (link aggregation) in this way [34].
Each machine is connected to a 12-port 3Com Superstack 3300 switch with two 100-base T lines, and
thus has a 200 Mbit/sec full duplex communications link. The Superstack 3300 switch also contains a
1Gbps 1000-base SX internal module. Each of these 22 Superstack 3300 switches is connected to a 3-Com
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Figure 1: Networking design of proposed system.

Corebuilder 9400 Gigabit switch. The internal fabric of this switch supports a 24 Gbit/s internal bandwidth.
The design will permit all pairings of machines to simultaneously share data at a full 200 Mbit/s rate.

The channel bonding method has several interesting advantages. It uses standard low-cost hardware. To
minimize protocol overhead and allow the best load-balancing decision, channel bonding is implemented at
the device queue layer in the Linux kernel, below the IP protocol level. This means that load-balancing is
done just before the hardware transmit queue, after logical address (e.g. IP address) and physical address
(e.g. Ethernet station address) are added to the frame. Fragmented packets, usually large UDP/IP packets,
take advantage of the of the multiple paths. Networks that fail completely first fill their hardware queues, and
are subsequently ignored. This method leads to a relatively low-cost high-speed network, which supports
data transfer between different nodes at about 10% of the main-memory to CPU speed (assuming a 100 MHz
bus speed and a 4-byte transfer width). Preliminary testing also indicates that it will permit simultaneous
≈ 8 Mbyte/s access to all the disks via NSF auto-mount, allowing a complete run through all the data stored
on the system in slightly over one hour.

The networking design is also a baseline which may change by the time that the system is actually
purchased and assembled, because the speed and cost of networking technology is still changing rapidly.
For example, at the time that this proposal is being written (December 1999) it is still not cost-effective
to build a Beowulf system with Gbit/sec Ethernet throughout. A 128-port switch with sufficient aggregate
internal bandwidth alone would cost more than the entire budget for this proposal. On the other hand, if
costs drop dramatically during the next year this may become feasible.

We will also test at least one or two other networking technologies designed for very high speed, short
distance networking. These networking methods are intended for use in computational clusters, server farms,
and storage systems, and may be well-adapted for our purposes. They include Giganet cLAN, and Myricom
Myrinet. Myrinet is particularly interesting: it is a cost-effective, high-performance, packet-communication
and switching technology that is widely used to interconnect clusters of workstations. Myrinet systems have
achieved short message latencies of less than5µs, and sustained, one-way, data rates exceeding 1 Gbit/s.
Recent benchmarks of Myricom’s application-programming interface (API) show sustained, one-way, data
rates of 1.1 Gbits/s between UNIX user processes in different hosts, and short-message latencies of≈ 18µs.
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The overall design balances the cost of several crucial elements: CPU power, memory, disk space, and
networking. Roughly speaking, 25% of the cost is in the spinning media (disks), 25% of the cost is in the
networking, and the remaining half is CPU and memory.

B.5 Data storage and access

One of the most difficult part of analyzing large data sets is managing the enormous volume of data. Our
plan (at least initially) is to make the raw and reduced dataread only. This tremendously simplifies the
problem of data access. The data sets will be stored as files on individual node disks, and accessed via
Network File System (NFS) auto-mount. A master catalog of data locations will be made available via a
simple server daemon or central/local file listings. Preliminary experiments with the proposed 100-baseT
networking scheme demonstrates an 8 Mbyte/sec access to the data on each disk in the proposed design.The
aggregate networking bandwidth and CPU power should allow a single pass through the entire stored data
set in about 4000 s (≈ 70 minutes).

During the operations phases of the project, we intend to experiment with some of the parallel file
systems currently under development. A typical example of these is the Parallel Virtual File System [35].
This is a public-domain parallel file system that stripes data across the disks on individual machines, but
provides a single logical file system for read/write access. A parallel file system will be adopted only if (a)
it provides efficient high-speed access to data (b) it is sufficiently reliable and easy to use and (c) single-disk
and single-node failures do not interfere with robust operation.

The design includes a single commodity tape-robot library with two AIT-2 tape drives, capable of storing
120 tapes. Each tape has a raw (uncompressed) capacity of 50 TBytes; the total tape capacity is 6 Tbytes.
The system will be used primarily for data ingestion, backup, and archival purchases. The choice of AIT-2
media is driven by the LSC/LIGO Lab decision to use this format for LIGO data exchange. We anticipate
bringing in data on AIT-2 tapes, putting them into the library, and reading them onto disk with scripts. These
data will be replaced when better (or newer) data become available; old tapes will be stored on a shelf.

B.6 System management tools

We will also try a new ”hands-off” approach to Beowulf system management. This makes use of a system
serial port or an Emergency Management Port [36] and a multi-port terminal controller to control each
individual machine [37]. The terminal controller is connected via ethernet to the master node. This permits
a script, running on the master node, to interact with each machine as if through the keyboard, for example
changing bios settings, doing a system boot from the bios level, and in the case of the EMP-port controlled
machines, even cycling the system’s power supply. For this purpose, we are budgeting an additional three
48-port diskless terminal servers, with ethernet capability. Note: these systems are NOT shown in the system
block diagram: they are simply for system management.

C-IV Impact of Infrastructure Projects

As described earlier, the proposed computing resources meet an obvious need. They would provide an
environment for rapid development and exploration work with easy (un-staged) access to a large set of
characteristic LIGO data. The proposed facility would also contribute both computing resources and trained
individuals to the national research infra-structure.

One of the PI’s of this project (Allen) is also a senior investigator on the Grid Physics Network (GriPhyN)
proposal [38]. This is an ambitious proposal to design, develop and field-test a new generation Petascale
Virtual Data Grid to meet the data-intensive needs of a diverse community of scientists from LIGO, the
Large Hadron Collider and the Sloan Digital Sky Survey experiments. GriPhyN would connect together
widely-dispersed Beowulf systems similar to the one described here, with a Virtual Data Toolkit that would
permit transparent sharing and access to the data and compute resources of all the systems. If both proposals
are funded, this system would become one of the GriPhyN resources.
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A Development of Human Resources In Science and Engineering
The proposed facility will also contribute to the training of at least ten graduate and postdoctoral level
scientists in modern techniques of parallel computing and data analysis. Because this type of system has
become the most cost-effective solution for many types of information systems (for example, large parallel
on-line data servers), we anticipate a strong demand for such individuals during the coming decade.

There is also a growing need for such individuals within the field of gravitational wave detection. Within
the time period of this proposal, at least three of the new generation of gravitational wave detection experi-
ments will begin operation: LIGO, the GEO-600 project in Germany, and the French/Italian VIRGO exper-
iment. The TAMA-300 project in Japan and the ACIGA project in Australia also contribute to this growth.
Indeed, there is an acute shortage of qualified Ph.D. level scientists in the field. The last two postdoctoral
fellows in the UWM LSC group (R. Balasubramanian and J. Romano) were both hired away from UWM
because of their experience in gravitational wave detection. During the next few years, graduate students and
postdoctoral fellows trained in gravitational-wave data analysis should find tremendous opportunity within
national and international labs, and within traditional academia. We expect the proposed facility to be used
by, and to have substantial benefits for, the following people:

Dr. Warren Anderson is currently a postdoctoral fellow in the UWM group. (A CV is attached in the
Biographical Sketchessection of this proposal.) Anderson arrived in January 1998 with a Canadian NSERC
fellowship which has provided most of his support. It is notable that the NSERC fellowship could be used
at any accredited University; Anderson chose UWM because of his interest in gravitational wave detection,
and the research and learning opportunities that the group offers. Anderson has developed two creative
time/frequency methods for “uncharacterized source” signal detection [P6, P8]; both techniques are now
being implemented within the LSC for use with LIGO data. Anderson was fully involved in the acquisition,
assembly, setup and operation phases of our 48-node Beowulf project, and has gained valuable parallel
computing experience in the process.

Dr. R. Balasubramanian was a postdoctoral fellow in the UWM group from 1997-9. His work at UWM
included a successful collaboration with W. Anderson [P6], and contributions to all phases of the Beowulf
project. After completing his fellowship at UWM, Balasubramanian was immediately hired by the GEO
project to work on signal analysis and computing hardware (building another Beowulf) for their gravitational
wave detection project. He remains involved in LIGO through the LSC, and we anticipate that he will be a
significant user of the proposed facility.

Duncan Brown recently joined the UWM group as a graduate student. Brown was an undergraduate in
the relativity group at Newcastle in England. He came to UWM specifically to work on LIGO related data
analysis problems. He has a good background in gravitational physics and mathematical methods, and strong
computational skills. (Brown built and operated a multi-node Beowulf parallel computer in Newcastle.) He
will assist Allen and J. Creighton in their assigned LSC task: writing a hierarchical binary inspiral search
code.

Dr. Jolien Creighton is currently a postdoctoral fellow in the UWM group. (A CV is attached in the
Biographical Sketchessection of this proposal). Creighton has been intimately involved in writing matched-
filtering data analysis codes to search for inspiral-search signals and the ringdown signals produced by
black-hole horizon formation. Since arriving at UWM he has written a completely new and flexible (fully
parallelized) binary inspiral search code which is being used as a testbed for new ideas. He is also a major
contributor to the UWM’s effort to produce a hierarchical search code for binary inspiral.

Dr. Teviet Creighton is currently a postdoctoral fellow in the UWM group. (A CV is attached in the
Biographical Sketchessection of this proposal). He was one core data analysts in theBinary Inspiral Search
Projectdescribed in the sectionResults from prior NSF support. Since his arrival at UWM he has contributed
filtering software to LAL. With Brady, he will develop production code to perform wide-area searches for
sources of continuous waves in LIGO data; this problem is computationally limited even with Petaflop
computers.

Finally we expect to accommodate up to nine external users, from the LSC, on the proposed system. The
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Type Names Location Activities
Senior Allen, Brady, Wiseman UWM BI, DC, BHM, PS

Ottewill UC Dublin BI, DC
3 individuals LSC TBD

Postdoctoral Anderson, J. Creighton, T. CreightonUWM BI, BHM, PS, RD, TF
3 individuals LSC TBD

Staff Balasubramanian Cardiff TF
Graduate Students Brown, Tsokaros UWM BI

Hua Stanford DC
3 individuals LSC TBD

TOTAL: 20 people

Table 2: Anticipated instrument users. The Activity categories are:BI = Binary Inspiral search,DC =
Detector Characterization,PS =Pulsar Search,BHM = Black Hole Merger,RD = Ring-Down Search,TF
= generalized Time/Frequency search,TBD = To Be Determined.

mechanism for their support is outlined in the section onProject and management plans. In the past, the
48-node Beowulf at UWM has served as a resource for other members of the LSC: Matt Evans (a Caltech
graduate student) has used the Beowulf system to make better estimates of the expected rates of neutron-star
binary coalescence signals in LIGO [P7]. Julien Sylvestre (a graduate student at MIT) has been using the
Beowulf to study a new Hilbert-transform based method to carry out wide-area pulsar searches. Members
of the Albert Einstein Institute (AEI) have also used the Beowulf system.

B Knowledge Transfer To the Industrial Sector
The work of the UWM LSC group also contributes to the national industrial infrastructure. The construction
of our current Beowulf machine (at the time of assembly, one of the two largest DEC alpha-based Beowulfs in
the world) has brought with it a flurry of interest from commercial companies and researchers in a variety of
fields. Web pages, developed by the UWM group, document the construction and operation of the machine.
These pages have been used by university-based groups and commercial companies that have subsequently
constructed Beowulf machines.

In the past, the UWM LSC group has also worked successfully with a number of outstanding under-
graduate REU students. Most notable isAdam Ruja, a Physics/Computer Science major who graduated in
1999. Building on his interest in numerical methods, he wrote the most efficient cube-root routine available
for the Alpha-Linux architecture. Ruja has exchanged the academic world for Silicon Valley. In the future,
this proposal will provide undergraduates with an interest in mathematical and computational methods the
opportunity to learn about parallel computing through data analysis projects and use of the Beowulf facility.
Skills developed in this way can be easily transfered to industrial applications. Other graduate students from
our group (J. Harrington, P. Casper) have left academia and now work in computer companies.

C-V Project and Management Plans

The instrumentation proposed here is a computational and data storage facility optimized for rapid-turnaround
data exploration and code development work. This facility should be of great value to the entire LSC. In
addition to supporting the research described in the section C-II, research and development work by other
members of the LSC will also be supported. The project can be broken into the three phases discussed below.

A Benchmarking and Prototyping Phase (Three months)
The Prototyping/Benchmarking stage was described inDescription of Research Instrumentation. During
this testing phase, simple systems of two or four machines will be assembled and tested with different
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combinations of networking hardware. This work will be done by a combination of graduate students and
postdocs. A project assistant will also be hired, and taught how to assemble Beowulf systems. The hardware
and networking choices will be made by the end of this period; two- and four-node Beowulf systems will
have been assembled with them, and the project assistant will have acquired hands-on experience. The node-
cloning scripts used to build and replace nodes will also be finished. [These will be adapted from the current
UWM scripts at [39]].

B Construction/Assembly/Installation Phase (One to two months)
The Construction/Assembly/Installation phase begins with the issuing of purchase orders. University of
Wisconsin regulations require that purchases of this size be done through a bidding process which lasts about
two weeks. The bid will contains a complete specification of what is required from the vendor, including
precise descriptions of the parts and the service. Discussions with vendors have shown that, with this number
of systems, three to four years of on-site hardware support can be obtained at little added cost. Vendors will
be required to deliver assembled systems with the necessary Linux software pre-installed and tested. During
this acquisition phase, the project assistant will continue to function in a junior role. When the hardware
arrives, the project assistant will assemble the complete system with assistance from Physics Department
Technicians.

C Operations Phase (Four to five years)
Based on current experience, it is anticipated that the operations phase will not be overly demanding. The
forty-eight node Beowulf at UWM requires about an hour of attention per week, on the average. For the
proposed system, we have budgeted for about ten hours/week [three person-months per year] of a project as-
sistant, who will have responsibility for maintaining user accounts, updating and adding software packages,
copying data between disk and tape, interacting with vendors to replace or purchase equipment, and arrang-
ing service when needed. The project assistant will also be responsible for creating and updating on-line
documentation that shows how to use and maintain the system.

Although the system has 128 nodes for users, the intent is to purchase 133 nodes. The five additional
nodes are intended as “hot-swap” replacements: four of them will remain connected to the network, and the
fifth is off-line. If any of nodes 0-127 fails, it will be replaced with one of the spare nodes, and the vendor
will be called to pick up and repair the malfunctioning machine. For the project assistant, this will reduce
the time spent fixing machines to almost zero; for the users, it will mean almost zero machine down-time.

D LSC Users and Access
As shown in Table 2, our proposal is intended to provide outside LSC users access to the machine. We are
confident that we can support at least nine external users. Each of these users will be paired with a local
UWM system user, who will provide necessary assistance. During the past year we have hosted a number
of guest users on the 48-node Beowulf system; these included Matt Evans (Caltech) [P7], Julien Sylvestre
(MIT), O. Wehrens (AEI), and R. Balasubramanian (Cardiff). Because our system set up in a standard way,
and is documented in web pages, these users have found it very simple to use. The system proposed here is
also intended as an available, robust and easy-to-use tool. The software environment will be standard Linux,
including standard packages for compilation, debugging, parallel programming, FFT’s and filtering. This
will make it very easy for other users to take advantage of the Beowulf system quickly and easily, without a
steep learning curve. Moreover, we will keep the operating system and tools stable, unless they contain bugs
or security holes that create an impasse for some user.

Which external users to support will be decided by a five member management panel: Allen and Brady
as UWM representatives, the spokesperson of the LSC, the director of the LIGO laboratory and the LSC
software coordinator. The committee will meet three times per year by telephone conference.
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review by IEEE Transactions on Signal Processing. Available at: xxx.lanl.gov/abs/gr-qc/9909083

5. B. Allen et al., GRASP: a data analysis package for gravitational wave detection. Manual and
package at: www.lsc-group.phys.uwm.edu/∼ballen/grasp-distribution/.

Five other publications:

1. B. Allen, The stochastic gravity-wave background: sources and detection, inRelativistic gravita-
tion and gravitational radiation: Proceedings of the Les Houches School on Astrophysical Sources
of Gravitational Radiation, eds. J.A. Marck and J.P. Lasota, (Cambridge University Press, Cam-
bridge, England, 1998).

2. B. Allen and A.C. Ottewill, Detection of anisotropies in the gravitational wave stochastic back-
ground, Phys. Rev.D56 (1997) 545-563.

3. B. Allen, The stochastic gravity-wave background in inflationary universe models, Phys. Rev.
D37 (1988) 2078-2085.

4. B. Allen, R.R. Caldwell, E.P.S. Shellard, A. Stebbins and S. Veeraraghavan, Large angular scale
CMB anisotropy induced by cosmic strings, Phys. Rev. Lett.77 (1996) 3061-3065.

5. Scott Koranda and Bruce Allen, CBR anisotropy from primordial gravitational waves in two com-
ponent inflationary cosmology, Phys. Rev.D52 (1995) 1902-1919.

C. Collaborators (past 48 months)
P.P. Avelino (Porto), J.K. Blackburn (LIGO Laboratory), P.R. Brady (UWM), R. Brustein (Ben-Gurion
University), R.R. Caldwell (Princeton), J.D.E. Creighton (UWM), T. Creighton (Caltech), S. Dodelson
(Fermilab), S. Droz (Guelph),́E.É. Flanagan (Cornell), J. Friedman (UWM), A.D. Gillespie (Caltech),
W. Hua (Stanford), S.A. Hughes (Caltech), S. Kawamura (U. of Tokyo), L. Knox (U. Chicago), T.T.
Lyons (Caltech), J.E. Mason (LIGO Laboratory), A.C. Ottewill (University College, Dublin), B.J. Owen
(AEI Potsdam), M.A. Papa (AEI Potsdam), L. Parker (UWM), F.J. Raab (LIGO Laboratory), M.W.
Regehr (LIGO Laboratory), J. Romano (U. Texas - Brownsville), B.S. Sathyaprakash (Cardiff), R.L.
Savage, Jr. (LIGO Laboratory), E.P.S. Shellard (Cambridge University), A. Stebbins (Fermilab), S.
Whitcomb (LIGO Laboratory), A.G. Wiseman (UWM), J.H.P. Wu (Cambridge University).
D. Thesis advisees / sponsored postdoctoral scholars in past five years
W. Anderson (UWM), R. Balasubramanian (Cardiff), R. Caldwell (Princeton), J. Creighton (UWM). S.
Koranda (Wolfram Research/National Center for Supercomputing Applications, Urbana-Champaign),
A. Raval (UWM), J. Romano (U. Texas - Brownsville), A.G. Wiseman (UWM). Total number of PhD
students advised: 5. Total number of postdoctoral scholars advised: 10.
E. Graduate and Postgraduate Advisors
Graduate advisor: Stephen Hawking. Postdoctoral advisors: James Hartle, Gary Horowitz, Alexander
Vilenkin, Lawrence Ford, Brandon Carter, Thibault Damour.
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BIOGRAPHICAL SKETCH: PATRICK BRADY

Mailing address:
Department of Physics, University of Wisconsin -
Milwaukee, P.O. Box 413, Milwaukee WI 53201

Date of Birth:
29 May 1966

Degrees:
Ph.D. Theoretical Physics. (University of Alberta, Canada. 1994)
M.Sc. Mathematical Physics. (University College Dublin. 1989)
B.Sc. Mathematical Science. (University College Dublin. 1988)

Academic Employment:
1999- Assistant Professor of Physics, UWM
1998-1999 Research Associate, Institute for Theoretical Physics, U. C. Santa Barbara
1995-1998 Prize Fellow, California Institute of Technology
1993-1995 Research Associate, University of Newcastle, England

Awards:
1993-94 Izaak Walton Killam Memorial Scholarship, University of Alberta
1993 Andrew Stewart Memorial Prize, University of Alberta
1990-92 Recruitment Scholarship, University of Alberta
1989 Eolas Basic Research Award for study in Ireland
1988-1989 Scholarship in Mathematical Science, University College, Dublin.

Funding:
NSF Grant PHY-9970821. Two Forbairt International collaboration grants (with Adrian C Ottewill).

Five most closely related publications:

1. B Allen, K Blackburn, P R Brady, J Creighton, T Creighton, S Droz, A Gillespie, S Hughes, S
Kawamura, T Lyons, J Mason, B J Owen, F Raab, M Regehr, B Sathyaprakash, R L Savage, S.
Whitcomb, A Wiseman, “Observational limit on gravitational waves from binary neutron stars in
the Galaxy”, Phys. Rev. Letters,83, 1498 (1999), gr-qc/9903108.

2. Patrick R Brady and Teviet Creighton, “Searching for periodic sources with LIGO. II: Hierarchi-
cal searches”, to appear in Phys. Rev. D, gr-qc/9812014.

3. Patrick R Brady, Teviet Creighton, Curt Cutler and Bernard Schutz, “Searching for periodic
sources with LIGO”, Phys. Rev. D57, 2101 (1998), gr-qc/9702050.

4. Bruce Allen and Patrick R Brady, “Quantization noise in Ligo interferometers”, LIGO technical
report LIGO-T970128-01-E (1997).

5. Patrick R Brady, Jolien Creighton and Kip S Thorne, “Computing the merger of black-hole bina-
ries: the IBBH problem”, Phys. Rev. D58, 061501 (1998), gr-qc/9804057.
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Five other publications:

1. Patrick R Brady, “Analytic example of critical behavior in scalar field collapse”, Class. Quantum
Grav.11, 1255-1260 (1994).

2. Patrick R Brady and John D Smith, “Black hole singularities: a numerical approach”, Phys. Rev. Let-
ters75, 1256 (1995).

3. Patrick R Brady, Chris M Chambers and Sérgio Gonçalves, “Phases of massive scalar field col-
lapse”, Phys. Rev. D56, R6057 (1997), gr-qc/9709014.

4. Patrick R Brady, Serge Droz, and Sharon M Morsink, “The late time singularity inside non-
spherical black holes”, Phys. Rev. D58, 084034 (1998), gr-qc/9805008.

5. Patrick R Brady, Robert C Myers and Ian G Moss, “Cosmic censorship: as strong as ever”,
Phys. Rev. Letters80, 3432 (1998), gr-qc/9801032.

Collaborators during the past 48 months:
(Not including people on above publications.) Lee Samual Finn, Eanna Flanagan, Carsten Gundlach,
Scott A. Hughes, William Krivan, Pablo Laguna, Adrian Ottewill and Eric Poisson.

Brady’s Ph.D. and post-doctoral advisors:
Graduate Advisor: Werner Israel. Postdoctoral Advisors: David Gross, Ian G. Moss, and Kip S. Thorne
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BIOGRAPHICAL SKETCH: ALAN WISEMAN

Mailing address:
Department of Physics, University of Wisconsin -
Milwaukee, P.O. Box 413, Milwaukee WI 53201

Date of Birth:
17 July 1958

Degrees:
Ph.D. Physics (Washington University in St. Louis, 1992)
M.A. Physics (Washington University in St. Louis, 1989)
M.A. Mathematics (University of Kansas, 1984)
B.S. Phsyics (University of Kansas, 1981)

Academic Employment:
1998- Visiting Assistant Professor of Physics, UWM
1997-98 Post Doctoral Fellow, Enrico Fermi Institute,

University of Chicago
1994-97 Faculty Research Fellow, California Institute of Technology
1992-95 Post Doctoral Fellow, Northwestern University

Other Employment:
1984-86 Officer, United States Air Force

Honorably discharged from reserve status, June 1993

Awards:
1987 Virgil I. Grissom Astronaut Fellowship

Washington University in St. Louis
1991 National Need Graduate Fellowship,

Washington University in St. Louis

Teaching Experience:
Graduate Courses: General Relativity, Quantum Mechanics
Undergraduate Courses: General Physics, Calculus I,II,III

Five most closely related publications:

1. A. G. Wiseman, “The self-force on a static scalar test-charge outside a Schwarzschild black hole”,
Phys. Rev. D accepted..

2. Bruce Allenet al., “Observational limit on gravitational waves from binary neutron stars in the
Galaxy”, Phys. Rev. Letters83, 1498 (1999), gr-qc/9903108.

3. A. G. Wiseman, “The central density of neutron stars in close binaries”, Phys. Rev. Letters79,
1189 (1997), gr-qc/9704018.

4. C. M. Will, and A. G. Wiseman, “Gravitational-radiation from compact binary systems: Gravita-
tional waveforms and energy loss to second post-Newtonian order”, Phys. Rev.D54, 4813 (1996),
gr-qc/9608012.
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5. L. Blanchet, T. Damour, B.R. Iyer, C.M. Will, and A. G. Wiseman, “Gravitational-radiation
damping of compact binary systems to second post-Newtonian order”, Phys. Rev. Letters74,
3515 (1995), gr-qc/9501027.

Five other publications:

1. L. Blanchet, B. R. Iyer, C. M. Will, and A. G. Wiseman, “Gravitational waveforms from inspi-
ralling compact binaries to second post-Newtonian order”, Class. Quantum Grav.13, 575 (1996),
gr-qc/9602024.

2. D. Lai and A. G. Wiseman, “Innermost stable circular orbit of inspiralling neutron-star binaries:
Tidal effects and the neutron star equation of state”, Phys. Rev. D54, 3958 (1996), gr-qc/9609014.

3. L. E. Kidder, C. M. Will, and A. G. Wiseman, “Spin effects in the inspiral of coalescing compact
binaries”, Phys. Rev. D Rapid Comm.47, R4183 (1993).

4. A. G. Wiseman, “The gravitational wave tail”, Phys. Rev. D48, 4757 (1993).

5. A. G. Wiseman and C. M. Will, “Christodoulou’s nonlinear gravitational-wave memory: Evalu-
ation in the quadrupole approximation”, Phys. Rev. D Rapid Comm.44, R2945 (1991).

Collaborators during the past 48 months:
(Not including people on above publications.) Theodore Quinn, and Antonios Tsokoros.

Wiseman’s Ph.D. and post-doctoral advisors
Clifford Will (Thesis Advisor, Washington University, St. Louis), Lee Samuel Finn (Penn State), Kip S.
Thorne (Caltech), and Robert Wald (Chicago).
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BIOGRAPHICAL SKETCH: WARREN ANDERSON

Mailing address:
Department of Physics, University of Wisconsin -
Milwaukee, P.O. Box 413, Milwaukee WI 53201

Degrees:
Ph.D. Theoretical Physics (University of Alberta, Canada. 1998)
M.Math. Applied Mathematics (University of Waterloo, Canada. 1991)
M.Sc. Radiological Physics (University of Alberta, Canada. 1989)
B.Sc. Honours Physics (University of Alberta, Canada. 1986)

Academic Employment:
1998- Postdoctoral Research Associate, University of Wisconsin - Milwaukee

Other Academic Experience:
1998-99 Meeting Organizer, Astrophysical Source Identification and Signature subgroup of LIGO

Scientific Collaboration.
1999- Secretary, Astrophysical Source Identification and Signature subgroup of LIGO Scientific

Collaboration.

Awards:
1995 Marie Louise Imrie Award (University of Alberta)
1994 Andrew Stewart Memorial Prize (University of Alberta)
1994-96 Province of Alberta Fellowship (University of Alberta)
1992-93 University of Alberta Ph.D. Scholarship (University of Alberta)

Five most closely related publications:

1. Warren G. Anderson, Patrick R. Brady, Jolien D. E. Creighton andÉannaÉ. Flanagan, “An excess
power statistic for detection of burst sources of gravitational radiation”, work in progress.

2. Warren G. Anderson and R. Balasubramanian, “Time-frequency detection of gravitational waves”,
Phys. Rev.D. in press, gr-qc/9905023.

3. Warren G. Anderson and Patrick R. Brady, “Supernovae and other transient sources”, in GRASP:
a data analysis package for gravitational wave detection, Bruce Allenet al.,
www.lsc-group.phys.uwm.edu/ ∼ballen/grasp-distribution/index.html

4. Warren G. Anderson and R. Balasubramanian, “Time-frequency methods”, in GRASP: a data
analysis package for gravitational wave detection, Bruce Allenet al.. www.lsc-group.phys.uwm.edu/
∼ballen/grasp-distribution/index.html

5. Warren G. Anderson and́Eanna E. Flanagan, “Radiation reaction in a normal neighbourhood”,
work in progress.

Five other publications:

1. Warren G. Anderson and Werner Israel, “Quantum flux from a moving spherical mirror”, Phys.
Rev. D60, 84003, (1999).

2. Warren G. Anderson and Nemanja Kaloper, “On some new black string solutions in three dimen-
sions”, Phys. Rev.D52, 4440-4454 (1995).
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3. Warren G. Anderson, “The Boulware vacuum and the generalised second law of thermodynam-
ics”, Phys. Rev.D50, 4768-4790 (1994).

4. W. G. Anderson and R. G. McLenaghan, “On the validity of Huygens’ principle for second or-
der partial differential equations with four independent variables. Part II : a sixth necessary
condition”, Ann. Inst. Henri Poincaŕe, Phys. Th́eor.60, 373-432 (1994).

5. Warren G. Anderson, Patrick R. Brady, Werner Israel and Sharon Morsink, “Quantum effects in
black hole interiors”, Phys. Rev. Letters70, 1041-1044 (1993).
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BIOGRAPHICAL SKETCH: JOLIEN CREIGHTON

Mailing address:
Department of Physics, University of Wisconsin -
Milwaukee, P.O. Box 413, Milwaukee WI 53201

Degrees:
Ph.D. Physics (University of Waterloo, Ontario. 1996)
M.Sc. Physics (University of Waterloo, Ontario. 1993)
B.Sc. Physics/Astrophysics (University of Calgary, Alberta. 1992)

Academic Employment:
1999- Postdoctoral Scholar (University of Wisconsin-Milwaukee)
1996-99 Postdoctoral Scholar (California Institute of Technology)
1992-96 Research and Teaching Assistant (University of Waterloo)
1989-92 Research Assistant (University of Calgary)

Awards:
1997 W B Pearson Medal for outstanding PhD thesis in Physics
1996-98 Natural Sciences and Engineering Research Council of Canada (NSERC) Post-Doctoral

Fellowship
1994-96 NSERC Post-Graduate Scholarship B
1992-94 NSERC Post-Graduate Scholarship A
1992-96 University of Waterloo Graduate Scholarships
1992 The Department of Physics Venkatesan Silver Medallion
1990-92 NSERC Undergraduate Student Research Awards

Five most closely related publications:

1. B Allen, J K Blackburn, P R Brady, J D E Creighton, T Creighton, S Droz, A D Gillespie,
S A Hughes, S Kawamura, T T Lyons, J E Mason, B J Owen, F J Raab, M W Regehr, B S
Sathyaprakash, R L Savage Jr, S Whitcomb, and A G Wiseman, ”Observational limit on gravi-
tational waves from binary neutron stars in the Galaxy”, Physical Review Letters 83 1498-1501
(1999)

2. Jolien D E Creighton, ”Search techniques for gravitational waves from black hole ringdowns”,
Physical Review D 60 022001-1-9 (1999)

3. Jolien D E Creighton, ”Data analysis strategies for the detection of gravitational waves in non-
Gaussian noise,” Physical Review D 60 021101-1-5 (1999)

4. Patrick R Brady, Jolien D E Creighton, and Kip S Thorne, ”Computing the merger of black-hole
binaries: The IBBH problem”, Physical Review D 58 061501-1-5 (1998)

5. Jolien D E Creighton, ”GRASP Routines: Black hole ringdown”, in ”GRASP: a data analysis
package for gravitational wave detection”, by Bruce Allenet al., (LIGO project, URL www.lsc-
group.phys.uwm.edu) (1997)

Five other publications:

1. Jolien D E Creighton and Robert B Mann, ”Entropy of constant curvature black holes in general
relativity”, Physical Review D 58 024013-1-4 (1998)

2. K C K Chan, J D E Creighton, and R B Mann, ”Conserved masses in GHS Einstein and string
black holes and consistent thermodynamics”, Physical Review D 54 3892-3899 (1996)
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3. Jolien D E Creighton and Robert B Mann, ”Quasilocal thermodynamics of dilaton gravity coupled
to gauge fields”, Physical Review D 52 4569-4587 (1995)

4. J D Brown, J Creighton, and R B Mann, ”Temperature, energy and heat capacity of asymptotically
anti-de Sitter black holes”, Physical Review D 50 6394-6403 (1994)

5. D A Leahy and J Creighton, ”Monte Carlo simulations of X-ray spectra for internally illuminated
spherical matter distributions”, Monthly Notices of the Royal Astronomical Society 263 314-322
(1992)

E10



BIOGRAPHICAL SKETCH: TEVIET CREIGHTON

Mailing address:
Department of Physics, University of Wisconsin -
Milwaukee, P.O. Box 413, Milwaukee WI 53201

Degrees:
Ph.D. Physics (California Institute of Technology. 2000)
B.Sc. Physics/Astrophysics (University of Calgary, Alberta. 1994)

Academic Employment:
1999- Postdoctoral Scholar (University of Wisconsin-Milwaukee)
1994-99 Research and Teaching Assistant (California Institute of Technology)
1992-94 Research Assistant (University of Calgary)

Awards:
1997,99 Jocelyn Bell Prize (Pacific Coast Gravity Meeting)
1994-95 Natural Sciences and Engineering Research Council of Canada (NSERC) Post-Graduate

Scholarship (declined)
1994 Lieutenant Governor’s Gold Medal (University of Calgary)
1994 The Department of Physics Venkatesan Silver Medallion (University of Calgary)
1992-94 NSERC Undergraduate Student Research Awards
1990-94 Canada Science Scholarships
1991-93 Louise McKinney Post-Secondary Scholarships

B. Five most closely related publications:

1. B Allen, J K Blackburn, P R Brady, J D E Creighton, T Creighton, S Droz, A D Gillespie,
S A Hughes, S Kawamura, T T Lyons, J E Mason, B J Owen, F J Raab, M W Regehr, B S
Sathyaprakash, R L Savage Jr, S Whitcomb, and A G Wiseman, “Observational limit on gravi-
tational waves from binary neutron stars in the Galaxy”, Physical Review Letters 83 1498-1501
(1999), gr-qc/9903108.

2. Patrick R Brady and Teviet Creighton, “Searching for periodic sources with LIGO. II: Hierarchical
searches”, to appear in Phys. Rev. D, gr-qc/9812014.

3. Patrick R Brady, Teviet Creighton, Curt Cutler and Bernard Schutz “Searching for periodic sources
with LIGO” Phys. Rev. D57, 2101 (1998), gr-qc/9702050.

4. Bruce Allen, Teviet Creighton, Scott Hughes, and Alan Wiseman. “GRASP Routines: Template
bank generation and searching”, in “GRASP: a data analysis package for gravitational wave de-
tection”, by Bruce Allenet al., (LIGO project, URL www.lsc-group.phys.uwm.edu) (1997).

5. Teviet Creighton, “Gravitational waves and the cosmological equation of state”, submitted to
Phys. Rev. D, gr-qc/9907045
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BUDGET JUSTIFICATION

The total project cost is $593,323. UWM will provide 30% cost sharing in the total amount of
$177,997; this NSF grant will provide the remaining 70% in the amount of $415,326. An itemized
justification of the budget follows.

B2 The technical assistant described in theProject and Management Planswill assist in assembling
and maintaining the Beowulf system during three years of operation. The breakdown of time
is anticipated to be 4 months during development, assembly and commissioning; 3 months per
year during years two and three of operations.

C The technical assistant inB2 will be hired as an LTE for whom fringe benefits are charged at
16%.

D The equipment hardware items are listed below followed by the total cost.

• Vendor: PC Wisconsin
Quote attached
Quantity 133 Intel Pentium III 550 MHz, each with 512 Mbytes RAM, floppy, case &
power supply, 2× IBM 37 Gbyte ATA/66 disk, 1 Promise Technologies ATA-66 controller,
CD-ROM, 100-baseT networking card, 3 years on-site warranty:
$296,457

• Vendor: SynerComm
Quote attached
3Com Corebuilder 9400 24-port Gigabit Ethernet Switch:
$23,680

• Vendor: SynerComm
Quote attached
Quantity 24 3Com SuperStack II 3300 switches, each with 12 100-baseT ports and 1 SX
Gigabit Ethernet port:
$44,546

• Vendor: SynerComm
Quote attached
Quantity 256 3Com 100-baseT network adaptors:
$13,293

• Vendor: SynerComm
Quote attached
Cabling:
$2,693

• Vendor: SynerComm
Quote attached
Quantity 3 3Com Enterprise Cs/3000-48, 48-port Diskless terminal servers for system
management:
$13,099
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• Vendor: SynerComm
Quote attached
Quantity 3 3Com Networking Terminal Server 10-baseT transceiver for Enterprise Cs/3000-
48:
$345

• Vendor: Cybernetics
Quote attached
120 slot tape robot with 2 AIT-2 tape drives, quantity 100 AIT-2 tapes, robotic control
software for linux, and 3-years maintenance:
$70,973

• Shelving units. These are available from the local Home Depot. The cost includes suitable
power strips and guttering for running networking and power cables:
$2000

• Adaptec SCSI controller cards for tape drives:
$300

• Un-interruptible power supply for master node and a small set of “high-reliability” nodes:
$1500

• Monitor & Video card for the master node:
$1500

Total cost of hardware items:$470,386.

UWM will provide a satisfactory room within the UWM Physics Department for housing and
operating the proposed equipment. This space will be conveniently located to the LSC group
offices. It will consist of a controlled-access dedicated room with minimum dimensions of
20× 30 feet. Prior to assembly of the Beowulf, the room will be equipped with:

• Surge-protected electrical service (estimated, 320 amps at 120 volts). One 20-amp outlet
on a separate circuit will be centrally mounted on each shelf of the four equipment shelving
units (16 shelves total). Each outlet provides power to eight or nine machines on each shelf.
The outlets will be supplied via armored-cable wiring dropped from the ceiling, to leave
the floor clear. A single centralized breaker box will control all the circuits.
Estimated current consumption: 180 A.
Estimated power dissipation: 22 kW.

• Separate air conditioning (estimated capacity: 6 tons). This is for back-up use only, in the
event of blower shutdown or chilled water loss in the building.

• Suitable lighting, in the form of ceiling-hung flourescent fixtures above the fronts and
backs of the equipment shelving racks.

• Networking connections to the UWM fiber backbone.

• A programmable electronic door-entry lock.

• A suitable workbench for examination/repair of individual machines, with separate net-
working and power connections.
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Andrew Nelson of the UWM Physical Plant Services will serve as a consultant for any necessary
renovation/construction work; (see preliminary pricing underPhysics Computing Server Room
in supplementary documents).
Total cost of room equipment/renovations:$32,000.

M A detailed explanation of cost-sharing by UWM follows:

• Computer hardware and room renovation: $150,716

• PI time in development and assembly of system:

1. Bruce Allen: 0.5 academic person-months ($7,021 per month plus 32% fringe benefits
plus 46% indirect costs) is $6,765

2. Patrick R Brady: 1 academic person-month ($5,555 per month plus 32% fringe bene-
fits plus 46% indirect costs) is $10,706

• Salary support for the technician: 1.42 person-months ($4,079 per month plus 16% fringe
benefits plus 46% indirect costs) is $9,810
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Current and Pending Support
(See GPG Section II.D.8 for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior personnel.  Failure to provide this information may delay consideration of this proposal.

Investigator:
Other agencies (including NSF) to which this proposal has been/will be submitted.

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Summ:

*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.

NSF Form 1239 (10/99) USE ADDITIONAL SHEETS AS NECESSARYPage G-

Bruce Allen

Data analysis tools, techniques, and algorithms for
gravitational wave detectors

National Science Foundation
203,360 09/15/98 - 08/31/00

University of Wisconsin - Milwaukee
0.00 4.00 2.00

Classical and quantum gravitation and cosmology

NSF
1,120,875 07/01/95 - 06/30/00

University of Wisconsin - Milwaukee
0.00 2.00 0.00

This MRI proposal: Development of a high-capacity data
analysis system for LIGO gravitational wave detection

NSF
415,326 09/01/00 - 08/31/03

University of Wisconsin - Milwaukee
0.00 0.50 0.00

Gravitational Wave Data Analysis for LIGO

NSF
798,864 09/01/00 - 08/31/03

University of Wisconsin - Milwaukee
0.00 4.00 2.00
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Current and Pending Support
(See GPG Section II.D.8 for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior personnel.  Failure to provide this information may delay consideration of this proposal.

Investigator:
Other agencies (including NSF) to which this proposal has been/will be submitted.

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Summ:

*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.

NSF Form 1239 (10/99) USE ADDITIONAL SHEETS AS NECESSARYPage G-

Patrick Brady

Gravitational waves and the physics of strong gravitational
fields

National Science Foundation
156,499 07/01/99 - 06/30/02

University of Wisconsin-Milwaukee
2.25 2.00

This MRI proposal: Development of a high-capacity data
analysis system for LIGO gravitational wave

NSF
415,326 09/01/00 - 08/31/03

University of Wisconsin - Milwaukee
0.00 1.00 0.00
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Current and Pending Support
(See GPG Section II.D.8 for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior personnel.  Failure to provide this information may delay consideration of this proposal.

Investigator:
Other agencies (including NSF) to which this proposal has been/will be submitted.

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Sumr:

Support: Current Pending Submission Planned in Near Future *Transfer of Support

Project/Proposal Title:

Source of Support:
Total Award Amount:  $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project. Cal: Acad: Summ:

*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.

NSF Form 1239 (10/99) USE ADDITIONAL SHEETS AS NECESSARYPage G-

Alan Wiseman

Gravitational wave source calculations and detection
strategies

National Science Foundation
273,561 09/01/00 - 08/31/03

University of Wisconsin-Milwaukee
12.00

This MRI proposal: Development of a high-capacity data
analysis system for LIGO gravitational wave

NSF
415,326 09/01/00 - 08/31/03

University of Wisconsin - Milwaukee
0.00 0.00 0.00
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FACILITIES AND ENVIRONMENT

The University of Wisconsin - Milwaukee is one of two Ph.D.-granting institutions in the Univer-
sity of Wisconsin System. It is composed of 11 schools and colleges, and has over 100 undergraduate
majors programs, 47 masters programs, and 17 doctoral programs. The staff of 3,200 includes 1,300
faculty members, and a student body of 23,000.

Within the Physics Department, the Center for Gravitation and Cosmology (CGC) has been the
home of a strong, NSF-funded traditional relativity research group for thirty years. The core group is
composed of four faculty (Allen, Brady, Friedman, and Parker) and Visiting Professor Alan Wiseman.
It has extensive ties with virtually all the major relativity research groups in the world. These ties
include a history of past and on-going collaboration, short- and long-term visits, and cross-fertilization
through the exchange of graduate students, post-docs, and faculty. Recent members of the group who
have gone on to faculty positions in relativity and astrophysics include Sukanta Bose, Jorma Louko,
Mike Morris, Sharon Morsink, Joseph Romano, and Nikolas Stergioulas. Other former members of
the research group are now postdoctoral fellows at Princeton, Cardiff, and Penn State, and on the staff
of the National Center for Supercomputer Applications (NCSA) in Urbana-Champaign. There are
four graduate students active in the group, and several other Physics Department faculty with closely
related research interests (Lubkin, Norbury). The weekly Friday relativity seminar attracts a group of
about twenty people.

One reflection of the quality of the group is that within the past three years it has attracted two
Canadian NSERC fellows (W. Anderson, Morsink) who, since they have their own funding, could
have gone anywhere they wished.

The relevant research facilities at UWM include a high-bandwidth vBNS connection through the
Chicago-based MREN GigaPOP, and a high-speed campus Gbps fiber backbone. While UWM does
provide clusters of Alpha mainframes for general computing, the CGC and the LSC group within it
have set up their own facilities. These are connected to the campus fiber backbone through a dedicated
switched 100-baseT network. These facilities include:

• A 48-node Beowulf cluster, described earlier

• A 4-node Beowulf cluster, used for training, development, experimentation, and spare parts

• A general computing network, consisting of 6 Sun workstations and 6 Pentium-based linux
workstations

• Dedicated black-and-white and color printers, Exabyte and DAT tape drives, and CD-RW burn-
ers.

• Standard data analysis packages such as Mathematica, Matlab, Maple, etc.

The group plans to add a small automated tape robot (thirty 50-Gbyte tapes) to our system, which will
use the LSC standard format (AIT-2) tapes.

UWM has a number of courses that provide training and instruction for graduate students and
postdoctoral fellows. The Physics department offers a three-semester sequence of graduate courses in
general relativity (754-717,8,9) which include detailed treatments of gravitational wave production and
detection and post-Newtonian approximations. A regular graduate course in relativistic astrophysics
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(754-817) covers the physics of neutron stars and other compact objects. Specialized research courses
in the singularity theorems, curved space quantum field theory, and early-universe cosmology have
all been offered in the past decade. Much of the signal processing and data analysis work done by
the UWM LSC group requires specialized techniques. Some of these are taught by Allen as part of
a graduate course (754-501) in mathematical methods. Graduate students and postdoctoral fellows
also benefit from a series of courses in the Computer Science and Electrical Engineering departments.
These include: computer networks (262-630), distributed algorithms (262-754), parallel algorithms
(262-804), computer systems performance evaluation (318-760), digital communications (318-721),
and advanced digital signal processing (318-810).
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