
Benchmark Session on the Estimation of Power Spectra from
LDA Signals:  An Overview for Participants

Prof. Dr.-Ing. Cam Tropea
FG Strömungsmechanik and Aerodynamik (SMA)

Technische Universität Darmstadt
Petersenstr. 30

D-64287 Darmstadt

tel:  (+49 6151) 162854
email:  ctropea@lstm.uni-erlangen.de

Dr. Lance H. Benedict
LSTM

Universität Erlangen-Nürnberg
Cauerstr. 4

D-91058 Erlangen

tel:  (+49 9131) 859480
email:  benedict@lstm.uni-erlangen.de

A part of the
9th International Symposium on Applications of Laser Techniques

to Fluid Mechanics

Lisbon, Portugal

July 13–16, 1998



2

1  List of Nomenclature

English Symbols

( )C τ autocovariance function (ACF) , ( ) ( )C u t u t G f f dfuu uu( ) ( ) ( ) cosτ τ π τ= + =
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∫
0
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f frequency in Hz

f p frequency at which a peak occurs in PSD

( )G f one-sided autospectral density (ASDF), G f
T

u t i ft dtuu ( ) ( ) exp( )=
−∞

∞

∫
2

2

2

π  or
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τ π τ τ

( )n t zero-mean, random noise with Gaussian amplitude distribution

N number of samples
�N data validation rate, DVR
�N D mean data density, �NTu  or alternatively Tu mτ
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Greek Symbols
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τ lag-time
τ m mean time between validated bursts (mean interarrival time), 1/DVR

Superscripts

– denotes time average

Acronyms

ASDF autospectral density function(one-sided)
ACF autocovariance function
ACCF autocorrelation coeff icient function
DVR data validation rate
LDA laser Doppler anemometer, laser Doppler anemometry

SNR signal to noise ratio, defined as u n2 2
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2  Rules of the Game

2.1  Overview

Participants will be provided with a variety of simulated and real LDA data sets (described in §3).  The goal
for the participants will be to estimate, as accurately as possible, the one-sided autospectral density function
(ASDF) defined as

( )G f C f duu uu( ) cos( )=
∞

∫4 2
0

τ π τ τ or G f
T

u t i ft dtuu ( ) ( ) exp( )=
−∞

∞

∫
2

2

2

π (1)

using any estimator available in the literature or any which they have developed themselves. Window functions
for the improvement of ASDF estimates are encouraged, but each participant must mathematically specify the
type of window used in the description of his estimator.

In the case of the simulated data, each data set has been developed to provide a particular challenge to the
participants’ ASDF estimators, e.g. low data density, presence of band-limited Gaussian white noise, or presence
of velocity bias.  For each simulated data set, the theoretical ASDF is known exactly to the organizers, but not to
the participants (although quite a good general description is given in §3).  The participants are simply asked to
do the best they can and to return their results to the organizers.

In the case of the LDA data, these are also being developed with certain challenges in mind.  Hot-wire data
collected under exactly the same conditions will serve as reference for the LDA data, but, like the theoretical
ASDFs for the simulated data, will not be made available to the participants.  All results returned by the
participants will be analyzed by the organizers according to various figures of merit (described in §4).

2.2  General Comments on Simulated Data

Simulated data are described by number of samples, N, and data density, �N D .  They are divided into groups

(of which there are 3) and cases (34 in all ).  For each case, there are 10 data sets.  The reason for having 10 data
sets for each case is to try to get a handle on the statistical variance of each participant’s ASDF estimator.  This
is explained further in §2.5

These data (with random arrival times) have been interpolated from evenly-spaced, discrete time series with
extremely high sample rate.  The Nyquist frequency for these primary series determines the maximum frequency
any participant could hope to resolve with his spectrum estimator.  Round-off errors in the double precision
velocity estimates, on the other hand, ultimately limit the number of decades in amplitude which can be
calculated.  This limit may also be influenced by N and �N D , however.  Thus these limits will be checked directly

from the primary time series by the organizers to make sure that the limits will not interfere with the evaluation
of the performance of the various ASDF estimators.

2.3  General Comments on Real Data

Real LDA data sets will be described in terms of N, �N D , and the flow in which the data sets were collected.

They will be collected in conjunction with hot-wire data acquired in the same flow under the same conditions;
however, the hot-wire data will not be provided to the participants.

2.4  Distribution of Data

The simulated data sets are provided by means of a “data generation” program available via Internet at
http://www-nt.e-technik.uni-rostock.de/~nobach/bm.exe.  This method of distributing data seems most practical
as each data set is roughly 12 MB.  Once the program has been downloaded, the user simply types the program
name followed by the desired data set name given in §3.  For example, the command bm s2-14-1 produces the
first of 10 data sets belonging to Case s2-14.

Real data sets will also be distributed via Internet.  Participants will be notified shortly as to their
availabilit y.
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2.5  Results from the Participants

A prerequisite for participation of a participant is a summary of the method used to obtain the ASDF
estimates – including mathematical specification of any window function used to improve results.  This summary
should be detailed enough for someone to repeat the work of the participant if so desired.  (Allowances will be
made for the withholding of company proprietary material i f agreed to beforehand by the organizers.)

For each case, participants will be provided with 10 data sets.  The one-sided ASDF estimates (Eq. 4) for
EACH DATA SET and the average of these ten should be returned to the organizers INCLUDING NEGATIVE
VALUES.  The ten power spectra for each case will be used by the organizers to calculate the statistical variance
of the spectral estimators.  The average of the ten ASDF estimates for each case will be used to determine the
bias error for each case.  It is hoped that in this way, the bias and variance errors can be separated from one
another and evaluated individually.  Although we do not require that each participant attempt every case, we do
expect that for any case attempted, an ASDF for all 10 data sets will be estimated such that the bias and variance
errors can be calculated.

Additionally, it is asked that for each case, the participants provide the autocorrelation coefficient function
(ACCF) for the averaged ASDF estimates.  These can be obtained by Fourier transform of the ASDF estimates if
they are not available as an intermediate step in the ASDF estimation (see Eq. (2) below).
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All results should be returned via e-mail to the following address:  benedict@lstm.uni-erlangen.de

2.6  Results Returned to the Participants

All analysis performed by the organizers will be sent to each participant at least a month before the
conference in order that each participant can compare his method to those of the other participants. Each
participant will t hen be given a brief time period at the conference to give his assessment of the overall results.
We assume that the practitioner/inventor of each method will be best able to highlight the deficiencies/merits of
his method and, furthermore, that his assessment will be relatively free of bias towards his own method due to
the comparative analysis.
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3  Description of Data Sets

3.1  Simulated Data

General Characteristics:  U = 0 , u 2 1= m s2 2 , N = 250000

Group S-1 (one case)
Band-limited random noise with Gaussian amplitude distribution (and very steep roll -off at very high frequency)
General Purpose:  Flat spectrum (up to a high cut-off f requency) will make filtering effects immediately obvious

Group S-2 (24 cases in all )
Variations on Pao’s Spectrum, a realistic simulation of turbulence with no peak at a particular frequency
General Purpose:  Test estimators’ abilit y to retrieve a realistic turbulence spectrum in the presence of noise and
velocity bias at high and low data densities

Cases S-2-1 to S-2-6
Tu1

, Tu2
, Tu3

 at � .N D = 05 and � .N D = 100, no noise or velocity bias

Purpose:  3 different integral time scales at 2 different data densities.  These will used as a standard for
comparison with other cases including the effects of noise and velocity bias.

Cases S-2-7 to S-2-12
with Gaussian white noise

Purpose:  By maintaining a constant u 2  but changing the integral scale, the signal to noise ratio (SNR)
is varied and therefore tests an estimator’s abilit y to resolve multiple decades in the presence of noise

Cases S-2-13 to S-2-18
with one-dimensional velocity bias (i.e. correlation between instantaneous velocity and particle rate)
Purpose:  To test an estimator’s abilit y to counter velocity bias effects at different data densities

Cases S-2-19 to S-2-24
with noise and velocity bias
Purpose:  To test an estimator’s abilit y to counter the combined effects of noise and velocity bias at
different data densities

Group S-3 (9 cases in all )
Simulation of turbulence with a power peak at frequency f p

General Purpose:  To test an estimator’s abilit y to resolve a power peak in a realistic turbulence spectrum at
different data rates (relative to f p ) and at different noise levels (relative to the amplitude at f p )

Cases S-3-1 to S-3-3
�N f p> 2π , �N f p≈ , �N f p≈ 5  without noise

Cases S-3-1 to S-3-3
�N f p> 2π , �N f p≈ , �N f p≈ 5  with noise level below power at peak

Cases S-3-1 to S-3-3
�N f p> 2π , �N f p≈ , �N f p≈ 5  with noise level above power at peak

3.2  Real LDA Data (yet to be determined)

General Characteristics:  Data density will be varied through particle concentration.  Noise level will be varied
through optical alignment, ampli fication factors, and number of signal periods (counter processor).
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4  Figures of Merit

The following characteristics will be used to evaluate the performance of each estimator:

1. Plot of estimator variance versus frequency.  (Estimator variance will be computed as described under §2.5.)
2. Plot of estimator bias error versus frequency.  (Bias error determined as described in §2.5.)
3. Filtering behavior of the estimator.  In so far as it can be shown that, above a certain frequency, an estimator

creates a filtering effect with slope not related to the energy content of the measured (or simulated)
turbulence , the results above this frequency will simply be declared invalid, and no error analysis will be
attempted.

4. Number of decades in amplitude for which the bias and variance errors remain below a standard value.
5. Maximum frequency for which the bias and variance errors remain below a standard value, normalized by

the mean data rate.
6. For Group S-2, the error in the integral time scale, Tu , and Taylor time scale, λ u , as determined from the

ASDF estimates according the following formulas:
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No evaluation will be made based on computing time; however, each participant will be asked to give a ballpark
estimate of the amount of computing time required on a PC for one of the data sets (yet to be determined).

5  Time-Plan

S O N D J F M A M J J
Invitations and outline of program sent
to participants
Simulated and real LDA data sets made
available
Results of participants returned to
organizers
Data analysis returned to participants

Lisbon conference
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.6  Outline of Special Session

I Introductory paper delivered by the organizers addressing the following items:

1. Scope of the session
2. General approaches to estimating power spectra from LDA data
3. General problems in estimating power spectra from LDA data
4. Description of simulations

a) Types
b) Reason for choosing

5. Description of experiments
a) Flows

i) Integral time scales
b) LDA system

i) Sampling parameters
c) Hot-wire system

6. Basis for comparison of results, i.e. explanation of figures of merit

II Second paper from the organizers presenting results of computations by participants and comparison of
these results

III Short responses from each participant who is present

IV Open panel discussion



8

7  List of Potential Participants
Recipients are encouraged to pass this information on to other colleagues who may wish to take part.

Prof. Ronald J. Adrian tel (+1–217) 333–2322
Dept. of Theoretical and Applied Mechanics fax (+1–217) 244–5707
University of Illi nois at Urbana-Champaign e-mail rja@del.tam.uiuc.edu
216 Talbot Laboratory
104 South Wright St.
Urbana, IL 61801-2935
USA

Prof. Robert A. Antonia tel
Dept of Mechanical Engineering fax (+61–49) 217405
The University of Newcastle e-mail meraa@cc.newcastle.edu.au
NSW 2308
Australia

Dr. W. A. Bell tel (+1–404) 894–7481
Signature Technology Laboratory fax (+1–404) 894–0702
Georgia Tech Research Institute e-mail bill .bell@gtri.gatech.edu
Georgia Institute of Technology
Atlanta, GA 30332-0800
USA

Dr. Lance H. Benedict tel (+49–9131) 859480
Lehrstuhl für Strömungsmechanik fax (+49–9131) 859503
Universität Erlangen-Nürnberg e-mail benedict@lstm.uni-erlangen.de
Cauerstr. 4
91058 Erlangen
Germany

Dr. Dieter Britz tel (+45) 8942 3333
Kemisk Institut fax (+45) 8619 6199
Åarhus Universitet e-mail db@kemi.aau.dk
Langelandsgade 140
DK 8000 Arhus C
Dänemark

Dr. Preben Buchhave tel (+45) 253262
Institut for Fysik fax (+45) 931669
Danmarks Tekniske Universitet e-mail pbu@mips.fys.dtu.dk
Bygn 309
2800 Lyngby
Denmark

Prof. Yei-Chin Chao tel (+886–6) 275–7575
Institute of Aeronautics and Astronautics fax (+886–6) 238–9940
National Cheng-Kung University e-mail ycchao@htaxp6.iaa.ncku.edu.tw
Tainan, Taiwan, 701, R.O.C.

Prof. G. E. Cossali tel (+39–35) 277309
Facoltá di Ingegneria fax (+39–35) 562779
Universitá di Bergamo e-mail cossali@fta3.fta.polimi.it
Viale G. Marconi, 5
24044 Dalmine
Italy

Prof. Robert V. Edwards tel
Case Center for Complex Flow Measurements fax
Dept. of Chemical Engineering e-mail rve2@po.cwru.edu
Case Western Reserve University
Cleveland, OH 44106
USA
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Prof. John A. Fitzpatrick tel (+353–1) 772941 ext 1778/1663
Dept of Mechanical and Manufacturing Engineering fax
Trinity College e-mail
University of Dublin
Dublin 2
Ireland

Dr. M. Gaster tel
National Maritime Institute, Teddington fax
Middlesex, TW11 0LW e-mail m.gaster@qmw.ac.uk
United Kingdom

Prof. William K. George Jr. tel
Dept. of Mechanical Engineering fax
State University of New York at Buffalo e-mail
Buffalo, NY 14214
USA

Mr. Palle Gjelstrup tel (+45) 4457 8162
Scientific Instruments Division fax (+45) 4284 6136
Dantec Measurement Technology e-mail palle.gjelstrup@dantecmt.com
Tonsbakken 16-18
2740 Skovlunde
Denmark

Mr. Hans R. E. van Maanen tel (+31–70) 311–3401
S.I.E.P.-RTS fax (+31–70) 311–2174
Dept. EPT-DF e-mail h.r.e.vanmaanen@siep.shell .com
Hoekstede S-1037
PO Box 60
2280 AB Rijswijk
The Netherlands

Dr. P. Millan tel
ONERA-CERT/DERMES fax
2, Av. Edouard Belin e-mail
BP 4025
31055 Toulouse Cedex
France

Dr. Amir A. Naqwi tel
Fluid Mechanics Instruments Division fax
TSI Incorporated e-mail
PO Box 64394
St. Paul MN 55164
USA

Dr.-Ing. Holger Nobach tel (+49–381) 498–3576
FB Elektrotechnik fax (+49–381) 498–3595
Universität Rostock e-mail holger.nobach@ntie.e-technik.uni-rostock.de
Richard-Wagner Str. 31
18119 Rostock
Germany

Dr. Howard L. Petrie tel
Applied Research Laboratory fax
The Pennsylvania State University e-mail
State College, PA 16804
USA
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Dr. Amilcare Porporato tel (+39–11) 564–5617
Dept. of Hydraulics, Transports and Civil Infrastructures fax (+39–11) 564–5698
Polytechnic of Turin e-mail porporato@polito.it
C.so Duca degli Abruzzi 24
10129 Torino
Italy

Dr. Ashok K. P. Rajpal tel (+91–512) 597847
Dept of Aerospace Engineering fax (+91–512) 597561, 590260, 590007
Indian Institute of Technology e-mail akr@iitk.ernet.in
Kanpur – 208 016
India
Prof. J. Brian Roberts tel
School of Engineering and Applied Sciences fax
University of Sussex, Falmer, Brighton e-mail j .b.roberts@qmw.ac.uk
Sussex BN1 9QT
United Kingdom

Prof. Giovanni P. Romano tel
Dept. of Mechanics and Aeronautics fax
University of Roma “La Sapienza” email andrea@cenedese1.ing.uniroma1.it
Via Eudossiana 18
I-00184 Roma
Italy

Mr. Pentti Saarenrinne tel
Dept. of Energy and Process Engineering fax
Tampere University of Technology e-mail
Korkeakoulunkatu 2
PO Box 589
FIN-33101 Tampere
Finland

Dr. David Sree tel (+1–334) 727–8767
Mechanical Engineering Department fax (+1–334) 727–8090
Tuskegee University e-mail dsree@acd.tusk.edu
Tuskegee, AL 36088
USA

Prof. Hyung Jin Sung tel
Dept. of Mechanical Engineering fax
Korea Advanced Institute of Science and Technology e-mail
Yusong-ku Taejon
305-701 Korea

Prof. Dr.-Ing. Cam Tropea tel (+49–6151) 162854
FG Strömungsmechanik and Aerodynamik (SMA) fax (+49–6151) 164754
Technische Universität Darmstadt email ctropea@lstm.uni-erlangen.de
Petersenstr. 30
64287 Darmstadt
Germany

Mr. Mark J. Tummers tel (+31–15) 786383
Faculty of Aerospace Engineering fax (+31–15) 783533
Delft University of Technology e-mail mark@dutlls1.tudelft.nl
PO Box 5058
2600 GB Delft
The Netherlands
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Prof. John T. Turner tel
Environmental and Industrial Fluid Mechanics Research Group fax
Dept. of Engineering e-mail
Simon Building
University of Manchester
Manchester M13 9PL
United Kingdom

Dr. Denis Veynante tel
E.M.2.C. fax
CNRS et Ecole Centrale des Arts et Manufactures e-mail
Grande Voie des Vignes
92295 Chatenay-Malabry Cedex
France


