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ABSTRACT

Acousticd sensors that operate nea the groundare strongly affeaed by atmospheric boundary-
layer wind and temperature structure: the mean verticd profil esrefrad soundenergy, and
turbulent fluctuations randamly scater it. This paper describes a prototype physics-based
dedsionaid, cdled the Acoustic Battlefield Aid (ABFA), for predicting environmenta effeds
onthe performance of amusticd sensors. ABFA integrates advanced models for acoustic
refradion and scatering, array signal processng, and atmospheric surface @ergy balanceinto
an easy to use, MATLAB -based graphicd user interface Avail able performance daraderiza-
tions include probability of detedion, dredionfinding acaracy for isolated receving arrays,
and locaion-finding acairacy for networked recaving arrays. An overview is provided of the
various physicd models and hav they operate in conjunction to charaderize performance A
suite of todls is described that performs important suppat functions, such as creaing new target
descriptions from standard digiti zed audio files and designing sensor array layouts.

INTRODUCTION

Acousticd sensorswill li kely play a prominent role on the future battlefield, where information
dominance and maneuverability will be key. Their main advantages are low cost and operation
a capabiliti esin norine-of-sight condtions. However, their performance does depend strongly
onenvironmental condtions. Soundwaves are refraded by atmospheric wind and temperature
gradients, creaing “hat spots,” where sound pesaure levels are locdly elevated, as well as
“shadows,” where levels arelocdly depressed. Furthermore, randam fluctuationsin the
receved signa level and reductionsin signal coherenceresult from interadions of the sound
with turbulence and aher randam atmospheric motions. This paper describes recent enhance-
ments to a prototype physics-based tadicd dedsion aid, cdl ed the Acoustic Battlefield Aid
(ABFA), which analyzes atmospheric refradion and turbulence dfeds onaousticd detedion
and tradking systems.

Most new U.S. Army amusticd systems use small, groundbased beanforming arrays
(footprint small er than about one square meter) to determine the horizontal beaing angle of
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sound-emitting targets. The origina purposein developing ABFA was to merge anewly devel-
oped cgpability at the U.S. Army Reseach Laboratory (ARL) for predicting the performance of
such arrays (Wilson 199&) with the best avail able cmputer models for paint-to-point acoustic
transmission loss thereby laying the groundwvork for innowetive aousticd dedsion aids onthe
digitized bettlefield of the future. Also incorporated into ABFA were statisticd models for sig-
nal fluctuations and badkground nase, and micrometeorol ogicd models for estimating refrac
tive profil es and turbulence spedra from basic surfaceweaher observations. These four compo-
nents were cmbined under an intuitive and flexible graphica user interface(GUI) that pro-
vides for the cdculation and dsplay of acoustic probabiliti es of detedion, dredion-finding
acaracy, target location-finding acaracy, sound pesaure levels, and severa other sensor
performance metrics. Theinitial version d ABFA isdescribed in an ARL tedhnicd report
(Wilson 1998h. Moativated by the desire to apply ABFA in avariety of scenarios and to make it
simpler to use, many new cgpabilities have been added to ABFA since pulicdion d the
original technicd report. These include improvements to the underlying acmusticd cdculations,
convenient enhancements to the GUI, and the addition o a set of powerful tods for developing
new target and sensor descriptions.

For several reasons, ABFA has been developed in the MATLAB™ programming environ-
ment. Foremost among these is that MATLAB has al owed for rapid development of the pro-
gram's underlying cdculation routines as well as the graphicd functions. Development of a
tod such as ABFA in alower level language would have required an investment of program-
mer time far exceading current resources. In addition, the ABFA MATLAB routines are eaily
transportable to various platforms, such as the PC-Windows environment, Apple Madntosh,
and Unix workstations, with atrivial install ation procedure. The new MATLAB compil er and
graphicslibrary shoud enable aedion d standalone exeautables on any of these platforms.

The four following sedions highlight various aspeds of ABFA andits operation. Thefirst
(ABFA Overview) provides an overview of the basic program interface ad functions. The next
(AWAUI and RAD) describes two new todsthat aid in the aeaion o new source and recever
descriptions. The basic cdculation methods for modeli ng amustic sensor performance ae
described in the sedion Calculation Methods. Finally, in Example Calculations, performance
of anetwork of amusticd sensors operating in adesert environment is modeled.

ABFA OVERVIEW

An example of the main ABFA window asit appeas when the program isfirst started is s1own
in Figure 1. Theterrain elevationis displayed as a wlored mesh. Slider bars at the top d the
display allow the terrain view to be aljusted in azimuth and elevation. New view angles can
also be entered dredly into the text boxes above the sliders. Acoustic sources (targets) are
indicated by x's, and recavers (sensors) by o's. Pull-down menus along the top d the window
alow the user to perform various functions, as explained in the foll owing:

* File: Savelload parameter files for the sources and their properties, the recevers and
their properties, the propagation model settings, the terrain, and the weaher. Print the
display. Save cdculations to text and graphic files. Quit or restart the program.
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Figure 1. The main ABFA display, showing the terrain elevation, source locaions (x’s), and
recever locations (circles).

Sour ces: Add rew sources to the smulation. The avail able dases of sources are listed
onthe pull-down menu. These dassesinclude idedized harmonic sources, wheded
vehicles, tradked vehicles, fixed-wing aircraft, and rotary-wing aircraft, among others.
Under ead classare submenus listing the spedfic types that are avail able. For example,
inthe arrent version unaer “ Tradked”, ore finds “generic” (a broadly representative,
threebanded modedl for the sound poduced by atank), “M1A1", and“T72’. A source
description consists of severa fields describing the sources pasition, speed, spedrum,
radiation pettern, and aher attributes. When the user adds a new sourcefrom the pull -
down menu, a displays the properties of an existing one, ABFA creaes adialog box
that shows the atributes of the sourcethat are avail able for editing.

Receivers: Add rew receversto the simulation. This menuworksin the same way as
the Sources menu. Avail able recaver typesinclude idedized pant sensors and arrays
In various geometries.

Noise: Set and dsplay the spedrum for the badkground nase. Various pre-defined
noise badkgrounds, such as“pink,” “ white,” “ Rural or Forest,” and “Urban” are
available. Theuser can aso crede his’/her own nase badground,customizing the
spedrum as well asthe variability. A formulafor estimating wind nase (turbulent
presaure fluctuations that mask the sound can also be invoked.

Propagation: Change the settings of the a®ustic propagation model for signa
transmissonloss saturation, and coherence (e.g., turn onoff groundeffeds, weaher
effeds, soundabsorption, and terrain shadowing).



Terrain: Change the dimensions of the mordinate grid, the latitude and longitude of the
grid origin, set new terrain elevations and ground poperties, add karriers (e.g.,

buil dings) to theterrain. There ae two main methods for setting the terrain elevation.
Thefirst is to generate a synthetic randam terrain. Both asingle-scde (Gaussan) and a
multiscde (fradal) option are avail able. For these synthetic terrains, the user spedfies a
standard deviation for the height and an ouer length scde. The seandmethodisto
load actual elevations from aDTED (Digital Terrain and Elevation Data) CD-ROM,
avail able through the National Imagery and Mapping Agency. ABFA'sroutine for
reading DTED automaticdly finds the required fil es on the CD-ROM based onthe
coordinate origin latitude and longitude. The routine even works properly aaossDTED
grid cdls, prompting the user to load anew CD when necessary.

In addition to the terrain elevation data, ABFA's cdculations require information on
the amusticd, agodynamic, and ogicd properties of the ground. These properties can
be set to reasonable default values for a dozen dff erent types of common ground
surfaces such as grass sand, and snow. Or, the user can customize agroundsurface
with an interadive dialog box. The aousticd ground poperties are the static flow
resistivity, the porosity (void fradion), the tortuasity, and a geometricd shape fador.
These ae used to cdculate the aoustic impedance and buk wavenumbers based ona
four-parameter relaxational porous groundmodel (Attenbarough 1985 Wilson 1997.
The aeodynamic properties of the ground(roughnessheight and zero-plane displace
ment height) are needed to cdculate the @mospheric wind and temperature profil es. If
the surface @ergy balancemodel is used to estimate the profil es, ogticd ground
properties (surface #dbedo and emissvity) are dso needed.

Weather: Load and dot the verticd profil es for wind and temperature, and set the
turbulence spedral models. Five options for speafying the profiles are avail able. “Pre-
Defined Refradive Profil es’ all ows the user to choase anong several benchmark cases.
“Pre-Defined Meteorologicd Cases’ all ows the user to choose anong several redistic
meteorologicd condtionsthat are spedfied in lay terms, such as“Mostly sunny and
windy” and “Overcast and cdm.” * Spedfy SurfaceData” brings up adialog box that
initi ates estimation d the nea-surfaceverticd profil es from standard surface
observations. Thisisacomplished using a surface @ergy balance model based on
empiricd equations originally developed by Burridge and Gadd, which are described in
Stull's book (Stull 1988. “Spedfy Scding Parameters,” an ogion mainly of interest to
users with training in micrometeorology, alows dired inpu of the amospheric surface
layer simil arity scding parameters.

Regarding the turbulence spedral models, there ae adually threeseparate, additive
contributions: one for buoyantly produced (large-scde) velocity fluctuations, a second
for shea-produced (small-scde) velocity fluctuations, and athird for temperature fluc-
tuations. (The temperature field has no large-scde cmporent in the surfacelayer.) For
most purposes these models shoud al be set to “Isotropic von Karman,” to invoke
ABFA'sredistic suite of turbulence models.

Tools. Accessthetoadls for creaing new source, recaver, and badkground nase
descriptions. (These will be discussed in more detail i n the next sedion.) Crede and
play badk movies of sensor coverage. Generate plots of the signal and naise spedra, and
frequency dependenceof the arrently displayed quantity.



* Options: Set the olors and scade of the display, and choose automatic loading/saving of
run-time parameters.

» Help: Display help for the diff erent types of cdculations, mouse adions, andal ABFA
menus. Also runthe Getting Started Guide, a sequence of informational windows that
guides the user through theinitial processof setting up a analysis.

A new display (cdculation) isinvoked hy right-clicking on the terrain elevation mesh. A
pop-up menu, showing the avail able displays, then appeas. The displays are grouped into three
classes: terrain elevation, derived cdculations, and basic transmisgon cdculations. The basic
transmisson cdculations (transmisson loss signal saturation, and signal coherence) are the
core c@ability of ABFA, modeling the environmental effed onasoundwave & it propagates
from asourceto arecever. These cdculationswill be discussed in more detail | ater in this
paper. The derived cdculations (detedion probability, diredion-finding acarracy, locaion
finding acarragy, velocity-finding acairagy, signal-to-noise ratio, and sound pesaure level)
invoke repeded use of the basic transmisgon cdculations and, with the exception d sound
presaure level, require the modeled nase badkgroundspedrum. Diredion-, locaion-, and
velocity-finding acauracy al refer to the root-mean-square aror in the horizontal source plane.

Most of the cdculations, bath basic end cerived, can be runwith either afixed sourceor
recever locaion. For example, if adetedion probability cdculationisrunfor afixed source
location, the display color mapping represents the probability that arecever positioned at the
mesh grid pant will detea asource Some of the derived cdculations inherently apply to net-
works of recevers. In particular, locaion-finding acaracy and velocity-finding acarracy
reflea the aility of a network (ead recever node being a sensor array) to resolve the locaion
and elocity of asource Other cdculations (such as diredion-finding acairagy, signal-to-noise
ratio, and transmisson losg inherently apply to only asingle node. The detedion probability
cdculationisuniquein that it appliesto either asingle node or a network. When runfor a net-
work, the display refleds the probability of any of the nodesin the network deteding the
source

The properties of sources and recevers can be viewed and changed by right-clicking on
them. A pop-up menu appeas, from which the user can seled “Move,” “ Copy,” “ Delete,” or
“Properties’. The move and copy operations are dore graphicdly, by clicking onthe desired
new locdion. “Properties’ displays adiaog box showing the elitable dtributes of the source
or recaver. A display of the spedrum of the source can be launched from this dialog box,
using the AWAUI tod described in the next sedion. Similarly, the layout of arecever array
can be viewed and edited using the RAD todl.

AWAUI AND RAD

ABFA incorporates two complementary tods, the Acoustic Waveform Analysis User Interface
(AWAUI) and the Recaver Array Designer (RAD). The respedive purpases of thesetodls are
to develop rew source and rew recaver descriptions. After new descriptions are aeded, they
automaticdly appea onthe Source and Receaver pull-down menus.

AWAUI, shown in Figure 2, isaversatile tod for analyzing digitized soundrecording. It is
invoked by the “wizards’ for creding new source and nase badkground aescriptions. Several
inpu file formats are suppated, including .au, wav, and the extensive library of binary data



Figure 2. The Acoustic Waveform Analysis User Interface(AWAUI) display.

filesin the ARL Acoustic Signal Processng Branch’s Automatic Target Recognition
database/laboratory. AWAUI cdculates the power spedrum from the input recording. An
ABFA banded spedral representation (seenext sedion) is generated, either through automated
algorithms or by manually configuring bands with the mouse. The spedral levels are cdibrated
acording to the measurement condtions, mainly the position d the microphore relative to the
source and the groundsurfacetype.

The upper graphin the AWAUI display shows the complete digiti zed recording as |oaded
from the inpu file. The middle graphisa dose-up d the segment of the dip currently being
analyzed. To analyze adifferent sedion, dag the mouse whil e pressng the left button, thereby
outlining abox aroundthe desired part of the signature in either the upper or midde graph. The
middle graphwill be updated when the mouse buttonisreleased. Pressng the right mouse
button days the soundsegment over the mmputer's peekers. The lower graph shows the
power spedrum of the segment, along with the overlaid ABFA banded representation. Signal
processng parameters and measurement condtions can be changed at any time from the
“Options’ pull-down menu at the top d the AWAUI window.



Figure 3. The Recever Array Designer (RAD) display.

ABFA also invokes AWAUI to alow usersto view and edit the spedra of sources and nase
badgrounds. An abbreviated dsplay is generated, with orly the spedral plot (the lower graph
in Figure 2) visible.

RAD (Figure 3) isan interadive tod for displaying and laying out the pasitions of individ-
ual sensorsin an array. It ispart of the Creae New Recever wizard, andisalso cdled by
ABFA to dsplay the positions of existing arrays.

The left side of the RAD window shows the sensor layout. The scde of the sensor layout
display can be ajusted with the slider bar underneah. New sensors can be added to an array
configuration simply by clicking onthe desired pasition with the mouse. Existing sensors are
deleted by clicking on them.

Theright side of the RAD window shows the diredional gain possblefor the aray. By
adjusting the phase angles of the aray signals before combining them, an array can adaptively
stee its main resporse beam, henceimproving SNR. The possble gain depends on the fre-
quency as well asthe sensor layout. RAD'sdiredional gain plot isthe theoreticd maximum
obtainable. The frequency of the cdculation can be aljusted with the slider bar underneah.

CALCULATION METHODS

As mentioned previously, ABFA's algorithms for predicting detedion probability, beaing
acaracy, and aher quantities of pradicd interest depend oncombinations of threebasic
transmisson cdculations: (1) the transmisson loss(change in mean signal level asthe sound
energy propagates from sourceto recever); (2) the mutual coherence of signals between
sensorsin an array; and (3) the degreeof signal saturation (fading). ABFA performs ead of



Figure 4. Calculationflowchart for ABFA.

these three céculations sparately. The latter two are cdculated using line-of-sight theory for
wave propagation through turbulence. Although this procedure is not always valid (particularly
in refradive shadow regions), the state-of-the-art in numerica propagation modeling is insuffi-
cient for treding al threephenomenain aunified, nori ne-of-sight manner. The basic flow-
chart for ABFA cdculationsis shown in Figure 4.

Four methods for cdculating transmissonlossare avail able: simple sprealing, the impe-
danceplane, the fast-field program (FFP), and the Crank-Nicholson parabadlic equation (CNPE).
Simple spreading is computationall y the fastest, but also hes the lowest fidelity, option. It
asames the soundenergy decasin propartionto 1/r? with r being the propagation dstance
This methodis useful when quick results are needed.

The impedance plane cdculationis more acarate than the simple spreading model, in that
it incorporates interadions of the soundwave with the ground(Chien and Soroka 1975. It is
quite fast, the main drawbadk being that atmospheric efeds (refradion by wind and tempera-
ture gradients) are not included.

The FFP (West et a 199]) diredly solves the aoustic wave equation Lsing a wavenumbers
integration scheme. Unlike basic ray tradng methods, the FFP does not depend on hgh-
frequency approximations that are often poa in relevant Army scenarios. The FFP acounts for
refradion by gradients, diffradion into shadow regions, and groundinteradions. Unfortunately
it isvery computationally intensive.

Like the FFP, the CNPE diredly solves the a®ustic wave ejuation, athough by afinite-
differencing method. It acourts for most of the same propagation eff eds as the FFP andis aso



rather time consuming. The parabdlic equationimplemented in ABFA is astandard wide-angle
Crank-Nichalson agorithm (West et al 1992.

The basic line-of-sight theory for signal saturation and coherenceis described by Ostashev
(1997. Hencel giveonly abrief summary here. Saturation refersto randamization o signal
amplitude and plese resulting from wave scatering. An ursaturated signal has a constant
signal amplitude and plese, whereas afully saturated ore has uniform randam phase and ampli-
tude that satisfy a Rayleigh probability distribution. This gatistica behavior of the signa
aff eds probability of detecion and aher aspeds of sensor performance

The line-of-sight saturation model used by ABFA asaumes that the deterministic part of the
signal decays exporentially with increasing source-recaver separation. The decay exporent
depends onthe aoustic frequency, variance, and integral length scde of the aoustic index-of-
refradion fluctuations.

The mherence (complex crosscorrelation ketween two sensors at afixed frequency) also
decays exporentially with increasing source-recaver separation. However, the decgy exporent
depends onthe mmplete spedrum of the turbulence. As one might exped, the exporent
increases with increasing sensor separation. ABFA uses recently developed models for the
threedimensional atmospheric turbulence spedrum (Ostashev and Wil son 1999 Wil son 1999.
These models, based onshea and mixed-layer simil arity scding theories, give much more
redistic results than previous formulations.

ABFA’ s derived cdculations (probability of detedion, dredion-finding acairracy, etc.) are
performed by partitioning the overall source spedrum into afinite set of bands. The number
and frequency limits of the bands are apart of the source spearum description. Each band hes

its own charaderistic frequency f, equal to the spedrally weighted first moment for the band.

The threebasic ABFA cdculations are gplied at the dharaderistic frequency, and assumed to
be valid throughou the entire band. For example, the sound pesaurelevel inagiven bandnis
cdculated from

SPL, =10log J’:“'”Sn(f )df -TL(,, )

where f and f,  spedfiesthelower and uper frequency limits for the band, Sn(f) isthe
spedral level for the band, and TL(fC,n) isthe transmisgon lossat the charaderistic frequency.
The SNR (signal-to-noiseratio) for abandis defined as

SNR, =SPL, +10log J’:”'”N(f )df,

where N(f ) is the noise spearum.
Probability of detedion caculations are based on SNR, and the signal fluctuation statistics

in ead band. The overall probability of detedion represents the probability that the signal will
be deteded in any of the frequency bands.

Cdculation d the diredion-finding acaracy cdculationis based ona Fisher information
analysis. Theinverse of the Fisher information (cdl ed the Cramer-Rao Lower Bound) speafies
the minimum variancein the aror between the estimated and adtual diredions of wavefront
arrival (Wilson 1998). The Fisher information correspondng to eac band, J_ (), is



Figure 5. Example cdculationfor probability of detedionin ealy morning desert condtions.

caculated separately using SNR | andthe mherence evaluated at f . Asuming that the

signa in eat bandis datisticdly independent from the others (avery safe sssumptionin
typicd scenarios), the overall Fisher information avail able for sourcediredionfinding isfound

simply by summing; that is, J()= szn(L,U). The diredion-finding caculation dsplays
J™V2(ip) in degrees.

Locaion- and velocity-finding acairacy are determined by combining the diredion-finding
acaracy from multiple arays. This processis based ona minimum variance (stochastic
inverse) formulation dscussed in the ealier technicd report (Wilson 1998D.

EXAMPLE CALCULATIONS

Example cdculations of the performance of acustic sensors operating in desert condtions
are provided in this dion. The cdculations are based onadual surfaceweaher observations
colleded at the El Paso, TX, airport. The surface @ergy balance model described ealier is
used to estimate the mean verticd profil es of wind and temperature from the surfacedata. The
ground poperties are charaderistic of sandy soil. A simple threebanded spedrum, representa-
tive of aheavy tradked vehicle, isused for the source Therecavers consist of six-microphore



Figure 6. Example cdculation for probability of detedionin mid-afternoon asert condtions.

arrays, with microphores equally spaced arounda 1-m radius circle. The noise badkgroundis
charaderistic of quiet, rural condtions. A synthesized terrain based onafradal model, with an
outer length scde of 3 km and standard deviation for the height equal to 25m, isincorporated
into the cdculations.

Calculated probability of detedion for anetwork of five recever arraysis srown in Figures
5and 6. Figure 5 is based on dita @lleded at 0600 on 21Sept. 1998. The precaling night had
been atypicdly clea one for thisregion, with weak southerly winds at 2.6 m/sand a
temperature of 25°C. Figure 6 isbased on dita ®lleded at 1300 onthe same day, at which
time the wind spead had increased to 5.1m/s from the northwest, and the temperature had
increased to 31°C. The cverage of the network clealy diminishes during the dternoon houws.
The main causes are upward refradion resulting from the lapse temperature profil e, and
increased wind nase.

Target locaion-finding acaracy for the same two atmospheric condtions are shown in
Figures 7 and 8. The number of recever arrays has been increased to nine, becaiuse roughly
twice & many nodes are required to perform location finding than detedion, so that at least two
recever arrays can “triangulate” the sourcelocaion. Thelinea regions of poa acairacy that
conred pairs of recever arrays occur becaise the beaings from the two arrays canna be
combined to give an acairate locationin these regions.



Figure 7. Example cdculationfor target locaion-finding acairagy in ealy morning desert
conditions.

CONCLUSION AND RECOMMENDATIONS

Atmospheric condtions have astrong impad on amusticd sensor performance ABFA
models these dfeds by integrating recent physics-based analyses of sensor arrays operating in
atmospheric turbulence, statisticd models for signal fluctuations driven by turbulence, advan-
ced numerica methods for predicting acoustic transmisson loss and a surfaceenergy balance
model to reanstruct atmospheric profil es from standard surfaceweaher observations. Severa
future enhancements to ABFA are planned:

1. Allow spedfic detedion, identification, beaing and locdi zation algorithms to be loaded
as plug-in modues. ABFA would provide apowerful simulation environment for testing
such algorithms.

2. Improve the Cramer-Rao Lower Bound(CRLB) cdculations of beaing and locdi zation
errors, including redistic assesanent of knowns/unknowvns in the problem and coherent
processng between arrays. (The aurrent CRLB implementation assumes that the only
unknowvn quantity is the target beaing; the range and environmental parameters are



Figure 8. Example cdculationfor target locaion-finding acairacy in mid-afternoon desert
condtions.

asuumed to be known. The significance of these assumptionsis not well understoodat
present.)

3. Perform couped amustic/seismic cdculations, by extending the fast field program to
include seismic wave propagation.

4. Remotely retrieve amospheric datafrom the Army's Battlescde Forecast Model (BFM)
using Java Database Conredivity (JDBC), and dynamicaly updete the display of sensor
coverage on a ¢ycle with the BFM predictions. The modeled sensor coverage muld
then be sent to BFM for display.
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