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COVARIANCE FUNCTION OF THE ACOUSTIC

BACKSCATTER FROM A SCHOOL OF FISH

CHAPTER I

INTRODUCTION

A. PROBLEM AREA

If a sound is emitted at a particular point in space and time, a series of echos beginning

immediately after the initiation of the emission occurs. If the sound was generated

underwater by a monostatic sonar (co-located transmitter and receiver), the ensuing received

echo train is called backscattered underwater acoustic reverberation or, simply, backscatter.

An echo may arise whenever the propagating signal encounters a significant change in the

acoustic impedance of the medium through which it is traveling. Because the speed of signal

propagation is finite and because the acoustic impedance is a function of the physical

properties of a substance, the echo contains information about the range, state of motion,

and physical make-up of the "object originating the echo. The function of modern sonars

is to extract this information from the received reverberation.

Following reception, the information is processed in a fashion which allows a)

detection of an echo (i.e., an echo is or is not present), and/or b) classification of an echo

(i.e., the echo is a member of a class of particular echoes). It is the classification problem

which is considered in this paper.



2

The classification of an echo may be made by the sonar or by the operator and it may

or may not be disjointed from the reception process. In any case, at least three elements are

necessary in order to classify the echo. The first is a pair of descriptor sets, one set

characterizing the received echo and the other characterizing the class of echoes in which

one is interested. The second is a measure of the difference between the sets. The third is a

threshold against which the difference measure may be compared. The threshold is

determined by the use to which the information will be put and the penalty associated with

making a wrong decision.

It is the intent of this dissertation to demonstrate that the covariance function of the

backscatter from a school of fish, an important element of the descriptor sets, is predictable

using recently developed models for reverberation and that observed covariance functions

agree well with the predictions. In the process, the results of tests will be presented showing

that the reverberation process is guassian at a high significance level and that the sample

functions tested are statistically homogenous.

B. BACKGROUND

During the 1960's a particular statistical model for underwater acoustic reverberation

was being continuously developed on a world-wide scale. Development began in 1964 with

the introduction of a model by Faure (1964) in France embodying the concepts of

first-order scattering from independent point targets (scatterers) and Poisson distributed

arrival times at the receiver of the individual echoes from each scatterer. Increasingly

sophisticated versions of the model were produced concurrently in Russia by Orshevskii

(1967) and in this country by Middleton (1967a, b). Later, Moose (1970) investigated the

model for Poisson distributed scatterer delays and dopplers and demonstrated the

applicability of the model to the general signal detection/classification problem.
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These authors may be ranked Faure, Moose, Orshevskii, and Middleton in order of

increasing complexity of their theoretical treatments. Orshevskii (1967) and Moose ( 1 968a )

share the distinction of having presented some experimental data in support of the model.

Recently, more supporting experimental data have been obtained by Moose and Swarts

(1969), Swarts (1969), Moose (1970), Swarts (1970), and Plemons (1971). It has also been

suggested by Fortuin (1970) that the model is particularly amenable to computer

simulations of reverberation phenomena.

Although the Middleton treatment is by far the most general, containing the others as

subclasses, the model will hereafter be referred to as the FOM model in honor of the three

original authors. In its most highly developed state, the FOM model is capable of handling

nonfactorable aperatures, nonstationary scatterer populations, and generalized geometries

including the bistatic case. Of more importance to the presently existing world of sonar

hardware is that the model can be used to predict the covariance functions and spectra of

reverberation under a more restrictive set of experimental conditions.
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CHAPTER II

THEORETICAL CONSIDERATIONS

A major portion of the derivation which follows has been carried out by others (Faure,

1964 and Moose, 1968a). It is being included in order that it may be made abundantly clear

how the necessary assumptions effect the validity of the model. In addition, the inclusion of

a specific range-varying scatterer density is a minor but original contribution to the art of

reverberation modeling.

The FOM theory fashions reverberation as the summation of the individual scattered

returns from a set of highly localized scatterers. Two assumptions are implicit in this

concept. The first is that the individual targets or scatterers are small with respect to the

range resolution of the insonifying signal. This criterion is easily satisfied in our case. The

range resolution of a gated CW signal is approximately CT/2 where T is the pulse width and

C is the speed of signal propagation. This distance is 3.85 feet for the shortest pulse used in

the experiment. The length of the fish in the school was estimated at about 0.5 feet, but the

acoustic return is believed to come largely from the swimbladder. Has lett (1962a, 1965)

hypothesizes that the swimbladder length may generally be on the order of one-fourth the

body length. The target dimension was, therefore, probably closer to 0.12 foot, or just

about one wavelength of the 28.2-kHz insonifying signal.

The second assumption is that multiple reflections are negligible. This assertion is more

difficult to substantiate. It can only be said that recently reported target strengths/ (Tucker,

Target strength is defined as ten times the logarithm of the ratio of the intensity of the scattered
sound measured a unit distance from the target to the intensity of the sound incident on the target. See
Albers (1960) or Urick (1967).



5

1967; McCartney and Stubbs, 1970) are on the order of -40 dB for fish of this size making

multiple scatter insignificant except in cases of very high scatterer density. No one has

determined the actual value of this density, but it does not seem unreasonable to suppose

that the density is sufficiently low so long as the ratio of mean target area to 71-d2 /4, where d

is the mean distance between targets, is much less than unity. This ratio was estimated at

0.01 for the fish school observed.

The reverberation is then representable in the form

r(t) = E U(t, (1)
all i

where the U(t, Ti) are the individual scattered returns arriving at the receiver at times Tr Let

s(t) be the complex envelope (see Appendix A) of the transmitted signal. Then, if the ith

scatterer moves at long range with a constant velocity small with respect to signal

propagation speed, the complex envelope of its echo may be written (Moose, 1968b)

approximately as

where

WO) it W07-1)]
U(t, Ti) b2 (0,, 0i) fend al s(t - e

b(01, Od

(2)

one-way beam pattern of transducer and system gain

constants; Oi, 0i are angular coordinates of the target relative

to the transducer acoustic axis

T. = 2r1 /C where ri is the range to the ith scatterer and C is signal

propagation speed

signal carrier frequency
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f(ri)
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2vic.JoIC = doppler shift of the echo from the ith scatterer; vi

is the scatterer velocity

reflectivity of the ith scatterer at time of insonification

10
-a-Cr.

; a is the one way sound absorption coefficient at w
(Cri /2)2

It was necessary to restrict the scatterer velocity to values small with respect to C in order

that higher order delay and doppler terms might be neglected. This condition is readily met

since v is typically 10-2 to 10"3
C.

The reflectivity and doppler terms were also constrained to remain constant during

insonification. A change in v of 10 percent during insonification for the two signal durations

utilized in the experiment corresponds to accelerations of 314 ft/sec2 and 38 ft/sec2

assuming v = 5 feet per second initially. Only in the case of the smaller figure is the

acceleration approaching a realistic value. The assumption of constant doppler is therefore

believed to be justified.

In order to evaluate the validity of the constant reflectivity assumption, it is necessary

to consider the mechanisms by which al may change. Two are possible. The first is a change

in the swimbladder volume. Fortunately, significant changes are known to require periods of

minutes to hours (D'Aoust, 1970 and Alexander, 1970) and can therefore be discounted.

The second is change in aspect angle. It has been demonstrated (Haslett, 1962b) that at high

frequencies changes in aspect angle of only a few degrees can cause radical changes in

observed target strengths. If it is assumed that angular variations of 2 degrees constitute

minimum significant aspect angle changes, then angular velocities of 1248 and 156 degrees

per second are required to achieve that value during the insonification periods of the signal

0
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types used in the experiment. Again, it is felt that only the lowest rate approaches a realistic

magnitude.

The last restriction is that the scattering event take place at a large distance from the

transmitter. This requirement along with the low scatterer velocity ensures that the
-aCT

10 1/(Cri/2)2 term will not change significantly during the pulse period.

At this point, it is convenient to break the reception interval up into a series of

contiguous small intervals AT each centered about tk and containing N(tk) scattering events.

Several assumptions are made regarding N(tk):

For tk 0, N(t k) = 0

P N(tk ) I N(ti) = P {N(tk )

P arg ) denotes the probability of the argument

(3)

The AT are chosen sufficiently small that

P N(tk) ) > 1} << < P N(tk) = 1 or P {N(tk ) = o

P IN(tk ) = 11 = p(tk ) AT

p(tk) ) is assumed constant on AT

These assumptions are characteristic of a Poisson process (Parzen, 1964) with intensity

parameter p(tk ).

We can write the reverberant signal from the kth interval

N (t k)
rk(t I N(tk ))= b2(eki, Oki) f(tk AkdakiS(t tk Aki)

(4)

e
IJ(Wkit wo (tk Aki))1



where

Aki = - tk

The total reverberation for all time is then

00 N(t k)

r(t I 11\1(tk ) ) = E E lc.- (Oki, Oki) f (tk + Aki) aki s(t tk Aki)
k=1

e is(wkit wo (tk Aki)) i

(5)

We can now compute the expected value and covariance function of r(t). We do this by

computing a conditional expectation and noting that in general

where

Thus

E

arbitrary function

sets of random variables on which F(-, , -) depends

denotes the expectation operation

= El Nod}

s(t tk -Oki) e

{00 N(tk)
E E b2(Oki, Oki) f (tk + Ak

k=1 1=1

[i(wkit wo(tk +Aki))]

i) "kr

(7)
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Several assumptions are now made to facilitate this computation.

First, the beam pattern is conical and all of the scatterers lie within the beam. This is a

reasonable assumption for the experiment carried out. The beam pattern is roughly conical

with a 3-dB beam width of 20 degrees. At 1185 feet, the range to the center of the fish

school, this corresponds to a transverse beam dimension of 417 feet. The fish schools

appears to be only about 130 feet in width based on the acoustic records.

Second, the stochastic parameters of r(t) are independent, identically distributed

random variables. That is

where

P(akc wkr Oki) p(a) p(w) P(A) (8)

p() A probability density function

This is a reasonable assumption for any particular class of scatterers because there is no good

reason to suspect that a target's reflectance, velocity, or position in space are related.

Further, if more than one class is present, then r(t) can be written as an additional

summation over all classes in each of which the above assumption is valid. Equation (7) can

be rewritten

00

E {r(t)} = b2 E p(tk ) AT E (a) El e iwt E If (tk + A) s(t tk A)
k= 1

(9)
-*coo (tk + A)
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As AT shrinks, the summation becomes an integral. Thus

00

E {r(t)} = b2 E(a) E e iwt f (tk) ) p(tk ) s(t tk ) e -1i6)° tk dtk ( 1 0)

0

This is accomplished by allowing A to be uniformly distributed on AT and noting that

If

OT /2

lim f(tk + A) s(t tk exp-iw° (tk + A) 1 dA
A 7- -÷ 0

-AT/2
AT

-j coo tk
= f (tk) s(t tk ) exp

s(t) = e j0 0<tT (1 I)

= 0, elsewhere

and tk > > T, Equation (10) becomes

E {r(t)} = b2 E (a) E {exp icoti e j(i) f(t) I'
t-T

p( tk ) e i6)° tk dtk (12)

We point out in passing that in general E r(t) } is non-zero but that in practice p(tk )

often varies significantly over short ranges such that the integral in Equation (12) is

approximately zero. Two exceptions are notable. The first is when coo and T are integer

multiples and p(tk) ) is constant across times comparable to one period of the carrier. In this

case, the integral is identically zero. The second case occurs when coo and T are not integer
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multiples but p(tk ) is constant over T. Then the expected value varies with range at the

carrier frequency.

We now define the covariance function or r(t).

Krr (t 1 ' t 2) = E {[r(ti ) pr(t.d1 [r(t2) -14(t2)]*

E [r(ti) r*(t2) pr (ti) pr*(t2)

where

iir() = E {r())

Then, substituting Equation (5) into Equation (6) and Equation (6) into Equation (13)

00 0o N(ridm(tv)
Krr (t 1, t 2) = E(N(tk))(M(t01 E E E lb 1'4 f(tk + Aki)

' k=1 V=1 i=1 m 1

f(tQ + Ziv,n ) aki a*Vm e w t2e iwkiti

s(t1 tk Oki) s*(t2 tv Av. ) e
-j000 (tk Ak

e
jwo(tv + Avm ) 1 p (t/ ) bir*(t2)

(13)

(14)
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From the independence of the Aii's it is immediately evident that for ki Vm, the

expectation in Equation (14) is just AM/ )1.er(t2) and therefore krr (t/ , t2) = 0. For the case

when ki = Vm the covariance is

Krr(t/ , t2) = E(Af(tk)) El; N(k I b ri f 2 (t + Aki) I aki 12

e

k =1 i =1

t2) s(t1 tk Oki) S*(t2 tk Oki)

(15)

Again, making the same assumptions as in the case of the mean value computation and

allowing AT to shrink to the limit, one obtains the expression below.

where

Krr(t1 , t2) = 1 b 1 4 E I E lexp-iwn}

71

. s(t1 tk) s*(t1 tk + 77) dtk

t, t

p(tk ) f2 (tk )

(16)

Dropping the subscript from t1 and allowing s() to be as in Equation (11), Equation (16)

must be integrated on the overlap of the regions given below.

t T < tk < t and t + -T < tk < t + (17)



The limits of integration are

E21: {t+n-T<tk <t} , n>o

S22: It -T < tk < t+ 771 , <0

Then, letting tk > > T

K (t' 77) ibl4 E E

= 0, inl> T

e f2 ( t ) p(tk) dtk , 1771 < T

E2/ or E22

13

(18)

By our assumption that there is but a single echo for each scatterer, we have

established a relationship between p(t) and the number of scatterers physically present.

Recall that

p(tk ) = urn
AT -* 0 AT

N(tk )
(19)

By the equivalence of time and distance the number of scatterers in a range increment Ar =

CAT/2 is

N(tk ) = N(Ctk /2) = pp(Ctk /2) [A(Ctk /2) CAT/21 (20)
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where

A(Ctk /2) = cross section of the scatterer field at range rk = Ctk /2

pu(Ctk12) = scatterer density at range Ctk /2

The bracketed terms are a volume measure. Dividing by AT, we have

p(tk) = pV (Ctk /2) A(Ctk /2) C/2 (21)

The variance of r(t) is defined by Equation (22).

a 2 (t) = K rr ( t, o) A variance of r(t) (22)

Assuming that p(tk ) is constant across the pulse interval, one can substitute Equations

(18) and (21) into Equation (22) to obtain a special case of the variance.

ar2(t) = 11)14 f2 (t) A(Ct/2) (Ct/2) E {I a 12 } pp (Ct/2) (23)

This expression is just the classical equation for the intensity of the reverberation process.2

Equation (23) is of particular importance when solved for E I a 121p,(Ct/2) because

10 log E I al2 p (CO) A volume scattering strength (24)

The scattering strength is a measure of the biomass per unit volume.

2If p() varies over T, p(t) in Equation (23) can be replaced by A t ) , the mean of p() taken over the
pulse interval.
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We can now define a normalized covariance function.

K,,. (t,
NAC (t, To A (25)

ar(t) ar(t ri)

And we can immediately write by inspection

NAC (t, 77) = Efejwril

[
t t+ri 1/2

1 pv(Ctk 12) A(Ctk 12) dtk pv (Ct1/2)A(Ct1/2)dti

t-T t-Fri-T

fpv(Ctk12) A(Ctk12)dtk

E2/ or E22

(26)

The first case of interest occurs when 2ir /T > > w and the product, pv(-) A( -), is

constant across all intervals of integration. NAC (t,7?) for this case is shown in Figure 1.

The last case to be considered in detail satisfies the following conditions.

E le --icon)

A()

pv, a constant across the intervals of integration

determined by the intersection of a traveling plane wave a

surface-truncated oblate spheroid
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t

Figure 1. NAC(t,n) for Zero Doppler and Constant Echo Density; Rectangular
Pulse of Width T Transmitted



The normalized covariance is then

NAC (t, =

A(Ctk /2) dtk

SZ / or E2 2

t + 1/2

A(ctk /2) dtk A(Ct1 /2) dti

t T t + T

We suppose that the shape of the fish school is characterized by

17

(27)

j32 X )2 + y2 ?r z2 = 1 (28)

for z < 0 and that a plane wave traveling in the plus x direction is incident upon it. This

situation is pictured in Figure 2. During the actual experiment, the propagating signal was

approximately a plane wave but its direction cosines were (0.97, 0, 0.24). In order to avoid

the surface bounce problem, it is being assumed that the direction cosines were (I, 0, 0).

The cross section transverse to the x axis is a half-ellipse given by

02

(x x)2
2

y2 + 72 = I

02 (x X0)2

1 x x 1 < 0

0

(29)
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Its area is

where

A(x) = F 1 (x - xo )2) Ix-xo

= 0, 1 x x0 1 > 731

7

The indefinite integral of A(x) is

fA(x) dx = r[ x 1(x xo
132 3
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(30)

(31)

When Equation (27) is evaluated using this expression and the proper limits (see Appendix

B) subject only to the conditions CT/2 < 1/0 and t = to > > T, the result is

( 77 I Cry )21/2
NAC (to, - T)

2
02 1 ri < T (32)

\ /

The first term of this expression is just the triangular function shown in Figure 1. The

second term ranges in value from unity at ri = 0 to infinity at eri/2 = 1 /0. However, by

assumption C k V 2 < CT/2 < 1/0 so that the latter condition is never reached. The

composite function is sketched in Figure 3.

Early in the discussion of the covariance function of the reverberation from this

1

hypothetical school of fish we allowed the doppler characteristic function, E C.'?
to equal unity. Inspection of Equation (26) indicates this was not strictly necessary. Since it
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REAL

IMAGINARY

Figure 3. Computed Value of NAC (to n) for a Oblate Hemi-Spheroidal Fish School
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merely modulates the covariance function of the reverberation for zero doppler, we can

reinsert it in our equations at any time. We now hypothesize that, in fact, all the scatterers

moved with the same velocity so that

E e jun/ -j2w vri/C
(33)

1
and that the radial velocity is sufficiently small that E &jun? can be represented over

the pulse width by the first-order terms of its Taylor series expansion.

2W° V
E e = 1 -j r (34)

If the scatterers are opening range, the velocity is negative. This function is also plotted for

negative v in Figure 3.
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CHAPTER III

THE EXPERIMENT

A. NARRATIVE DESCRIPTION OF EVENTS

It should be stated here that at the time the experiment discussed in this report was

undertaken, there was no plan to investigate the behavior of echoes from a school of fish.

To arrange for a school of fish of appropriate size and density to swim into the acoustic

beam of one's sonar is, to say the least, an extremely improbable task. Nevertheless, on 29

March 1969 off Protection Island in the Strait of Juan de Fuca, Washington, we were so

lucky as to have precisely that event occur during the course of a routine experiment to

measure surface and volume reverberation.

On the date indicated above, our schedule called for us to measure surface

backscattering strengths for whatever sea state was then prevalent. However, on that

particular day, the sea surface was almost flat precluding the possibility of making the

measurements. In order to make use of the enforced slack period, we elected to check out

our target tracking capability by acoustically observing the underwater portion of the hull

of a second research vessel, the MV Neper, also along on this field trip. At approximately

1300 hours the Neper was swinging slowly on its anchor cable under the influence of a slight

tidal current. She was deliberately powered down to eliminate ship-generated acoustic noise.

While watching her echo on an oscilloscope aboard the tending vessel, MV Waukeena, a large

amorphous blob of reverberation was noticed closing on the signal from the boat. When the

blob and the returns from the boat were coincident in time, the crew was queried regarding

activity in the water and reported that they were surrounded by a school of small,
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herring-like fish. Our recorder was then switched on and several minutes of reverberation

using two pulse types were recorded.

In observing and/or recording some 100 hours of real-time reverberation data over the

past 3-year period, this occasion represents the only time it was possible to confirm that the

source of the observed echoes was a school of fish. Further, because of the stability of our

sea-bed mounted transmitter/receiver, the data presented herein is entirely unique in that

the motion of the test platform can be completely neglected.

What follows is a description of the equipment used to collect that data and the

relative positions of the components of the experiment. Where possible, environmental

conditions at the time of data collection are pointed out.

No attempt was made to capture specimens of the school. However, informal

conversations with J. Johnson (1971) lead us to conclude on the basis of general fish shape

and behavior, the location, and the type of environment that the school was most probably

composed of small Pacific Herring.

B. EQUIPMENT

The current experiment utilizes equipment designed specifically for the gathering of

high-quality acoustic reverberation records. The design and building of the equipment began

in 1967 as part of a continuing program aimed at understanding the causes of reverberation

in the sea. Figures 4 through 7 and Tables I through III give an accurate and rather detailed

description of the data acquisition system at the time of the experiment. Because the

hardware was constructed as a general-purpose research tool, it has more sophisticated

operational modes than required by this experiment. Figure 8 is a functional representation
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Figure 5. Underwater Unit and Cable
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TABLE I. CHARACTERISTICS OF THE UNDERWATER UNIT

OPERABLE TO 1200 FEET ON ±20° SLOPES

PITCH ACCURACY OF 3°

ABSOLUTE AZIMUTH ACCURACY OF 7°

PITCH ANGLE VARIABLE FROM 20° BELOW THE HORIZONTAL TO 20° PAST THE VERTICAL

AZIMUTH ANGLE VARIABLE OVER 360°

SLEW RATES OF 50°/SECOND

10 kHz BANDWIDTH CENTERED AT 28.2 kHz

107 dB re 1 ki bar SOURCE LEVEL

RECEIVE SENSITIVITY OF -44dB re VOLT /p bar FOR A TVG CONTROL VOLTAGE OF 1 VDC

EQUIVALENT NOISE SOUND PRESSURE SPECTRUM LEVEL AT THE INPUT TO THE TRANSDUCER
OF -84 dB rel p bar

MAXIMUM EQUIVALENT SOUND PRESSURE SPECTRUM LEVEL AT THE INPUT
TO THE TRANSDUCER BEFORE SATURATION OF 47 dB re1,U bar

TVG AMPLIFIER ADJUSTABLE MANUALLY OR AUTOMATICALLY FROM 20 TO 120 dB OF GAIN

CAPABLE OF OPERATING PASSIVELY ON A SELF CONTAINED NI CAD BATTERY PACK
FOR FIVE DAYS

ARMOURED ELECTRICAL/STRAIN CABLE. 7 TWISTED SHIELDED PAIRS OF #22
WIRE, WATER BLOCKED. DOUBLE ANTI-TWIST ARMOUR OF 50,000-LB ULTIMATE STRAIN
3000 FEET LONG



TABLE II. CHARACTERISTICS OF SIGNAL GENERATOR

SYNCHRONIZATION -INTERNAL OR EXTERNAL

CARRIER-INTERNAL CRYSTAL CONTROL OR EXTERNAL

TRANSMIT (INTERNAL) REPETITION RATES-0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 SECONDS

PULSE WIDTHS- 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2, 102.4, 204.8 MILLISECONDS

PULSES PER TRANSMISSION- 1, 2, 3, 4, 5

INTER-PULSE SPACING-1, 2, 4, 8, 16, 32, 64, 128, 256, 512 TIMES THE PULSE WIDTH

MODULATION:

FREQUENCY- LINEAR SLIDE (UP OR DOWN); LINEAR HOUSETOP; VARIOUS
LINEAR SLIDES FOR PULSE BURST MODES

AMPLITUDE-RECTANGULAR; DIGITAL 4 BIT AMPLITUDE ENCODING OF 256 EQUALLY
SPACED WORDS PER PULSE FROM ,INTERNAL MEMORY (MEMORY PAPER
TAPE LOADED)

OUTPUT LEVEL-3 VOLTS PEAK-TO- PEAK



TABLE III. SIGNAL CONDITIONER, PREPROCESSOR, AND RECORDING

TVG CONTROL: MANUAL MODE-GAIN ADJUSTABLE OVER 100 dB RANGE BUT FIXED DURING
RECEPTION INTERVAL

AUTOMATIC MODE- INITIAL GAIN ADJUSTABLE, RATE OF GAIN INCREASE
ADJUSTABLE FROM 0 TO 60 dB/MSEC

EXTERNAL MODE- AUTOMATIC GAIN VARIATION CONTROLLED BY
EXTERNAL SOURCE

DEMODULATOR: 4II TRANSMIT CARRIER USED AS LOCAL OSCILLATOR FOR QUADRATURE
DEMODULATION. PLUG -IN 5 POLE BUTTERWORTH LOW-PASS FILTERS

RECORDER: PERCISION FM RECORDING OF QUADRATURE DEMODULATOR OUTPUTS AND
TVG CONTROL VOLTAGE

DIRECT RECORDING OF TRANSMIT AND RECEIVE SIGNALS PRIOR TO
DEMODULATION

DATA SYNCHRONIZING PULSE

VOICE TRACK
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of the system in its simplest manual mode, the one used for these proceedings. Points of

salient interest to the fish school measurements are listed below:

The transducer is sea-bottom mounted implying that platform motion is

completely absent.

The support vessel is 3000 feet distant from the underwater unit and on the

back/side lobes of the transducer making ship-generated noise negligible.

The data, after being quadrature demodulated to baseband, are recorded along

with a synchronizing signal on three FM channels of a precision analog magnetic

tape recorder. This process enables one to achieve slower tape speeds, better

recorder signal-to-noise ratios, and much reduced signal phase fluctuation errors

than are possible by recording the RF signal on a direct channel.

The reference oscillator in the demodulator is phase-locked to the

crystal-controlled master clock in the transmit signal generator making possible

the accurate measurement of the phase of an echo.

Each data run is carried out at a fixed gain setting. This means that one

encounters no relative system gain errors in progressing from one range point to

another as would be the case if time-varied-gain (TVG) were applied. The absence

of TVG is made possible by manually adjusting the system gain for each run until

the maximum observed echo level is just slightly less than the maximum signal

level acceptable by the equipment.

The recorder used limits the played-back signal-to-noise ratio to about 36 dB. if

an additional 6-dB reduction is allowed for the average echo being only about

one-half the maximum acceptable signal level, one obtains a 30-dB signal-to-noise

ratio for the played-back signal. This value has proven adequate.
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Relative system gain accuracy from one run to another is ±0.5 dB.

Demodulator low-pass filters are five-pole Butterworth with a cut-off frequency

of 1.2 kHz.

Pulse durations of 1.6 milliseconds and 12.8 milliseconds were used. The carrier

frequency was 28.2 kHz.

Pulse repetition interval was 0.8 second.

Source level was approximately 107 dB re 1 microbar at 1 yard.

Receiver sensitivities through the demodulator outputs were -4 and +8 dB re

volt/microbar respectively for the 1.6- and 12.8-millisecond pulses.

C. LOCATION AND GEOMETRY

The measurements described in this paper were made almost due south of Kanem Point

on Protection Island, Strait of Juan de Fuca, Washington, near 1300 hours on 29 March

1969. A portion of Coast and Geodetic Survey Chart No. 6403 showing Protection Island

and its southerly surround is reproduced in Figure 9. The approximate positions of the

tending and auxilary vessels (MV Waukeena and MV Neper, respectively) and the

underwater unit are shown. The edges of the 3-dB horizontal beam pattern of the transducer

are superimposed on the chart, as is the hypothetical path of the school of fish. The path is

based on visual sightings and acoustic records.

Figure 10 is a profile view of the area of the experiment. The 3-dB vertical beam

pattern and a possible outline of the fish school are superimposed.
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D. ENVIRONMENTAL CONDITIONS

Our boats were not equipped to measure environmental conditions at the time of the

experiment. Therefore, such detail as is available must be of a qualitative nature or

extrapolated from other measurements.

First, because the fish school was close to the surface, it is important to know the sea

state. Fortunately, there is little uncertainty here. Both our visual observation of the surface

and the very small amount of acoustic return from the surface except at normal incidence

confirm that the sea was nearly flat. Visual observations estimated maximum wave height at

2 inches.

Secondly, on the basis of observation, measurements at other times (Swarts, 1969),

and tabulated tidal currents (U. S. Department of Commerce, 1969), the tidal current in at

least the upper 200 feet of the water column was flowing in a westerly direction. Its speed

was probably less than 0.5 knot.

Weather conditions were good. The air temperature was near 55 degrees F and the sun

was shining. Wind speed was about 0 to 3 mph from the west.

Water temperature was not measured during this trip, but measurements made at the

same time of year in 1967 and 1968 (Moose, 1968a) indicate the water column is isothermal

within -±0.1 degree C.

The remainder of our knowledge concerning the local environment is based upon

underwater television observations several months after the experiment and above-water

observations on several occasions during 1968 and 1969. Two hours spent watching the

television monitor as the camera was hauled along a line from the Waukeena to the

underwater unit revealed the items in Table IV.



TABLE IV. LIFE NEAR THE SEA BOTTOM
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CRABS ABOUT SIX

STARFISH ABOUT SIX

KELP PRESENT 50 PERCENT OF THE TIME AND
AVERAGING ABOUT 40 PERCENT COVER

RAT FISH VERY NUMEROUS, OFTEN SIX VIEWED
SIMULTANEOUSLY

DOG FISH TWO

SEA PENS RELATIVELY PLENTIFUL, ONE SCORE OR
MORE

SMALL, UNIDENTIFIED MOVING

ORGANISMS ALWAYS PRESENT IN LARGE NUMBERS
ON THE KELP

LONG, STRINGY SUBSTANCE,

FREE FLOATING PERVADES THE WHOLE BODY OF WATER
AND IS TYPICAL OF SUBSTANCE IN PUGET

SOUND WATERS FROM MID-SPRING TO LATE

FALL

CROSS JELLYFISH INNUMERABLE, PERVADE ALL OF WATER

SMALL FISH APPEAR TRANSLUCENT, OF UNDETERMINED

LENGTH, ABOUT AS PLENTIFUL AS SEA PENS
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Mid-water observations were far less rewarding showing only the cross jellyfish and

stringy material. This was partly due to the small volume examined by the camera.

Surface observations were also useful. On several occasions, up to a dozen sea lions

and/or harbor seals were seen playing or feeding within 1000 yards of the transducer and

once several propoise were seen within 2 miles of the unit. Seagulls apparently deposited

five small fish, later identified as Pacific sandlances, on the deck of the research vessel.

Salmon, lingcod, halibut, and fur seals are also known to be present during at least part of

the year.



CHAPTER IV

DATA PROCESSING

A. ENSEMBLE AVERAGING
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In the preceding section, it was pointed out that the RF output of the sonar receiver as

well as both outputs of the demodulator are recorded on magnetic tape along with a

synchronizing signal. Upon returning to the laboratory from a field trip, the played back RF

signals from each data run are filtered and written on photosensitive paper using a high

speed strip chart recorder. The procedure provides a quick look at whole ensembles of data

and enables one to judge which portions should be subjected to further analysis. Further

analysis may consist of nothing more than repeated strip chart recordings with increased

time and/or amplitude resolution. This type of display is examplified by Figures 12 through

15 of the next chapter. Such records have great value in detecting gross movements or

changes in the structure of reverberation. However, more generally we are interested in the

statistical properties of a collection of these records. If the reverberation arose from a school

of fish, then as we saw in Chapter II, the covariance function of the complex envelope of

the backscatter gives us an estimate of the biomass of the school, its average radial velocity,

and its shape. The problem now becomes one of how to estimate the covariance function

from our ensemble of data.

A traditional approach, followed largely because of hardware limitations, has been to

compute the corellogram given by Equation (35) below

1

r/2

err (n) f r(t) r(t dt
T

-T/

(35)
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and by invoking the ergodic assumption, assert that Rrr(17) is equal to the covariance

function. We have shunned this tack because, in order for Rrr(n) to be a good estimate of

K rr(t,n), the integration period would have to be many times the pulse interval. Then to

\, claim that the reverberation process is stationary over that period is not in general a tenable

assertion; it is certainly not so in the case of the small school of fish insonified in this

experiment.

We have, therefore, substituted ensemble averaging techniques. Following the

transmission of the ith pulse in a sequence of N pulses, a sample reverberation record ri(t)

occurs. The numerical value of ri() at a particular time tk is characterized by rik. If each of

the members of the set of rik are samples of some reverberation process 1 Rk } , then an

estimate of E I f(Rk) )1 , where f() is an arbitrary function, can be formed from

N

(Rk) ) A estimate of E I f(Rk )1 = f (rk) ) =
N

E f (rik )
i =1

(36)

To implement this approach, the played back demodulated data are sampled and

converted to a digital format. The averaging operation can then be carried out on a

computer.

But before any averages are actually computed the assumption that the i rid are

samples of Rk should be verified. To do this we draw two ordered, non-overlappi ig subsets

from the I xik or lyik , where rik = Zik = Xik jyik (see Appendix A), and compile

sample cumulative probability distributions P1 I xikl and P2 1%1 . A statistic

max I P1 l xik I P2 IXVki
all x

(37)

is compared with the Kolmogorov-Smirnov (KS) threshold (Middleton 1969; Arase and

Arase, 1968) to determine at what significance level the difference is consistent with the
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hypothesis that 1 xik I and 1% I were drawn from the same population Xkl that is,

to determine when the two sets of data are homogenous. Whenever the data are

homogenous, it is possible to use the same test to determine if the data were drawn from a

parent population with cumulative distribution function F I xk I by computing the statistic

DF max F iXki P (38)

and comparing it to the KS threshold. Although no proof has been given, it is generally

conceded that this test is more powerful than the Chi-square, even when F 1 xk is

estimated from the data (Arase and Arase, 1968; Middleton, 1969; Massey, 1951).

B. HARDWARE

A functional representation of the equipment used to process the data is shown in

Figure 11. The procedure is relatively straightforward. The data are sequentially sampled at

a rate 1/A. The samples are converted to a nine bit plus sign digital word and written on

magnetic tape. The sample times and sync(t) are asynchronous. Therefore, there is an

uncertainty of up to one sample period in signal timing introduced during the conversion

process. Fortunately, so long as 1/A is less than one half the effective signal bandwidth, the

timing jitter is not significant. Also, although the data are sampled sequentially, the

intersample delay between data channels is sufficiently small that the data are effectively

being sampled simultaneously. Table V lists some pertinent parameters. Because the ADC

has a maximum input value of ±2Vdc, all voltages are scaled by a factor of 0.25 prior to

conversion. The conversion factor is 256 bits/volt.
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TABLE V. PERTINENT DATA PROCESSING PARAMETERS

EFFECTIVE SIGNAL

BANDWIDTH = lir
KHz

LOW -PASS FILTER

CUTOFF

KHz

SAMPLE

RATE

KHz

PULSE WIDTH

T

MSEC

A
MSEC

t'
MSEC

0.625

0.078

1.2

1.2

2.4

2.4

1.6

12.8

0.418

0.418

0.03

0.03
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C. SOFTWARE

A small collection of computer routines is available for processing the digitized data.

They are outlined below.

The first routine allows one to compile and plot the sample cumulative probability

distributions. This is accomplished by placing the sampled data, which may range in integer

values from 5 1 1 to +512 bits, into 1024 ordered bins b1 , b2, . . . bi, . . . 1)1024 and

for a set of N samples computing the decimal fraction of samples ni/N falling in the ith or

lower bin. As an adjunct, this program also computes the mean, variance, skew, and kurtosis

respectively of the sampled data from

7
Qy

k

K;k

1

N
E x.

1k

1
IV

= E
N .

xik 2 -Xk2

t= I

1 (x )3 / 0:2
k

)312
N z= I

1

N

N
(0. )2

i= 1

(39)

The latter two parameters can be used with a moment test developed by Pearson

(1930) to determine the normality of the data.
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A second program computes the mean and covariance function of the sampled data. It

is convenient to represent that data as

Z ik = Xik jyik = [xi(t) + jyi(t)] o(t kA) (40)

The program forms the following averages.

mean of Zk = 7
N

xik + j
.

1

N

N
E v ik

i= 1

(41)

2variance of zk = az
k

= [Zik 7k ] [Z ik Zk] * (42)
i=1

normalized covariance of zk =

[Zik Zk] [Zi(k.02) zk,,2]
N 1

[a 2 2 i1/2

zk z k+VI

(43)

Lastly, it is possible by substituting a constant, ds, for zk in Equation (42) to compute the

intensity of zk . The constant represents small but measurable offsets arising within our

hardware and may properly be termed equipment bias. Their inclusion in the intensity

calculation is necessary to prevent indicated energy outputs from our program when there is

no reverberation input.



CHAPTER V

DATA PRESENTATION

A. THE RF SIGNALS
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Figures 12 through 15 represent the received and amplified reverberation signals prior

to demodulation. They are useful as indicators of gross reverberation structure. The ping

numbers correspond to those by which the signals are indexed within the computer. The

first two (unlabeled) pings are automatically deleted from the array of valid data. The hull

of the auxilary boat MV Neper is a strong persistent target between 360-380 milliseconds.

The figures indicate the fish school opens range by about 70 milliseconds during the

short ping run but only about 20 milliseconds during the long pulse run. These times

correspond to average radial velocities of -1.75 and -.5 feet per second. Between the two

runs there was a period of time when the fish school was absent from the acoustic beam.

This information plus the original visual sighting lead us to the conclusion that the fish

school followed a path similar to the one indicated in Figure 9.

B. SAMPLE CUMULATIVE PROBABILITY DISTRIBUTIONS

On the basis of the signal histories portrayed in Figures 12 through 15, several

range-times were chosen at which to conduct homogeneity tests. Sample cumulative

probability distribution functions (PDF) for two subensembles of data were then compiled

and plotted on the same axis. The computer also printed the maximum difference between

the PDF's. In general, only a few range-time points have been selected because it was
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reasoned that unless there was obvious cause to suspect that the structure of the

reverberation changed radically from range-time to range-time, there was no need to assess

the degree of homogeneity at each sample time.

Table VI lists the critical value of D in Equation (37), termed Dni , below which the

difference between PDF's must remain if the subensembles are to be judged homogenous at

the significance level and ensemble size for which a particular Dm ax was computed.

Figures 16 and 17 are sample PDF comparison plots for 1.6 millisecond and 12.8

millisecond pulse data respectively. The results of all such comparisons are shown in Table

VII. The range-time is given in the number of the time-samples into the ping as counted

from the leading edge of the transmitted signal. Because the sample rate is numerically equal

to C/2, the sample number may be read directly as feet from the transducer. The continued

reappearance of difference values of 0.2 and 0.24 is apparently coincidental. Inspection of

the PDF plots from which the values were derived show that the maximum differences

occur for different values of xk . An important result is that in all cases tested, the data

proved homogenous at the highest significance level for which a Dm was available.

At some of the range-time points in Table VII, the skew and kurtosis of the data were

computed over the union of the subensembles. Table VIII lists the computed values, as well

as the limits on them consistent at the 1 percent and 5 percent significance level, with the

hypothesis that the data are samples from a normal population.

It is readily seen that only in the case of the 12.8 millisecond data at range time 1160

do the xik hail to look normal. However, one further test was made. At range times of

1008 for the 1.6-millisecond pulse data and 1140 and 1160 for the 12.8-millisecond pulse

data sample PDF's were plotted for ensembles of 50, 100, and 100 members respectively.

The ensemble means and variances were computed and normal curves based on those values



TABLE VI. APPROXIMATE CRITICAL VALUE, DMAX , OF DIFFERENCE
BETWEEN SAMPLE PDF'S (MIDDLETON, 1969) 52

SUBENSEMBLE

SIZE, N

DMAX

SIGNIFICANCE LEVEL

0.01 0.05 0.10

20 0.55 0.45

25 0.60 0.50

50 0.326 0.272 0.244

100 0.230 0.192 0.172

TABLE VII. OBSERVED VALUES OF THE DIFFERENCE BETWEEN SAMPLE PDF'S

PULSE LENGTH

(MSEC)

RANGE-TIME*

(NO. OF SAMPLE)

SUB-

ENSEMBLE

SIZE, N

SUBENSEMBLE

RANGE

(PING NO.'S)

MAXIMUM DIFFERENCE

BETWEEN SAMPLE PDF'S

1.6 1025 20 61-80, 81-100 0.2

1008 25 48-72, 73-97 0.28

12.8 1140 25 4-28, 64-88 0.24

1150 74-98, 99-123 0.24

1152 74-98, 99-123 0.2

1169 74-98, 99-123 0.24

1180 50-74, 75-99 0.2

1188 29-53, 54-78 0.16

1188 74-98, 99-123 0.32

1224 74-98, 99-123 0.2

12.8 1160 50 4-53, 54-103 0.165

* RANGE-TIME (MSEC) = RANGE TIME (NO. OF SAMPLES) X (.418)
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TABLE VIII. EXPERIMENTAL VALUES OF SKEW AND KURTOSIS OF I Xikl AND
LIMITS CONSISTENT WITH THE NORMAL HYPOTHESIS

PULSE

WIDTH

(MSEC)

RANGE-

TIME

(NO. OF

SAMPLES)

ENSEMBLE

SIZE

ZN

,

EXPERIMENTAL
LIMITS (PEARSON 1930

SKEW KURTOSIS

SKEW KURTOSIS
LOWER &

UPPER LOWER UPPER

0.05 0.01 0.01 0.05 0.05 0.01

1.6

12.8

1008

1150

1152

1169

1188*

1188*

1224

1140

1160

50

100

-0.015

-0.026

0.18

0.326

-0.525

-0.46

0.063

0.259

0.028

3.55

3.70

3.65

3.14

3.62

2.785

2.88

3.43

4.25

0.533

0.389

0.787

0.567 2.18 2.35 3.77 4.39

FIRST ENTRY OVER PING NUMBERS 29-78

SECOND ENTRY OVER PING NUMBERS 74-123

were superimposed on the plots. These plots are shown in Figures 18 through 20. The

maximum differences were compared to Dm ax at a 10-percent significance level. The sample

PDF's were found to be consistent at that level with the hypothesis that the data were

drawn from a normal population having the superimposed PDF.

With respect to the discrepancy between the results of the KS and moment tests of the

12.8 millisecond pulse data at range time 1160, one can only state that the moment test is

both less powerful and more "tail heavy" than the KS test (Arase and Arase, 1968).
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C. MEANS, VARIANCES, AND SCATTERING STRENGTHS

Having demonstrated some degree of homogeneity in the data, it is permissable to

average functions of the data to obtain estimates of the expected values of those functions.

It was pointed out in Chapter II that the expression for the variance could be solved

for the scattering strength terms. Note that the intensity parameter does not yield the

scattering strength in simple fashion unless the played back signal is zero mean but that the

intensity and variance are approximately equal when the mean square of the process is much

larger than both the mean and the equipment bias. To acquire some feel for the values of

the means, sample variances, and mean intensities of the reverberation, those parameters are

plotted in Figures 21 through 28 for both pulse lengths.

Several items are evident. First, the means are in general non-zero and time varying.

Second, the hull of the MV Neper is visible as a large target near sample numbers 890

through 912. Third, although the means squared are relatively small compared to the

variance and intensity, they are not negligible in some cases. This is demonstrated by the

differences in values at the same range times of the variance and intensity plots. Last, even

though the variance and intensity differ, the difference is small enough to be ignored in

many applications.

Three additional plots, Figures 29 through 31, demonstrate the variability of the

variance estimate as the size of the ensemble and its location within the total set of data is

varied. These plots provide a good indication of how much the magnitude of the data may

vary and still be judged homogenous by the KS test.



Tim

x

5

1

60

X101
90 92 94 96 98 100 102 104

SAMPLE NUMBER

106

Figure 21. Mean Value of xk for 1.6-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 75

NO. OF ENSEMBLE MEMBERS 25

108



16 -
14

12

10

8

6

2

-2

61

HULL OF
THt NEPER

-4 I I -

X101
90 92 94 96 98 100

SAMPLE NUMBER

I

102 104 106 108

Figure 22. Mean Value of yk for 1.6-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 75

NO. OF ENSEMBLE MEMBERS 25



40

36

32

28

24

o
;-

20

16

12

4

62

H

THE RE

X101
90 92 94 96 98

lit
100 102

SAMPLE NUMBER

104 106

Figure 23. Variance Estimate for 1.6-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 75
NO. OF ENSEMBLE MEMBERS 25

108



40

36

32

28

24
cf)O

20

16

121

63

0

X10190

J

92 94 96 98 100 102 104 106 108

SAMPLE NUMBER

Figure 24. Mean Intensity for 1.6-Millesecond Pulse Data

STARTING ENSEMBLE MEMBER 75
NO. OF ENSEMBLE MEMBERS 25



7

6

5

4

2

1

1

-2

-3 4- -4-

110
X101

112 114 116 118 120 122 124 126

SAMPLE NUMBER

Figure 25. Mean Value of xk for 1 2.8-Millesecond Pulse Data

STARTING ENSEMBLE MEMBER 75
NO. OF ENSEMBLE MEMBERS 25

64

128 130



10 7 j T

9

7

5

2

1

0
110 112

X101

'I-

114 116 118 120 122

SAMPLE NUMBER

124

\./

65

126

Figure 26. Mean Value of yk for 12.8-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 75
NO. OF ENSEMBLE MEMBERS 25

128 130



40

36

32

28

24

-_.4

20

16

12

8

4

0
110 112

X101
114 116 118 120 122

SAMPLE NUMBER

124 126

Figure 27. Variance Estimate for 12.8-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 75

NO. OF ENSEMBLE MEMBERS 25

66

128 130



40

36

32

28

24
c)

>v

20

16

12

8

4

67

0
110X101112 114 116 118 120 122

SAMPLE NUMBER

124 126 128 130

Figure 28. Mean Intensity for 12.8-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 75

NO. OF ENSEMBLE MEMBERS 25



40

36

32

28

24

O

20

16

12

4

0
88

X101
90

68

92 94 96 98 100 102

SAMPLE NUMBER

104 106 108

Figure 29. Variance Estimate for 1.6-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 47
NO. OF ENSEMBLE MEMBERS 50



40

36

32

28

in
24

20

16

12

8

4

0
106X101108

69

I
T 1

I

1

,

1
1

_..

, i , ,

!

_ 4

i
4 .

I

li-
-4

1
-- _ +

! ;

1
.

,

,

,

[ 1

110 112 114 116 118

SAMPLE NUMBER

120 122 124

Figure 30. Variance Estimate for 12.8-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 74
NO. OF ENSEMBLE MEMBERS 50

126



20

18

16

14

12
C1O

10

8

6

4

2

0

70

,

-

_

_

- 1.-

1--
,

--i

,

4--

-I--

-1.

1

--r- i--

_
,

i-----

106 108
X101

110 112 114 116 118

SAMPLE NUMBER

120 122

Figure 31. Variance Estimate for 12.8-Millisecond Pulse Data

STARTING ENSEMBLE MEMBER 4
NO. OF ENSEMBLE MEMBERS 100

124 126



71

Equation (44) below is the solution of Equation (23) for the scattering strength.

a 2 (k)
r10 log E I 1 a121 pp(Ct/2) = 10 log (44)

b14 f2(t) CT/2 A(Ct/2)

This equation has been evaluated for both the long and short pulse data. A value of

are (t) of 13 x 103 from Figure 31 was used for the average intensity across the pulse width

for the 12.8 millisecond data. A value of 25 x 103 from Figure 29 was used for the short

pulse data. It was assumed, for the purpose of the calculation, that the fish school was a

hemisphere of radius 70 feet. The scattering strength values so obtained are -33 dB for the

long pulse and -36 dB for the short pulse. If the intensity plot in Figure 30 had been used

for the long pulse, the scattering strength would have been closer to -30 dB. If the vertical

dimension of the school was only one half its horizontal extent, the scattering strengths

would be increased by an additional three dB. If it is supposed that 10 log Ell = -40

dB, then the fish densities would range from two to nineteen per cubic yard for the above

scattering strength figures. The latter density is in good agreement with the one fish per foot

estimate of the visual sighting.

D. COVARIANCE FUNCTIONS

In Chapter II, essentially two classes of scatter were considered. In the first, doppler

activity was assumed sufficiently small that it could not be measured within one pulse

period and the echo arrival density was assumed constant across the intervals of integration.

These assumptions gave rise to the triangular covariance function in Figure 1.

If one assumes the spatial density of fish in the school is constant, then the doppler

and echo density assumptions are reasonably well justified for the 1.6 millisecond pulse. The

covariance functions should, therefore, be triangles of base 2T. Covariance functions
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estimates at two range-times for 25 and 50 ensemble members, are shown in Figures 32 and

33. The triangular shape is obvious. The only significant difference between plots seems to

be that the noise structure for values of I T./ I > T is better suppressed after averaging 50

returns than 25.

In the second class of scatter, the echo density was allowed to vary as the cross

sectional area of the fish school. The doppler was initially assumed to be zero but later a low

doppler component was added. The theoretical covariance function was shown in Figure 3.

The only difference between the no doppler and low doppler cases is the inclusion of a

non-zero imaginary component in the covariance function for the low doppler case.

Figures 34 and 35 are plots of the covarinace function estimates for Ct/2 = Cto /2 and

Ct /2 20 feet. Both are 100 ping averages. They may be compared directly with Figure 3.

However, for convenience a triangle representing the theoretical covariance function for a

12.8 millisecond pulse given a constant echo density is superimposed on each plot. The

convex shape of the real part, which is typical of the predicted function, is evident. In

Figure 34 a small but definite imaginary component is also present. If its average slope is

taken from the plot as 0.35/35 samples, the resulting velocity is 0.325 feet per second,

which is close to the 0.5 feet per second estimated from Figures 14 and 15. That Figure 35

shows very little doppler may indicate that different parts of the school were moving with

differing velocities at various times during the data run.

E. SUMMARY OF RESULTS

The single most important result obtained herein may be stated as the experimental

verification of a statistical model for the acoustic backscatter from a school of fish. The

model was developed and the necessary conditions for it to remain valid were established in

Chapter 11. Expressions for the mean, variance, and covariance of the reverberation signals
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were obtained. It was shown that the variance reduces to the classical expression for the

intensity of the backscatter under certain conditions and the scattering strength parameter

was derived from that expression. The covariance function of the reverberation was

explicitly shown to depend on the spatial distribution of individual scatterers. The

normalized covariance functions for two special scatterer distributions were predicted.

A description of an experiment wherein a school of small herring-like fish were

insonified by 28.2 kHz pulsed CW signals was given. A method of arriving at estimates of the

parameters of ensembles of echoes from the school recorded during the experiment was

outlined.

Using the Kolmogorov-Smirnov test, it was demonstrated that the data were

homogenous across 50 to 100 ensemble members. This corresponds to durations of 40 to 80

seconds. Also, using that test and the moment test of Pearson, it was shown that the

demodulator output, with one possible exception, appeared guassian at the 10 percent

significance level.

Ensemble averaging techniques were employed to obtain the average value of the

reverberation signals and estimates of the variance and normalized autocovariance of the

signals. The average value was generally non-zero and range-varying. The estimates of the

variance were used to calculate the average scattering strength. This parameter ranged in

value from -36 dB to -27 dB. Assuming the average target strength of the individual fish was

-40 dB, the corresponding fish densities range from two to nineteen fish per cubic yard.

The normalized covariance estimates were compared to those predicted by the model.

The agreement was exceedingly good. The normalized covariance function yields

information about the shape and state of motion of the fish school.
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It is concluded, on the basis of the excellent agreement between predicted and

observed results, that the FOM model constitutes a useful and accurate tool for the

prediction of acoustic backscatter if one is able to specify the spatial distribution of the

individual scatterers. Having the distribution, it is possible to predict the reverberation

structure very accurately, but the necessary computations may be extremely arduous for

complex distributions. As an investigative tool, the model is handicapped by not yielding

the scatterer distribution directly. Except in relatively simple cases, the distribution is

obtained only as the solution of an integral equation.
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APPENDIX A

COMPLEX SIGNAL REPRESENTATION

We consider the representation of some band limited signal centered at a carrier

frequency coo by

p(t) = A(t) cos Iwot + 0(t)1 (A l)

This signal can be rewritten as

p(t) = A(t) cos OM cos coo t + A(t) sin OW sin Wo t

X(t) cos Wo t y(t) sin wo t

1

=
2

[x(t) + jy(t)] [cos coot + j sin coo t I

1

+
2

1x(t) - jy(t) I [ cos co0 t j sin coo t I (A2)

1 jw t 1 -jw t
z-- z(t) exp ° + z*(t) exp °

2

1 jw t
z(t) exp

jw t
° + [z(t) exp °

*

2

p(t) = Re I z(t) exp
jw

°
t



where

z(t) = x(t) + jy(t) A complex envelope of p(t)

* denotes complex conjugation

Now consider Figure lA below.

p(t) = A(t)COS [coot + 0(t)]

--Ix(t) = A(t)COS 4(t)

y(t) = A(t)SIN (Mt)

f r
(Jo

INPUT BANDPASS FILTER
BANDWIDTH W

2 COS of

-W/2 W/2

LOW-PASS FILTERS
CUT-OFF FREQUENCY W/2

Ill
-W/2 W/2 14

DELAYLA Y

Figure A-1. Quadrature Demodulation
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The sketch is self-explanatory, but several advantages of Quadrature demodulation

relative to conventional envelope detection or RF signal frequency discrimination should be

mentioned. First, both phase and amplitude information are present at the demodulator

output. Second, the bandwidth of the output signals is only one-half that required if the

same information were preserved on a single channel. This has the important effect in the

case of magnetic tape recording of data of reducing the necessary tape speed by one-half.



85

Third, frequency discrimination can be carried out at low frequencies where filter synthesis

is easier. The price one pays for these advantages is a channel redundancy in demodulation

and recording and an inability to extract amplitude information without further signal

processing.
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APPENDIX B

EVALUATION OF NAC(t,n)

We begin this evaluation by noting that if the limits of integration in Equation (27) are

to remain unchanged, they must be entirely within the boundaries of the school. (Note that

the integrals may be evaluated if this is not the case, but that the result will be different.)

We next notice that by an appropriate change of variables, the limits in all three integrals
may be represented in the form (, e) . The problem, therefore, is one of evaluating

Equation (31), which is repeated below for convenience, for limits of the above form.

Then

IA(x) dx = F 2-( 1-- (x xo )3
G2 3

1

ir A(x) dx1Q, e) = P
-E

X 1

(x X0)3
3

1
= _

02 3

Because in all cases

(31)

E
02 3

) I

+ 3 e) 3 (131)
02

i_e3 + 2 - Ro) e(-3c ouo 3 (02 )1

x0 >> , x x0



and thus
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> > E (B2)

only the term linear in e is significant in Equation (B1) and

I (, )

In all cases

C t

to = [1 02 to )2
02 02

(B3)

The values of (t, e) when 77 > 0 for the numerator, left-hand integral of the denominator,

and right-hand integral of the denominator of Equation (27) are respectively [Ct/2, C(T

R) /2], (Ct/2, CT/2), and [C(t + 71)/2, CT/2] . Then the I(, e) are respectively

)
11 (Ct/2, C(T 77)/2) =

C(T - ?
[i ()3C

2
)2 (t t0 )2 1

202

12 (Ct/2, CT/2) =
CT 13C[1 - ( )2 (t to)21
202 2

(B4)

(C(t + Ti)/2, CT/2) =
CT [1 -

13C
(t2 + 2r7t + 772 2 tt0 277t0 + tO 2 )]

202

At t = t0 , these integrals reduce to



(Ct/2, C(T - 77)/2) =
C(T ri)

202
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(Ct/2, CT/2) =
CT

(B5)
202

13 (C(t + 77)/2, CT/2) =
CT

1 02 (
C77

)2 }
202 2

Equations (B5) and (27) can be combined to yield the normalized covariance function at t =

to.

/32
Cn 2 -1/2NAC (to , ri) = (1 ) [1 ( )

If (, E) for77 < 0 are used, Equation (B6) may be generalized to

771 C77 -V2
NAC (t , 77) = (1 02

2
I

T

(B6)

(B7)


