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Abstract
Enumerating salmon in the Yukon River drainage allows for assessment of an
nual harvest management guidelines and prediction of long-term salmon population
trends in Alaska. Sonar is currently used to enumerate migrating salmon and de
termine salmon location in the river. To understand these results, a model of fish
movement is required.
This thesis analyzes the existing sonar data on fish movement to construct a
model that predicts typical spatial and temporal distribution of fish. A model of
the sonar measurement system, which includes target strength, transmission loss,
transducer beam pattern, time delay, and noise is developed. This system will
simulate a sonar signature for an arbitrary distribution of fish by making several
simplifying-assumptions. This thesis compares the simulated system sonar sig
nature with assumed fish distribution to predict the accuracy of the sonar fish
counting system.
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Chapter 1
Introduction
Enumerating salmon in the Yukon River drainage allows for assessment of annual
harvest management guidelines and prediction of long-term population trends in
Alaska. Currently, sonar is used to enumerate migrating salmon populations and
to determine salmon location in the river. These methods are not very reliable,
and the sonar count can have errors, from a few tens of percent to as much as 1000
percent. The objective of this research is to develop a numerical model of fisheries
acoustics to determine the uncertainty of sonar count of the fish in Alaskan rivers.
My thesis focuses on modeling the movement of the fish in the river and modeling
the sonar to provide simulated data for a distribution of fish moving in the river.

1.1

Background

Several different method of employing sonar to count fish exist [MacLennan and
Simmonds, 1992]. The oldest and most widely used is the single beam sonar. The
first systems consisted of a transmitter, which also acted as a receiver, a pulse
generator, and a chart recorder. In this setup, a pulse is transmitted and the
receiver waits for returned echoes. These returned echoes are recorded physically

2

on a chart recorder, with darker marks corresponding to higher target strengths.
On the chart, the returned echoes are organized with respect to target range. In
these early systems only a qualitative measure of fish abundance was provided.
As technology progressed, the single beam systems became more sophisticated to
include color displays and variable frequencies providing better visualization of
the fish. Color displays allow for easier classifying of various returned echo levels.
Variable frequencies allow the user to choose an output signal with a wavelength
appropriate to both the target and the medium [MacLennan and Simmonds, 1992;
Ayers, 2001].
Currently, two processing techniques are used to count fish populations with a
single beam sonar: echo integration and echo counting [MacLennan and Simmonds,
1992]. Echo integration is a simple technique that sums all of the energy in the
returned echoes and divides the total by an average energy expected for one fish.
Several problems exist with echo integration. Many echoes return that are not of
concern when counting fish, but are still integrated. The echoes from the riverbed
must be removed from the echoes to be integrated. The removing process can lead
to errors if the fish being counted are near the riverbed. Secondly, the average
energy expected for one fish varies on orientation, fish length, fish size, and other
morphological characteristics, leading to large errors in the fish count. Fish target
strength for one species of fixed length can vary by as much as 30 dB depending on
the orientation of the fish in the transducer beam and 15 dB depending on the fish
size. In the case of fish which are sparsely distributed in the water, as opposed to
clumped in schools or layers, it may be possible to detect the echoes from individual
fish. In this situation, the method of echo counting might be used to determine the
density of fish within the acoustic beam [MacLennan and Simmonds, 1992; Ayers,
2001].
Advancements have been made in both the hardware design and the processing
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methods used. Sonar beams are now available in single beam, dual beam, split
beam, and multi-frequency. Dual beam sonar uses two concentric circular receivers
and split beam sonar receives data on four quadrants. Processing methods include
not only echo integration and echo counting, which can be used with any of the
systems, but also target tracking based on the data received by the split beam
sonar [MacLennan and Simmonds, 1992].
Despite the hardware or processing techniques employed, the basic idea of the
sonar method involves fish passing through the sonar beam, being detected as
targets, and generating the sonar data.

Thus, all of the sonar methodologies

fundamentally rely on the position and behavior of the fish in the river with respect
to the sonar beam. Although some patterns in movement have been observed in
migrating salmon, in general they move through the river changing direction and
velocity at random.

1.2

Contributions of Present Work

This research focuses on analyzing the fish movement in the river. It begins by
building a model of fish movement based on the velocity distribution of fish. To
analyze how a fish moves, three items are essential: it’s location at a given time,
the direction it’s moving at that time, and the time it takes to arrive at its next
location. A velocity distribution, along with fish locations, allows us to analyze all
of these items together. The research continues with modeling a single beam sonar
system based on the sonar equation, and presenting an analysis of the returned
signal including pulse duration, distance, and fish echo overlap. This returned
signal is found after generating the fish track using the model of fish movement.
Lastly, simulated sonar data is generated using the sonar model.
By comparing the fish count obtained from simulated sonar data with the

4

actual number of fish used to generate the simulated data, we can estimate the
uncertainty inherent in this method of fish enumeration.
The first part of the thesis presents an analysis of sonar data and extraction
of the velocity distribution. Daum and Osborne (USFWS) collected data in 1995
[Daum and Osborne, 1996] containing sonar coordinates [Range, X, Y] of each fish
at a given ping and the corresponding ping number. The sonar coordinates are
transferred into a location, [X, Y, Z], in river coordinates and then the velocity in
the X, Y and Z directions in river coordinates for each fish is calculated. From this
data, the velocity distribution is extracted.
The second part of the thesis generates a model of fish movement using the
calculated velocity distribution. By providing the initial location and the river
bottom profile, this model generates a fish track. For an arbitrary distribution of
fish, the model of fish movement is used to simulate a sonar signature.
The third part of the thesis builds a realistic model of a single beam sonar sys
tem. The transmitted sonar pulse is modeled as a rectangular pulse with finite rise
and fall times using a cosine waveform for a given frequency. The receiver model
includes target strength, transmission loss (spreading and attenuation), transducer
beam pattern, time delay and ambient noise. Using the fish movement model, a
spatial and temporal distribution of fish in the river is generated. Simulated sonar
data is generated using this fish distribution with the sonar model. By comparing
the fish count obtained from simulated sonar data with the actual number of fish
used to generate the simulated data, the uncertainty inherent in this method of
fish enumeration can be estimated.
The thesis is organized as follows: extraction of fish sonar data is presented
in Chapter 2, followed by a development of the model to generate fish movement
in Chapter 3. The model of a sonar measurement system and application to fish
counting using the method of echo counting is presented in Chapter 4. Summary,
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conclusions, and recommendations are presented in Chapter 5. A list of the source
codes for Matlab M-files is provided in a separate report [Chen, 2001].

6

Chapter 2
Analysis of Fish Movement Data
Fundamentally, the use of sonar to enumerate fish relies on the position and be
havior of the fish in the river with respect to the sonar beam. Although some
patterns in movement have been observed in migrating salmon, in general they
move through the river changing direction and velocity at random. To analyze
this movement, we must consider (1) the location of the fish at a given time, (2)
the direction in which the fish moves at that time, and (3) the time it takes for the
fish to arrive at its next location. A velocity distribution, along with fish locations,
allows us to include all of these items together. It is important to analyze the ve
locity distribution from existing sonar data to be consistent and accurate. The
data analysis to extract fish velocity characteristics and the results of this analysis
are presented in this chapter.

2.1

Coordinate Systems

There are three distinct entities relevant to the sonar problem: the river, the
sonar, and the fish. When considering one of these entities, to ease in calculation,
we define a certain coordinate system pertaining to that entity only. Whenever
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all the pieces are integrated together, then calculations transforming data from
one coordinate system into the others are used. The three different orthogonal
coordinate systems used are the river system, the sonar system, and the fish system
as defined below.
The river coordinate system

[ X

Y r ,Z r ]

r ,

in Figure 2.1 is d

perpendicular to the river bank and pointed away from the sonar location. The
y-axis is vertically upward from the surface of the river, and the x-axis is given by
the right hand rule. This thesis assumes the x-axis is in the upstream direction
of the river and positions the sonar at the origin of the river coordinate system
[Ayers, 2001].
The sonar system in Figure 2.2 is defined to account for the sonar beam axis
tilt downward into the river.

Zsis in the direction of the sonar bea

in the upstream direction (the same as X R). Ys is given by the right hand rule.
The angle
the

Yr

9Sis the angle of tilt of the sonar beam axis with respect to X R axis in

— ZR plane [Ayers, 2001].

The sonar axes can be expressed in terms of the river axes and vice versa as
follows.
(2 .1 )

(2 .2)
(2.3)

(2.4)

XS= XR
Ys = YRcos(0s ) + ZRsm{0s )

(2.5)

Zs = ~Y r sin (0s) +

( 2 .6 )

Z

r c o s (9 s

The fish coordinate system in Figure 2.3 is defined with

in the direction of

Right Bank

Figure 2.1. River Coordinate System. The ZR axis is perpendicular to the river bank and points
away from the left bank. YR points vertically upward toward the surface of the river and XR is given
by the right hand rule.In this thesis, it is assumed the x-axis is in the upstream direction of the river
[Ayers, 2001],

Right Bank

Figure 2.2. Sonar Coordinate System. Zs is in the direction of the sonar beam axis. Ys is in the
Yr - ZR plane perpendicular to Zs and Xs is given by the right hand rule. 0Sis the angle of tilt of the
sonar transducer in the YR- ZRplane [Ayers, 2001].

Figure 2.3. Fish Coordinate System. The fish coordinate system is defined with ZF in the direction
of the fish tail to head. The YF axis is perpendicular to the ZF axis and in the direction of the dorsal fin,
XF is given by the right hand rule. 0V and <j>h are the spherical angles associated with the fish system.
0 Ron (not shown) is the angle of roll about the Z F axis [Ayers, 2001],
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the fish tail to head. The
of the dorsal fin (assuming dorsal fin in the

Ypaxis is perpendicular to the Zp axis and in
—

plane), and the Xp is given

by the right hand rule. The angle dvis the angle between the

axis and the ZF

axis. The angle 4>h is the angle between the X r axis and the projection of the Zp
axis onto the X R - ZR plane. The

9r0uis the angle of roll about

positive 9rou is in the clockwise direction. All calculations use the assumption that
6roii to equal zero [Ayers, 2001].

2.2

Split-Beam Sonar Data on Chum Salmon Ob
tained from the Chandalar River

With the coordinate systems in place, it is now time to investigate the sonar data
obtained from field experiments.
In 1995, a USFWS group led by David Daum counted upstream chum salmon
in the Chandalar River. Two split-beam sonar systems were used, one on each
bank of the river. The river cross-section is presented in Figure 2.4. The figure
also shows that two sonar systems employed simultaneously optimizes the sonar
beam coverage of the river cross-sectional area. The system used a 200 kHz HTI
split-beam echo sounder with sample frequency of 48 kHz. The elliptical beams
had nominal beam widths (measured at -3 dB point down the acoustic axis) of 4.6°
by 10.8° [Daum and Osborne, 1996]. This thesis focuses on the data measured by
the sonar system on the left bank. For that sonar transducer, there was a 5° angle
of tilt into the river, a pulse width of 0.2 ms, and low background noise levels
ranging from -49 to -42 dB [Daum and Osborne, 1996].
During this experiment, USFWS staff were able to capture 41 homing adult
chum salmon and attached a numbered balloon to the dorsal fin of the fish using

Right Bank

Left Bank

0
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weir

20
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40

50

60

70

80

90

100

110

120

130

Distance (m)
Figure 2.4. River Cross-Section and Beam Fit. Two sonar systems employed on the left and right
banks of the Chandalar River, 1995 [Daum and Osborne, 1996].
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monofilament line. Before releasing, size measurements were taken on each fish
and referenced with the balloon number. The fish were then released back into
the river. Farther upstream, the fish were identified by the balloon number before
entering the section of the river with the sonar employed. The split-beam sonar
was then turned on to track only that fish as it moved through the beam. It was
assumed that the balloon did not affect the movement of the fish. The sonar data
on these 41 individual salmon are used to extract velocity parameters for the fish
movement model.

2.3

Transform Sonar Data to River Coordinates

As an example, the sonar data of fish No. 5 are shown in Table 2.1, with a ping
frequency of 10 Hz. In the table, the fish location is given as As(m ),

Fs(m )

and

Range (m) in sonar coordinates. Range is the distance between the fish location
and the sonar location given by:
Range = y W

2 + (Ys)2 + ( Ys)2

(2-7)

Z. = ^ (fla n je )2 - (X,)* - (U )2

(2.8)

and Zs is:

The [As, Ys,

Z$\sonar coordinates were transformed to [Xr ,Yr, ZR] river coordi

nates using equations 2.1, 2.2 and 2.3 to describe the fish location. The data of
fish No. 5 can be transformed into river coordinates as shown in Table 2.2. To be
certain that all 41 fish track locations from the data given in the river coordinate
system are reasonable, tracks are plotted along with the sonar beam cross-sections
in X R - Y r ,

X r- ZR and ZR - YR planes and are shown in Figure 2.5. Since all of

the tracks are located inside the sonar beam, the sonar data are reasonable.
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Table 2.1. Sonar Data of Fish No.5 USFWS staff measured the sonar data
in 1995 using an HTI split-beam system.
Column:
1: Ping number
2: Xs (m)
3: Ys (m)
Ping
487
488
489
490
491
492
493
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
511
512
519
520
526
530
532

XS
-0.97
-0.8
-0.61
-0.43
-0.78
-0.64
-0.48
-0.3
-0.32
-0.22
-0.12
0.12
0.02
0.06
0.16
0.3
0.45
0.45
0.29
0.65
0.73
0.62
1.04
0.92
0.69
1.07
0.95
0.89
1.01

YS
0.14
0
0.06
0.09
0.13
0.06
0.06
-0.02
-0.15
0.05
-0.24
-0.32
-0.31
-0.37
-0.42
-0.46
-0.52
-0.37
-0.63
-0.63
-0.59
-0.67
-0.73
-0.53
-0.68
-0.62
-0.44
-0.47
-0.34

Range
12.09
12.11
12.11
12.11
12.09
12.18
12.11
12.07
12.09
12.06
12.09
12.09
12.03
12.04
12.04
12.03
12.06
12.07
12.12
12.04
12.12
12.11
12.17
12.2
12.34
12.29
12.26
12.04
12.07
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Table 2.2. Sonar Data of Fish No.5 Transformed into River Coordinates.
Column:
1:
2:
3:
4:

Ping number
X r (m)
YR(m)
Z r ( iti)
Ping
487
488
489
490
491
492
493
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
511
512
519
520
526
530
532

XR
-0.97
-0.8
-0.61
-0.43
-0.78
-0.64
-0.48
-0.3
-0.32
-0.22
-0.12
0.12
0.02
0.06
0.16
0.3
0.45
0.45
0.29
0.65
0.73
0.62
1.04
0.92
0.69
1.07
0.95
0.89
1.01

Yr
-1.3714
-1.5145
-1.4563
-1.4275
-1.3831
-1.4649
-1.457
-1.5321
-1.6634
-1.4616
-1.753
-1.8321
-1.8148
-1.8754
-1.9246
-1.9626
-2.025
-1.8781
-2.1416
-2.1298
-2.0998
-2.1782
-2.2412
-2.0491
-2.2165
-2.1476
-1.9675
-1.97
-1.8442

Zr
11.9727
11.9883
12.0066
12.0179
11.9853
12.0746
12.0124
11.9686
11.9707
11.9691
11.9616
11.9498
11.8923
11.8929
11.8841
11.865
11.8803
11.9145
11.9258
11.8323
11.9144
11.8964
11.9166
11.9914
12.1197
12.0535
12.0637
11.8443
11.8854

Figure 2.5 Fish Tracks in XR- YR, XR - ZR, and ZR- YR Planes. Fish tracks are plotted using sonar data in
XR- Yr , Xr - Zr , and ZR- YRplanes. All figures represent the elliptical sonar beam of 4.6° by 10.8°.ln the left
figure, the blue ellipses represent the elliptical sonar beam in the XR- YR plane. In the middle figure, the red
lines represent the elliptical sonar beam cross-section in the XR- ZR plane. In the right figure, the red lines
represent the elliptical sonar beam cross-section in the ZR- YRplane. The symbols *, o and A mark the fish
location points at the time of pings. The different color lines joining these symbols represent fish tracks.Using
different symbols and color lines, it is easy to observe different fish tracks at each locations.
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To further illustrate typical fish tracks, 3-D tracks are plotted for two fish in
Figure 2.6. The blue line represents one fish that swam from -0.44 (m) to 0.45 (m)
along the

X Raxis within 3.1 seconds, and the red line shows the other fish that

swam from -0.53 (m) to 0.4 (m) along the X R axis within 3.7 seconds. The sonar
ping rate is 10 pings/second. A lowercase "o" represents the fish location detected
by the sonar beam.

2.4

Data Analysis

Once the fish locations in river coordinates are known for each ping then the
velocities can be calculated over each time interval. This will provide insight into
which distributions could best be used for the velocity distribution in the fish
movement model.
Using the sonar data in Table 2.2, the velocity of each fish, V = (14, Vy, 14) in
the river coordinates, is calculated by computing the change in time and position
between sequential pings at n and n-1 :
At = [

P
in
g(n
) — Ping(n — 1)]/10

(2.9)

Vx = [XR{n) - X R{n - 1)]/At

(2.10)

Vy = [YR(n) -

Y- I)}/At

(2 .11)

Vz = [ZR(n) -

Z1 )]/

(2.12)

(2.13)
The calculated velocities for one fish at each ping are shown in Table 2.3. Using
these velocities the average velocity for that fish, V (14, Vy, 14), and standard
deviation of the velocity for that fish, cry (cy*,

,

), are calculated. The above

procedure was repeated by calculating the velocity and the standard deviation of
the velocity for each of the 41 fish and the results are shown in Table 2.4. The

Fish Track in 3D

Start points

Figure 2.6 Two Fish Tracks in 3D. Two fish tracks are plotted using sonar data in 3-D. The symbol
“o” marks the fish location points. The lines between these symbols represent fish tracks.
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Table 2.3. Velocity of Fish No.5 in River Coordinates.
Column:
1:
2:
3:
4:
5;

Ping number
Vx - Velocity (m/sec) in X-River coordinate
vy - Velocity (m/sec) in Y-River coordinate
Vz - Velocity (m/sec) in Z-River coordinate
V - Velocity (m/sec) in River coordinate

Ping

Vx( m/s)

Vy(m/s)

Vz(m/s)

V(m/s)

487

1.7

-1.4237

0.2101

2.2274

488

1.9

0.5882

0.1612

1.9955

489

1.8

0.2923

0.1014

1.8264
3.5431

490

-3.5

0.4315

-0.3429

491

1.4

-0.7835

0.9244

1.8516

492

1.6

0.0546

-0.6245

1.7184

493

0.9

-0.3836

-0.2046

0.9995

495

-0.2

-1.3112

0.0718

1.3284

496

1

2.0159

-0.0941

2.2522

497

1

-2.9144

0.0375

3.0814

498

2.4

-0.7953

-0.0882

2.5299

499

-1

0.1512

-0.5808

1.1663
0.7257

500

0.4

-0.6048

0.0291

501

1

-0.4959

-0.069

1.1183

502

1.4

-0.3861

-0.1758

1.4629
1.6317

503

1.5

-0.6177

0.176

504

0

1.4807

0.2857

1.508

505

-1.6

-2.6286

0.2138

3.0847
3.7212
1.1846

506

3.6

0.0821

-0.9386

507

0.8

0.3308

0.8087

508

-1.1

-0.7899

-0.15

1.3625

509

2.1

-0.311

0.113

2.1259

-1.2

1.9486

0.6746

2.3858
0.4458

511
512

-0.3286

-0.2319

0.1922

519

3.8

0.6625

-0.6878

3.9182

520

-0.2

0.3007

0.0055

0.3611
0.5687
0.8934

526

-0.15

-0.0274

-0.5479

530

0.6

0.6366

0.1812
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Table 2.4. Summary Statistics of Velocity for 41 Fishes
Fish No.

Time(s)
0.7008
0.3824

0.0281
-0.0912

I

0.4833

0.0034

I

0.4385

0.2732

I

0.3774

-0.1682

0.4756

0.7915
L 258

3 3a

-0.0379

0.2129

0.6088

-0.0167

-0.0599

-0.0051

0.0322

-0.0078

0.0994

I

0.2779

I

0.4014

-0.0421
0.7411
-0.0336

-0.2602

0.6397
0.0131

L 2 61

48

I

0.4056

I

0.4095

-0.0068
0.0967

0.2189

0.0784

0.0181

0.7677

0.0219
-0.0359

0.0142

0.0351

-0.1176

I

0.2798
0.4306

-0.0027

-01549

I

0.6186

0.2837
0.2434
0.9747

0.4087

0.0184
0.0389

-0.3144

I

0.5573

-0.1716

I

0.4513

-0.0424

0.4694
0.0282
0.4033

0.1566

0.4805

0.1252

I

0.3874

-0.0265

0.7965

l

-0.0393

0.2454

I

0.1338

0.3371

0.0215

1.0592

I -0.0906

0.5585
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time variable in Table 2.4 shows the length of time that each fish swam in the
river. The same quantities are shown in Figure 2.7.
With the limited data set available in Figure 2.7, it is difficult to determine the
best probability density functions (PDF) that describes the velocity distribution
of the fish swimming in a river.

Therefore, this research makes a simplifying

assumption that the velocities follow a Gaussian distribution. Given that the fish
change their velocities many times, and that we are interested only in the average
behavior of the fish, this assumption is reasonable. The Gaussian distribution is
defined by the PDF:
px (x) =

(2.14)
v

27T(7

where —oo < x < oo, m and a are the mean and standard deviation, respectively.
The

VXj,

Vyj, and VXti are the velocities in

index i, the fish is assumed to change velocity. The

Yr , and Z r directions. For each
, and VZ<1 are generated

by Gaussian distribution with two parameters (Vx, aVx), (Vy, o y j , and (Vz, aVz),
respectively. So the velocity is:
V l = (Vxl,Vyi,Vzi)

(2.15)

Before the velocity distribution can be completely defined, there is the question
of whether a relationship exists between velocities of consecutive pings. It does
seem logical that the speed of the fish at a certain time maybe related to its speed
at theprevious time. Toinvestigate this question quantitatively, consider
and Vgj, the velocities in X R, Yr , and ZR directions for time interval i. Assume
that the velocity is fixed during the time interval i and changes at the beginning
of time interval i+1. Thus
V i+i —

a x Vi + P

(2.16)

Figure 2.7. Velocity Distribution. V Vx , V> and V, are the average velocities of V, V„, Vy
and V2. The aV , aVx, aVyand oV2are standard deviations of V, Vx, Vyand V2. Dots represent
the discrete average velocity for each fish, and stars represent the discrete standard deviation
for each fish. To give clear view, lines are used to link dots and stars.

to
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where a and /3 are constants. AV* is the random change of the velocity:
(2.17)
where AVx>i, A

VV
a
it nd AF2)i are random changes of velocities inand

ZR directions, respectively using the Gaussian distribution with appropriate mean
and standard deviation.
This equation (2.16) assumes that the velocity (V i+i) after the fish changes
direction is related to the velocity (Vi) before the fish changes direction and a
random change A V {. To stay consistent with the generations of 14,*,
it is assumed that A V X|i, A V ^,

and 14,»,

AVZ
)iare generated by the Gauss

with two parameters ( Vx, cry,), {Vy, ov#), and ( Vz, o y j, respectively.
Equation (2.16) can be rewritten as
V ,+l = [V, AV.] “

.

(2.18)

Let:
y = v i+1

(2.19)

x =

(2 .20)

A Vi]

(2 .2 1 )
Equation(2.18) can be written as:
y = kX

( 2 .22 )

Using a multiple linear regression to solve this equation, for value of a and /?, it
was found that a « 0.1 and /? « 1. This implies V i+i depends only weakly on V {.
Therefore V i+i is generated directly using the Gaussian distribution for each
time interval i+1, independent of V ,
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2.5

Summary

In this chapter, three different orthogonal coordinate systems are defined. Sonar
data were measured in sonar coordinate systems using the sonar transducer with
nominal beam widths of 4.6° by 10.8°. Transforming sonar data into the river
coordinate system, all 41 fish are plotted in J a -

X r - Zr

and

Z r - Yr ,

and

two fish tracks are plotted in the 3-D river system as examples. It was observed
from these figures that the fish change velocity and direction at random. In fact,
change in the velocity is related to the change in direction. If the fish velocity at
each time interval can be generated, the fish track can be generated. So the key
is to analyze whether the relation between the velocities before the fish changes
direction and the velocity after the fish changes direction exists. This research
shows that there is no relationship between those velocities. Thus it is assumed
the fish velocity at any time depends only on the average velocity and standard
deviation, and so a Gaussian distribution was chosen to model the velocity of a
fish at each instant when the fish changes the velocity.
In this approach, the velocity distribution takes on a fragmented nature. Of
course, physically the fish are constantly moving and changing but the analysis
forces the changes to occur only at the beginning of random time intervals. During
those intervals, it is assumed that the velocity and direction are held constant.
If the random time interval models the physical situation well then the velocity
distribution should describe the situation realistically.

25

Chapter 3
Model of Fish Movement in 3-D
Using the calculated velocity distribution from Chapter 2, this chapter generates
a model of fish movement in space and time. By providing the initial location
and the river bottom profile, a fish track is generated for an individual fish. In
particular, the initial spatial location is first generated depending on the assumed
area for fish movement, and then the fish track segment is modeled using the
velocity distribution. Second, the fish movement constraints and stop conditions
are considered. The model is then built up to generate several fish tracks as a
collective. Later, in Chapter 4, the fish tracks will serve as input into a sonar
model to simulate a typical sonar signature returned from fish.

3.1

Generate the Initial Parameters for Each Track

To define the start of a fish track, both the initial time and initial location are
needed. It is easiest to define the location in terms of the river coordinates and
later transform them into sonar coordinates once the sonar beam interacts with
the fish track. However, to allow full fish tracks to be studied, the initial location
will be chosen randomly with the extra constraint that it is located in the river
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cross-sectional plane at a certain distance downstream from the sonar. Thus, we
must first consider how the sonar beam is oriented and then define the beginning
location.
In Figure 3.1, the sonar system is located on the left bank of the river with a tilt
angle of 6s into the river. The sonar is configured to have maximum beam widths
within the vertical and horizontal planes.

points in the upstream direction of

the river. The Xinu is the starting x-coordinate of all fish tracks and the X finai is
the end x-coordinate of all fish tracks, which means that each fish starts and ends
in a random location in the

Yr

-

Zr

plane.

To keep the location and time information paired together, the initial parameter
vector is defined as

—(^
t•
in
>

XinitiFAii>

is given in the river coordinate system, and initial time

the location, (X ^ a

is given at the starting

position for each fish.
After the initial parameters are given, assuming that each fish appears at
then the general idea of the fish movement model includes the following additional
assumptions. The fish swim upstream in the positive
at the

X r

direction until they arrive

Xf^ai■While the fish are swimming between X init and X ftnat, they may

pass through the sonar beam. If a fish passes through the sonar beam, then it will
be detected and sonar data will be collected.

Left Bank

Figure 3.1. Fish Track within Scope of Sonar-beam. XR axis points in the upstream direction. Xinitis
the X coordinate of starting location, and Xfjna) is the X coordinate of end location of each fish track. It is
assumed that the main lobe of the sonar beam lies within the space defined by X = Xinjt and X = Xfinai
planes.
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3.1.1

Generate the Initial Location

Xinit)

Track
From past fieldwork, it is known that salmon swimming upstream to their spawn
ing region tend to swim close to the riverbanks and the river bottom where the
downstream water flow is slower. To include this feature in

the model, first a

cross-section of the river must be known and modeled.
The river cross-section (R es) is defined as a segmented linear functionshown
in Figure 3.2 and constructed from the following matrix.

R es =

l r , 61
Fr,62

Zr,61
Zrb2

Fr,63

^r,63

_F r ,

where (YrM,

(3.1)

& n

Zr)Mare points in the river cross-section, n > 3 and YrM

Once the cross-section is determined, then a parameter to define a corridor close
to the riverbanks and river bottom must be given. For this purpose a parameter,
D, is defined, which is the average distance of the salmon from the banks or the
bottom. By choosing an appropriate value of D, the distribution of the fish or
essentially how close they are to the banks or the bottom can be decided. It is
assumed that the fish distribution in the river is given by an exponential probability
distribution:
p(d)=

where D is the scale length or the parameter that decides how close the fish is to
the river bank or bottom, and d is the random perpendicular distance from the fish
to the bottom (0 <

d < oo). To make certain that d does not become too large

so that fish lies outside the river, d is restricted as 0 <

<

Figure 3.3 shows

several examples of random fish distributions confined to the corridor described by

River top
(Y r,b5» Z r,b5)

(^r,b1 >^r,bl)

Figure 3.2 Model of the River Cross-Section. A finite number of points are selected to define the
river cross-sectional profile in the YR- ZRplane The river top is defined by YR = 0 and Yr b1 = Yrb5

Y r( ih )

D = 1.5 (m)

D = 0.5 (m)

Figure 3.3. Fish Distribution in the River. The blue lines represent the river cross-section. The red
stars represent the initial fish locations for 41 fish. D is scale length offish distribution.
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the different scale lengths.
In particular, given a fixed

Da
nd the river cross-sectional p

be randomly chosen using the distribution above. Based on this value an initial
ZR position,

Zinit,can be chosen that falls between

+ d and ZrM - d using a

uniform distribution. (Thus Zinn is generated using a uniform distribution between
ZTtbi + d and ZrM - d). This forces

Zin
ito fall on the bounda

but since the boundary is random based on d, the boundary can change within the
limits (0 <

d < D )for each fish.

Next, since the boundary is defined as a segmental linear function, the segment
of the corridor in which the random Zinit is located must be determined. The
corresponding Yinit can be calculated now by simply evaluating the correct segment
from the segmental linear function (Eq 3.1).
Thus the initial location,

(X init) Yinit, Zinit),is determined for

and an initial time must still be calculated before fully defining Rimt- Note that
if more than one fish track is needed, then the process is repeated as many times
as necessary. In this case each fish track shares the same initial X r point, but
each location is still random in the YR - ZR plane. So locations of several fish
tracks are not necessarily related to each other except that their distances from
the riverbanks or bottom follow a certain probability distribution.

3.1.2

Generate the Initial Time

for Each Track

This section describes how the initial time tinu is assigned to each fish. Let Tstart
be the initial time of any simulated track. Tstart can take any value, but is usually
set to zero as a reference. If more than one track is generated at a time, then the
times of the consecutive tracks will be linked to this reference time in the following
manner.
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Let tinit(k) denotes the time when fish number k passes through X —

Xin

plane, and Aifc.tmt be the time interval between fish k and ( — 1) passing X init,
where k is the fish number. The following relationships hold for between various
initial times:
T (st3 - 3 )

t =

A ti^ n it =

0,

(3-4 )

and
A

The time difference

=

^initik

1)

(3-5 )

Atk,initbetween starting times for fish passing X init depen

the average number offish crossing X init in unit time(sec), given by the parameter
Nrate.

This parameter can beestimated from the fieldwork data on the number of

migrating fish at different times during the season. Since Nrate gives the discrete
number of fish passing a specific plane in unit time, then A tkjnit naturally follows
a Poisson distribution with parameter Nrate. The Poisson distribution is defined
by the PDF:
p x ( x ) = — j- e - m
X•

where m is both the mean and the variance, and x is the random variable that
describes number of times a certain event occurs in unit time, m gives the average
number of times the event occurs in unit time. Using m = Nrate, A c a n

be

determined.
The initial time

tin
itfor the ith fish track is then given by :
i
tinit(i)= Tstart T ^ ^ A

fc=l
Thus Rinif, the initial time and location of one fish track is now fully defined
for any single fish track and for consecutive fish tracks.
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3.2

Generation of a Fish Track in 3-D

After the initial time and location are established, the next time and location
for the fish track must be determined. By generating several of these times and
locations, a fish track is formed. Connecting two consecutive positions in a fish
track generates a fish track segment. Each fish track consists of many fish track
segments. The following sections describe the method used to find the next time
and location within a fish track. The method includes determining when the fish
changes direction, finding the actual new direction within the constraints of the
physical setup, and specifying practical conditions required to end a track.

3.2.1

Determination of Times at W hich the Fish Changes
Directions

Although some patterns in movement have been observed in migrating salmon, in
general they move through the river changing direction and velocity sporadically.
To model this aspect of the problem, the parameter direction-change-rate is defined
as the average number of changes in direction and velocity of a fish per second.
At this stage of the model, the changes in direction and velocity are considered to
occur at the same location in a fish track. (In other words, the velocity will not
change if the direction does not change.) If the time intervals between locations are
relatively small then this assumption should hold reasonably well. Based on video
data of chum salmon swimming and the sonar data observed, the direction-changerate parameter can be modeled with a uniform distribution, which lies between a
maximum and minimum limit. Let

N depresent
r
the aver

rate and consider the time interval At* for ith segment of the track during which
the fish does not change its direction (or velocity). This time interval A

can be
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calculated by the following equation:
A

where

ti

=

(3.8)

1/ N d

Ndis the number of direction changes in unit time.

Since Nd counts the number of changes in one second, it naturally follows
a Poisson distribution with parameter Nd as the average. Several time interval
distributions are shown in Figure 3.4. It is assumed that each fish changes its
direction and velocity at the end of time interval At*.

3.2.2

Fish Track Segment Extraction

If the fish locations and velocities are known at the beginning of each time interval
within one fish track then the fish location at the end of each time interval can be
calculated assuming the velocity does not change. So the fish track segment, the
movement of the fish from one point to the next, can be calculated and generated.
Repeating the process generates more fish track segments and eventually the entire
fish track.
Recall, for one fish track

X i n i t , X in it ,

has been determined.

Z in it)

The VXti, Vyti, and VZji are generated by Gaussian distribution with two parameters
(Vx,

ovx),(

V y,° vy), and( Vz,o y j, respectively. In Equation (2.15), when i = 1,

the fish is at the initial position, thus
(3.9)
Thus, Xinit =(Vx,imtyy,init,Vz,init) for each fish track is generated. Since each ve
locity at any location is randomly generated using the appropriate Gaussian dis
tribution, and the time interval between locations is randomly generated using
the appropriate Poisson distribution, the only missing piece to the fish movement
model is how to determine the next location.

Frequency of Occurrence

300

Nd

N

d

= 1 changes/sec

= 2 changes/sec

N

d

= 5 changes/sec

200

N
Frequency of Occurrence

= 0 . 5 changes/sec

400

d

300

0.22

0.24

Time Interval(sec)

Figure 3.4. Time Interval Distribution. The histograms use a Poisson distribution to generate 1000
time intervals. When average direction-change-rate n V is 0.5, 1, 2, and 5 (changes/sec), time interval
for frequency of occurrence appears mostly on 2, 1, 0.5 and 0.2 second, respectively.
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Define the time and location vector at the beginning of the ith segment of the
fish track by:
(3.10)
For the middle points in the fish track where the fish changes its direction and
velocity (

i= 2, 3

, N) calculate Ri by :
U—

(3.11)

U-i + Atj_i
Xi-i +

(3.12)

Yi = Yi-i+

(3.13)

Zi =

(3.14)

Xi =

Zi_i +

Repeat the above process for

i —2 to N - 1 to obtain most of the tra

the end. The discussion to develop the end point

of the fish track follows in

section 3.2.5.

3.2.3

Fish Track Segment Constraint

Physically, when the fish is swimming, it cannot leave the water through the surface
of the river or become embedded in the river bottom. Using the model with random
velocity and time intervals, the new location obtained does not necessarily follow
these restrictions. To build these restraints into the model, there must be a check
at each new location of the fish track. This constraint of keeping the fish in the
water when generating each fish track segment is shown in Figure 3.5.
If in the new location Yi+1 > 0, then the fish is above the surface of the river.
If in the new location

(Yi+i, Zi+
i) is a point buried in the river bottom o

banks, then the fish has gone outside the cross-section of the river, meaning its
physical location would be either in the mud of the bottom or the bank. In both

ZR(m)

Figure 3.5. Fish Track Segment Constraint. The red stars and lines represent two fish tracks in
the river. The blue lines represent river cross-section. At point 1, the track is constrained to not go
beyond to the river bottom. At point 2, the track is constrained to not go above the surface. At these
two points, black arrows represent wrong ways.
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cases, if the new location contains these values, then the model rejects the Ri+i
and repeats the process to obtain another new location by choosing a new V* and
calculating a new Rj+i and Vj+i again.
To judge whether (Y+i, Zi+l) is outside or inside of the cross-section of the
river (R es), the following neural network method is used.
In equation 3.1, consider two points

( Y r, b n - i , Z r, b n - i )

an(^

on the

boundary of the river bottom and calculate the equation of the line between them.
(3.15)

Y = kZ + b

(3.16)
(3.17)
First the randomly generated fish track location is compared to the river bottom to determine on which side of the boundary the new location,
located. For example, suppose

Zi+1is found to be between

ing that segment of the boundary if (Yi+i,
(Yr,bh

Zrbx)and (Yr)62,

i, Zi+1), is

i) is above the segment between

ZTtb2),then the fish location is in the cross-section of the

river and the new location is acceptable. Otherwise, the fish location is outside
the cross-section of the river and the new location is rejected. The neural network
method uses the following weighted equations to determine if a point is inside or
outside of a region.
(3.18)

where PTT,i and

Wx>2are weight elements, (Yr,&i,and

are the

boundary points and b is the y-intercept found in Equation 3.15. After calculating
Wx i and

W Xj2,a judgment can be made whether the fish location is in the river
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using the criterion
< 0,

inside the river cross section

> 0,

outside the river cross section

W\y\Zi+i + WijiYi+i + b — <

(3.19)

noindent where (Yi+i,Z i+i) is the new location in question.

3.2.4

Multiple Fish Tracks with Fish Overlap

When many fish are in the river, any two fish cannot be physically present in the
same location at the same time. If during the generation of a track, the location
of a track overlaps with that of another fish track at the same time, then it should
be excluded and a new location be chosen.
In this model, as the first approximation, the fish is assumed to be a point
object and therefore two fish cannot overlap. However, in reality the fish is not a
point object. Once the size of the fish is taken into account, the problem of fish
overlap becomes very complex and is suggested for further research.

3.2.5

Determining the End Point of Fish Track

With other problems addressed above, the end of a track must be considered. The
end point of a fish track can be determined by using two possible conditions. When
generating more than one fish track at a time, there is an additional condition used
to stop generating tracks as a whole. In this case, two counters are used to monitor
how many fish tracks begin and then complete the process.
The first condition allows for a single fish track to end once it has gone through
the beam and reached the final point. When a track arrives at X finai, the fish
track stops and the last location is given as Rat- The condition
(3.20)
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satisfies this stopping criteria.
The second condition deals with the duration of time for a single fish track. The
track can be stopped using the cutoff time Tstop2 if the track becomes unreasonably
long in time. Let U be the time that the ith fish swims in the river between X init
Tstop2is the time limit for i*.

and X finai- It is assumed that

(3.21)
The end point of the fish track can be determined by the last location in the final

Tstop2is chosen long enough to allow most fish to go thr

fish track segment.

the river between X init and X finai in a reasonable amount of time.
The additional condition focuses on the amount of time to run the program
and so is more useful when several fish tracks are generated. For example, one
might choose to run the program for a total of 10 minutes. In that case, Tstopi is
the time limit for the initial time tinit. After Tstopi, no further fish tracks will pass
through Xinit- So the generation of track ends when
(3.22)

Although the generation of tracks is stopped, the fish tracks that have already
passed X inu are still able to complete their tracks using the two stop conditions
discussed above.
After establishing all the stop conditions, the model counts how many fish
tracks actually make it to the other side. Nstop is the number of fish arriving at
Xfinai, and Ninit represents how many fish tracks passed the originating point,
Xinu- The following equation is used to check whether all fish arrive at NstopX stoP

Xinit

(3.23)
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3 .2.6

Two Approaches to Generate a Fish Track

There are two approaches to generate fish tracks if the number of fish is given. The
first method generates the fish tracks asynchronously. This method generates the
first fish track and then generates the next one and so on. In the second method,
all fish tracks are generated synchronously. Figures 3.6, 3.7, 3.8 and 3.9, outline
the step-by-step procedures. The output of either model of fish movement is still
[t ,X r ,Y r,Z r ], showing the time and location of the fish at each segment of the
fish track.
The synchronous model follows the procedure used in collecting data in the
field. However, since tracks can be calculated asynchronously for simulation pur
pose, that approach is shown and can be used if desired.

<-------------

No
Generate one fish track
Figure 3.6. Generate One Fish Track Asynchronously.This flow chart shows the steps in producing
the model for one fish track asynchronously.

Figure 3.7. Generate Multiple Tracks Asynchronously. This flow chart shows the steps for
producing multiple tracks asynchronously.

Figure 3.8. Generate Multiple Tracks Synchronously. This flow chart shows the steps for
producing the model for multiple tracks synchronously.

Input the min and max of [\ft,cvx,Vy,avy,Vz,avz],
start time, tinit initial and final X location

Generate Vx, avx, Vy,a vy, Vz,orvz
i>1
i=1
generate Atj for all fish

I
Generate initial location [ X,Y,Z] and
initial velocity [Vx, Vy Vz] for all fish

~ ~

Get previous location [ X,Y,Z], previous
velocity [Vx, Vy Vz] and t for all fish

Generate new location [ X,Y,Z] ,new
velocity [Vx, Vy Vz] and t for all fish

No
Generate all fish tracks
Figure 3.9. Generate Fish Tracks Synchronously in Detail. This flow chart shows the steps
in producing fish track synchronously step by step.
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3.3

Sonar Ping Intercepting a Fish Track

At this stage in the process, the model of fish movement is complete. Placing the
fish in the sonar beam, however, provides a different picture. The sonar may not
see the fish track in the manner that the fish movement model created it. This
is due in a large part to the sampling of the track by the sonar system on the
location of the fish. If the sonar recognizes all of the exact locations of when the
fish changed direction and velocity, then it will reproduce the fish track exactly.
Most likely, it will recognize the fish at locations within each fish track segment and
thus create a different fish track than the one generated with the fish movement
model. This section discusses how the sonar ping intercepts the fish track. A more
detailed analysis of the actual results of the sonar detection of modeled fish tracks
is presented in Chapter 4.
The basic idea is as follows. Using the model of fish movement, the fish track
is generated. The output of the fish movement model is [t

showing

the time and location of the fish at each segment of the fish track. The model
for a single beam sonar system propagates the sonar beam with a ping rate of N
pings/sec. When the sonar beam encounters the fish, the intercepted sonar data
[: ts, X s, Ts, Zs] is obtained as shown in Figure 3.10.
Before obtaining the sonar data, first the fish track needs to be recognized as
located inside the sonar beam. As shown in Figure 3.1, suppose the sonar is located
at the origin of the river coordinate system. For the sonar transducer, there is a tilt
angle, 9S, into the river. The elliptical beam has nominal beam width by vertical
angle (

4>s) off axis in Ys-Zs plane and horizontal angle tps off axis in X s — Zs

plane. Each fish track location can also be described by 4>f and ipf, where 4>f is
the vertical angle off axis in

Y r - Z r plane

and

is the horizontal a
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X K - Z r plane. Using the following equations, these angles can be calculated:
c,bf= arctandyftl/Zfl)
= arctan(|Xfl|

(3.25)

If the fish track [X*, Yr , Z r] is inside the sonar beam, it must satisfy the following
conditions:
<t>f < I 6S
± <j>s\
tpf

(3.26)
<
(3.27)

Once the model decides that the fish is inside the sonarbeam, it is assumed
that the sonar beam intercepts the portion of the fish track inside the sonar beam.
The new intercepted fish track location [ts , X S,Y S,

can then be calculated.

t

Right Bank

Intercepted
Fish Track

Calculated

Figure 3.10. Sonar Beam Intercepting the Fish Track. The fish track [ t, X r, Y r, Z r ] is
intercepted by the the sonar beam with ping rate N pings/sec. The track is shown as a solid
line with the dots for the fish track points.The symbol shows the intercepted points.The dashed
green line shows what the sonar data provides as the fish track.
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An example of the application of this model to provide the sonar data from the
intercepted fish track by the sonar beam is shown in Figure 3.11. In this figure,
the fish moves upstream. When it passes the sonar beam, it is detected and the
intercepted location is obtained. Figure 3.12 shows five fish tracks. Four of them
pass through the sonar beam. To compare with 41 existing sonar data fish tracks
of in Figure 2.5, 41 simulated fish tracks in

- YR, X R - ZR and ZR - YR planes

are shown in Figure 3.13.

3.4

Summary

In this chapter, a fish movement model producing fish tracks is developed using
the results of the velocity distribution found in Chapter 2. Within the region of
the river incorporating the sonar beam, the initial location, initial velocity and
initial time interval for many tracks are generated. Since each fish track consists
of many segments, the model creates each track as the fish moves by determining
the fish velocity at the beginning of each segment. When the fish velocity changes,
the direction of fish movement changes. A neural network is used to make sure
that the fish track remains inside the river while swimming. Stop conditions are
also applied to end tracks. Using a model of a sonar transducer, the generated fish
track is recognized when inside the sonar beam. If the fish track is inside the sonar
beam, the sonar beam intercepts the fish track and then the intercepted fish track
locations are determined to report an apparent fish track.

Model of one fish track

Figure 3.11. Model of One Fish Track. The blue line represents a fish track with the open
circles for the fish track locations [ X r , Y r , Z r J. The fish track is intercepted by the sonar
beam with ping rate 10 pings/sec. Stars show the intercepted locations [ XR_inter, YR_inter,
ZR_inter], The red line represents the intercepted fish track.

End: positions

Staft'-positions

Figure 3.12. Model of Five Fish Tracks.The blue lines are the fish tracks with the open
circles for the fish track locations [ X r, Y r , Z r ], The fish track is intercepted by the sonar
beam with ping ratelO pings/sec.The stars show intercepted locations [XR_inter, YR_inter,
ZR_inter], Red lines show intercepted fish tracks.

XR(m)

XR(m)

ZR(m)

Figure 3.13 41 Modeled Fish Tracks in XR- YRl XR - ZR, and ZR- YR Planes. Fish tracks are
plotted using sonar data in XR- YR, XR - ZR) and ZR- YRplanes. All figures represent the elliptical
sonar beam of 4.6° by 10.8°.ln the left figure, the blue ellipses represent the elliptical sonar beam.
In the middle figure, the red lines represent the elliptical sonar beam cross-section. In the right
figure, the red lines represent the elliptical sonar beam cross-section. The symbols *, o , and A
mark the fish location points. The lines between these symbols represents fish tracks.
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Chapter 4
Model of Single Beam Sonar and
Simulated Sonar Data
This chapter continues with modeling a single beam sonar system based on the
sonar equation, and presenting an analysis of the returned signal including pulse
amplitude, duration, distance, and fish echo overlap. This returned signal is found
after generating the fish track using the model of fish movement developed in Chap
ter 3. Lastly, simulated sonar data is generated using the sonar model. By compar
ing the fish count obtained from simulated sonar data with the actual number of
fish used to generate the simulated tracks, an estimate of the inherent uncertainty
in sonar method of fish counting can be found.
A general description of the sonar system and its components is given first
followed by the model for sonar including a description of the sonar equation and
a model for the sonar pulse. Simulated sonar data is then discussed. All the
elements of thesis are then combined (velocity distribution, fish movement model,
and sonar pulse model) to obtain a model of the real world situation of many fish
passing through the sonar beam. Finally, the effects of simultaneous multiple fish
tracks on sonar echoes and fish counting are considered.
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4.1

Sonar System Description

The single beam sonar is the oldest and still most widely used echo sounding
system. The single sonar beam system includes a transmitter/receiver, a pulse
generator, and a chart recorder. The transmitter produces a burst of electrical
energy at a particular frequency. This energy is applied to a pulse generator, also
called a transducer, which converts the electrical energy to acoustic energy by
sending out pulses into the water. These pulses are sent out in a directional beam,
similar to the beam of light produced by a searchlight [MacLennan and Simmonds,
1992],
The transducer in a single beam sonar system is constructed of an array of in
dividual ceramic tubes with steel head and tail masses. The material and arrange
ment are designed with low density backing material to ensure efficient transfer of
energy in forward direction into water. The ceramic tubes are held together by
a pre-stressing bolt. This type of transducer may be used to both transmit and
receive sound waves [MacLennan and Simmonds, 1992].
As the transmitted pulse of sound propagates through the water away from the
transducer it may encounter targets, such as fish. The targets reflect the sound
and energy returns toward the transducer. The transducer detects the returning
energy or backscattered sound, called an echo, and converts it to electrical energy,
which is the received signal. The time at which the echo is received determines the
range of the target or the distance of the fish from the transducer. The amplitude
of the echo is a measurement of the returned energy and is used to estimate the
size of the fish. [MacLennan and Simmonds, 1992],
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4.2

Sonar System Model

4.2.1

Sonar Equation

From the research performed primarily during the efforts of submarine warfare of
World War II, the basic sonar equation is well understood. This equation that
quantifies transmitting sound into the water, hitting a target, and returning to
the echo sounder includes properties representing the transmitting and receiving
instrument, the sound itself, the medium through which it travels, and the target
encountered. The instrument generates sound in a certain pattern based on its
physical design. The spatial pattern of the intensity of the sound is called the
beam pattern factor. The sound itself is described by its intensity in space and
time, which when traveling through any medium decreases depending on properties
of the medium. This decrease is called the attenuation and occurs during travel
before and after encountering the target. When the sound encounters a target,
the intensity of the reflection from that target relative to that of incident sound
is called the target strength. Often, the sound may encounter other targets not
of interest and provide returned echoes. When counting fish, these other targets
may include solid particles in the water, the river bottom, or even smaller fish of
other species. All of these echoes from unwanted targets are called reverberation.
Further, another unwanted signal called ambient noise exists in any system. This
noise is independent of reverberation and exists even when the transmitter is not
running. One useful quantity that includes properties of the noise is called the
signal to noise ratio, SNR. This ratio measures the strength of the signal above
the level of the noise and is usually reported in decibels. Further details of these
properties and their various relationships to each other are described in this section
culminating in the sonar equation.
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In calculating the signal to noise ratio of a pulse the following parameters are
needed: range, transducer beam pattern, attenuation, target strength, reverbera
tion level and ambient noise. The following discussion assumes that the fish is far
enough away from the transducer for calculations to hold, meaning the target is
in the farfield. If this assumption does not
are necessary.The

hold, modifications to the equation

far field rangecan be estimated using the following equation

[MacLennan and Simmonds, 1992].
Rb = j
where

Rbis the approximate range to the far field condition, a is the transducer

width or height, and A is the acoustic wavelength. If the array is rectangular then
the larger of the two dimensions should be used to calculate the far field range.
The received signal or signal to noise ratio (SNR) is calculated by: [MacLennan
and Simmonds, 1992].
RL = SL + TS + T L + B F
where:
RL = Received Signal Level or Received SNR Level (dB)
SL = Source Level or Reference SNR Level (dB)
TS = Target Strength (dB)
TL = Transmission Loss (dB)
BF = Beam Factor (dB)
SLis the SNR of a received pulse with a target strength of 0 dB located at a unit
distance from the transducer on the beam axis (TL = 0 dB and B F = 0 dB).
The target strength of the fish depends on its orientation, among other param
eters, with respect to the incident wave normal vector kinci(ient as shown in Figure
4.1. The orientation is defined by the angles

and 0*. The return energy is

calculated at the point on the fish where the incident wave falls normally. Target
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strength is modeled using previous results of a geometric model based on radii
of curvature, which indicate that for fish with swimbladders (such as all Pacific
salmon), most of the target strength contribution comes from the swimbladder
[Sonwalkar et al., 1999]. The expression for target strength is given by:
T S = 10 log ^

(4.3)

where:
______________________ A2B 2C 2____________________
1 2

[(

,4 4,

A2
cos (<j>k)2 + B 2 sin (fa )2) sin (9k)2 + C2 cos

A, B and C are the ellipsoidal axes of the simulated fish’s swimbladder. A is the
half length of the swimbladder in the direction from side to side, B is the half
length of the swimbladder in the direction from belly to dorsal fin, and C is the
half length of the swimbladder in the direction from nose to tail of the fish. 9k and
<fik are the incidence angles shown in Figure 4.1 [Ayers, 2001].
The noise level is calculated using the received SNR level and the amplitude of
the transmitted pulse. The noise level is:
N

dB= 0 - SNR,*#

(4.5)

The equation above assumes unit amplitude (0 dB) for the transmitted pulse
[Ayers, 2001].
Although the ambient noise can usually be filtered if the SNR is not too low,
reverberation is more difficult to remove. If the unwanted targets produce a pat
tern unlike that of the desired targets, it may be possible to eliminate those echoes.
However, often times this is not the case. For the model presented here, reverber
ation and background noise are modeled together as Gaussian distributed random
noise.

ZF

Figure 4.1. Angles of Incidence 0k and <j>k. Target strength is a function of incidence angles
0k, <j>k and is calculated using a recently developed model [Sonwalker et. al. 1999].
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The transmission loss includes the effects of spreading loss and attenuation.
The sound intensity is reduced by the inverse of the distance. In decibel units, the
one-way spreading loss is - 2 0 lo g # (where R is the range from the target to the
transducer), Sound loss also occurs through absorption, which is calculated using
an attenuation coefficient, a, based on the frequency of the transmitted pulse,
temperature and salinity of the water [Urick, 1983].
The reflected sound will also spread out and be absorbed upon its return to
the source in the same manner. Thus, the strength of the echo is further reduced.
The expression for the two-way spreading loss is given by:
TL = - 4 0 l o g # - 2 a #

(4.6)

The beam factor of the simulated transducer depends on the physical construc
tion of the element array. The simulated transducer is modeled as a rectangular
array with M = 32 elements in the

X Rdirection and N =

direction, where X R and YR are the x and y river coordinate directions discussed
earlier. The modeled elements of the transducer array are separated by

,

f

meters. An analytic beam factor function is used to calculate the energy intensity
at any point in the beam factor [Skolnik,1962].
s in ^ s in flx )

s i n ( ^ s i n 0 2)

m '° 2
)~ m sin (sfsin ft)

n s in (^ s in 0 2)

1

j

where b(9i,92)is the two-dimensional gain, m and n are the number of individual
elements in the X R and YR directions,

dxand

elements in the X R and YR directions, A is the acoustic wavelength, 0X is the offaxis angle in the X R-ZR plane and 02 is the off-axis angle in the YR-ZR plane. In
decibels, # (0 i

,d2)= lOlog(f>(0i,02)).

Finally, the sonar equation combining all of the above parameters is expressed

are the
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as the following: [Thorne, 1998]
RL = SL + T S - 40 log (R) -

+

, 92)

(4.8)

For any pulse sent out, propagating through the water, hitting a target, and
returning to the receiver, the amplitude of the returned echo can be calculated as
the receive level (RL) using the sonar equation. This provides an estimate of the
size of the target. With the time delay between transmitted and received pulses,
the range can also be found and thus a basic description of the target (distance
and size) can be given.

4.2.2

Transmitted Sonar Pulse M odel

The sonar pulse transmitted on the receiver is modeled as a finite duration cosine
pulse with finite rise and fall times. The rise and fall of cosine pulse are modeled as a
modulated half-period cosine waves on either side of a modulated rectangular pulse
[Pham, 1999; Ayers, 2001]. Figure 4.2 shows a 120 kHz transmitted sonar pulse
without noise. The pulse duration TP is the pulse period when the amplitude of the
pulse is at 100% of it’s peak value, and TR is the rise time where the amplitude of
the pulse passes from 0% to 100% or from 100% to 0% of it’s peak value. Tp is the
time delay from the initial transmission of the pulse to the pulse reception [Ayers,
2001]. Figure 4.3 shows a pulse with a SNR = 5 dB using the same parameters
as in Figure 4.2.
The amplitude of the transmitted sonar pulse is 200000 Pa ( 226 dB relative
to 1 /xPa) in this model. Using the transmitted sonar pulse model with the sonar
equation, received sonar pulse can be modeled. The amplitude of the received
sonar pulse depends on various factors described in Eq (4.8).

(ecOsjnsssjd
Figure 4.2. Simulated 120 kHz Sonar Pulse. Pressure = 200000 pa, fm= 120 kHz, fs
MHz,Tp=0.1ms, TR = 0.02 ms, TD = 0.08 ms and <|>= 0°.

Time(sec)

Figure 4.3. Simulated 120 kHz Noisy Sonar Pulse. Pressure = 200 000 pa, fm= 120 kHz,
fs= 1.2 MHz, Tp = 0.1 ms, TR = 0.02 ms, TD = 0.08 ms and $ = 0°, SNR = 5 dB.

S
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4.3

Simulated Sonar Data

Using the transmitted sonar pulse model with the sonar equation, simulated sonar
data can be obtained. Although the fish movement model is not used until the
next section, the fish location is essential in determining the SNR through the
sonar equation parameter target strength. The properties of the fish are first given
and then sonar data is simulated for one fish track.

4.3.1

Sonar Pulse Parameters and Fish Orientation

To simulate a received sonar pulse for a fish at the intercepted fish location, pulse
parameters are calculated using the orientation and size of the fish to determine
its target strength.
Figure 4.4 delineates the sonar equation calculations.
location[t,

The intercepted fish

X s, Ys, Zs] becomes the input along with reference source level SL

(or Reference SNR Level). The intercepted fish location is used to calculate the
distance R between the fish intercepted location and the sonar location, the offaxis angle in

X R-ZRplane <j>, and the off-axis angle in Yr-Z r plane 0, and fish

orientation \6V, <f>h,

0rou\.

The transmission loss (

T
L)is a function of the distance ( ) and is c

by equation (4.6). The beam factor (
The fish size

[Lf,

data on 610 sockeye salmon (

F)is calculated by eq
B
Hf ,

Bf ] is generated by a model of fish size th

O
ncorhynchusnerka) from Wood River and Coo

Inlet [Sonwalkar et al., 1999]. The length of a fish ( Lf ) is randomly chosen from a
normal distribution. The height of a fish

is randomly chosen from a normal

distribution conditional on Lf . The breadth of a fish ( Bf ) is randomly chosen from

Figure 4.4. Sonar Equation Calculation Flow Diagram. This diagram shows the steps
in calculating the modeled received pulse using the sonar equation calculation. Bold type
indicates user-specified inputs.
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a normal distribution conditional on both

and

In each case an extreme

value (outside 2 standard deviations of the mean) is rejected and another random
value which may be physically reasonable is chosen.
The fish swimbladder size is given by

where Ls is the length of

swimbladder, Hs is the height of swimbladder and Bs is the breadth of swimbladder.
[Ls, H s, Bs] is generated using a model that randomly calculates the swimbladder
size depending on the fish size [Lf , Hf ,
and

Ba
nd the volum

Vsare the volume of fish and swimbladder respectively). Usually q is 0.08 for

fresh water.
The target strength is a function of fish orientation [0v,<t>h,Qroii\ and the fish
swimbladder size [Ls, Hs, Bs], and is calculated by equations (4.3) and equa
tion (4.4). Using the sonar equation (4.2), the received SNR level (RL) is applied
by calculating the transmission loss (TL), beam factor (BF)and target strength
(:TS).

4.3.2

Simulated Sonar Data

The equation describing the received pulse is given by:
i
(t) cos(27r

f c(t- d
t )+ 0i) +

t(n)

<

<

k=1
where s(t) is the noisy pulse, n(t) is the Gaussian noise, f c is the carrier frequency,
td is the time delay, <t>is the pulse phase, and Tv is the pulse duration, Ai(t) is the
amplitude of the received pulse.
From this equation many properties can be ascertained. The time delay de
scribes the range from the fish to the transducer. The round trip pulse time delay
is:
td = 2

(4.10)

Tp)
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where td is the time delay (second), R is the range between the fish and the sonar
receiver, and c is the speed of sound in water. Let c= 1450 m/s.
To complete the model, the pulse phase and noise signal are modeled. The
pulse phase (fc) is between -180° and 180°, so a uniform distribution is chosen
to generate the pulse phase. The noise is added to the total signal (sum of echoes
from all the fish in the beam). The noise level is determined by choosing SNR
for a standard target (TS = 0 dB) 1 m away on thesonar axis.
wasestimated

The noise level

to be -40 to -50 dB below the typical sonar signal[Daum and

Osborne, 1996]. In this work, SNR is chosen between 40 to 50 dB using a uniform
distribution. One SNR is selected, noise amplitude is calculated from the amplitude
of the echo for a standard target. Using this noise amplitude and a Gaussian
random variable, samples of noise signal are generated.
The amplitude of the received pulse Ai(t) in 1 /rPa/m2 is a function of the
received level RL in dB:

M t ) = lo * 1' 20^

mz

(4.11)

where the reference pressure (Pre/) used for transducer measurement is 1 /zPa/m2.
Using sonar pulses in general to estimate the fish size creates problems due
to pulse elongation. Calculations starting with fish of known size show there is a
difference in the predicted pulse widths and the measured pulse widths, creating a
received pulse elongation, due to the orientation of the fish as shown in Figure 4.5.
In this figure, the fish is moving in a direction that is at an angle of 6 relative to a
line that is at right angles to the axis of the acoustic beam. Predicted pulse widths
were calculated using the following equation: [Ehrenberg and Johnston, 1996].

Pe — 2D sm d/c

(4-12)

where D is fish length in meters, 9 is aspect angle in degrees and c is speed of
sound in water(1450 m/s).

Figure 4.5. Fish Pulse Elongation.The fish is modeled as a simple scattering
surface of length D. The scattering level is assumed to be constant along the
extent of the scatter and the axis of the scatterer is at an angle 0 relative to the
acoustic wave front [Ehrenberg and Johnston, 1996].
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Figure 4.6 shows the received pulse generation algorithm. The received pulse is
modeled with f e = 120 kHz and sampled at f s = 1.2 MHz. The modulated received
pulse was squared and passed the low pass filter to obtain the demodulated received
pulse.

4.3.3

M odeled Multiple Fish Tracks Sonar Pulses

All the elements of thesis are then combined (velocity distribution, fish movement
model, and sonar pulse model) to obtain the simulated sonar data collected from
a model of the real world situation of many fish passing through the sonar beam
for a certain time interval.
Using one generated fish track from Figure 3.13 and modulated sonar pings, a
model of the received sonar pulse is obtained as shown in Figure 4.7. In the top
panel of Figure 4.7, the sonar ping (sonar ping rate is 10 ping/sec) with ping length
of one second is modeled. A total of six sonar pings are generated. The sonar pings
are sent and the echoes are received by the modeled sonar system. Considering
the time delay shown in equation 4.11, the received modeled signal is obtained
and shown in the middle panel of Figure 4.7. In the bottom panel of Figure 4.7,
the demodulated received signal is shown. In Figure 4.8, the top panel shows the
sonar ping at 1.5 second, the middle panel shows the received sonar pulse and the
bottom panel shows the demodulated received sonar pulse.
After considering only one fish track, the next step is to investigate multiple
fish tracks. The returned echoes of five fish tracks (also from Figure 3.14) moving
through the same sonar beam at random times and location are shown in Figure
4.9. This figure shows the sonar data with multiple fish contains fish echo overlap.
This information can now be used to analyze the data and determine a fish count.
In this process, the inherent uncertainty of counting fish using sonar methods can

Figure 4.6. Received Pulse Generation Flow Diagram. This diagram shows the steps in producing
the received pulse. Bold type indicates input parameters.
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Figure 4.7. Received Sonar Signals (Multiple Pings) for One Fish. One fish track was
intercepted by the six sonar pings and the received sonar pulses were modeled. The top
panel shows the sonar pings, the middle panel shows the received signals, and the bottom
panel shows the demodulated signals.

Figure 4.8. Detailed Sonar Signal (One Ping) for One Fish. One fish track was intercepted
by the one sonar ping,and received sonar pulses were modeled. The top panel shows the sonar
ping, the middle panel shows the received signal, and the bottom panel shows the demodulated
signal.
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Figure 4.9. Received Sonar Pulses for Five Fish. Five fish tracks were intercepted by the sonar
ping and received sonar pulses were modeled.The top panel shows the sonar pings and the bottom
panel shows the demodulated received signals.
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be estimated quantitatively.

4.3.4

Counting Fish Using Simulated Sonar D ata

A basic analysis of this generated sonar data from the model can be performed
using the echo-counting method. This method is used to count the echo number
and assumes the number of echoes equals the number of the fish. Figure 4.10
shows an example of the sonar data for three pings when multiple fish are passing
through the sonar beam and an expanded view of the echoes from the first ping. In
the top panel the fish number known from the simulated fish track data is labeled.
For the ping at 0.4 seconds, 118 fish have passed through the sonar beam but the
echo-counting method only counts 39 fish due to the fish echo overlap. To zoom in
on the time axis from 0.41 seconds to 0.42 seconds, the bottom panel shows how
the sonar counts the fish to obtain the estimate of 39. Thus only 33 percent of
fish are calculated. In Figure 4.11, the same expanded view from 0.41 seconds to
0.42 seconds is shown in the top panel. The bottom panel shows another expanded
view, from 0.4168 seconds to 0.4175 seconds, of a small portion of the overlap of
the received pulses. Although the portion in the top panel would not even be
counted as a fish, on the scale with finer resolution, it seems as though perhaps 5
fish have been missed.

4.3.5

Summary

In this chapter, the received sonar pulses are modeled based on the location of
the intercepted fish tracks. The pulse parameters, including target strength (TS),
transmission loss (

L, )sonar beam factor (
T

), and time delay ( ), are calcula

by the sonar equation. The noise and the pulse phase are also calculated. Simulated
sonar data is then constructed and used to determine the accuracy of the echo-
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Figure 4.10. Counting Fish. The top part shows the fish number passing the sonar ping and the
number counting from the echoes.The bottom part shows the echoes from the time 0.41 second to
0.42 second in detail.
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Figure 4.11. Received Sonar Pulses Overlap. The top part shows the echoes from the time 0.41
second to 0.42 second same as the bottom part in Figure 4.10. The bottom part shows overlap in
detail.
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counting method of fish counting. The inherent uncertainty is high especially with
fish echo overlap from several fish swimming past the sonar beam in a short amount
of time.
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Chapter 5
Summary and Suggestion for Future
Research
The basic idea of the sonar method involves fish passing through the sonar beam,
being detected as targets, and generating the sonar data. Thus, all of the sonar
methodologies fundamentally rely on the position and behavior of the fish in the
river with respect to the sonar beam. From this idea, two models were created:
the model of fish movement and the model of the single beam sonar system.
Although some patterns in movement have been observed in migrating salmon,
in general they move through the river changing direction and velocity at random.
This makes modeling of fish tracks a very challenging research task. The problem
is similar to attempting to predict the location and velocity of a player during a
basketball game. In developing the model of fish movement, a velocity distribution,
along with fish locations, was used to include all of the essential items needed. The
velocity distribution was analyzed from existing sonar data to be consistent and
accurate. In 1995, a USFWS group led by David Daum counted upstream chum
salmon in the Chandalar River [Daum and Osborne, 1996] using two split-beam
sonar systems. The sonar data from that experiment on 41 salmon were used to
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extract velocity parameters for the fish movement model.
Using the calculated velocity distribution a model of fish movement in space
and time was generated. By providing the initial location and the river bottom
profile, a fish track was generated for an individual fish. The model was then
built up to generate several fish tracks as a collective. Matlab m-files were written
to model many conditions of the fish movement problem including: generating
the time interval during which a fish does not change its direction and velocity,
determining the direction and velocity at each time interval, modeling the profile
of the river, imposing the constraints to keep the fish in the river, and fixing the
starting and ending conditions for one track and for a collection of tracks.
The research continued with modeling a single beam sonar system based on
the sonar equation, and presented an analysis of the returned signal found after
generating the fish track using the fish movement model. The single beam sonar
system model was also built using Matlab m-files. The received sonar pulse was
modeled based on the location of the intercepted fish track. The pulse parameters,
including target strength (TS), transmission loss (TL), sonar beam factor (BF),
and time delay (to) were calculated using the sonar equation. The noise and the
pulse phase were also calculated. Finally, the model obtained the received pulse
for each fish at each ping and used a low pass filter to demodulate the received
pulses.
All the elements of thesis were then combined (velocity distribution, fish move
ment model, and sonar pulse model) to observe a model of the real world situation
of many fish passing through the sonar beam. The effects of simultaneous multiple
fish tracks on sonar echoes and fish counting were considered. By comparing the
fish count obtained from simulated sonar data with the actual number of fish used
to generate the simulated data, an estimate of the inherent uncertainty was found
to be high especially with fish echo overlap from several fish swimming past the
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sonar beam in a short amount of time.
The fish movement model in this thesis can be tested by comparing the results
to those obtained by sonar used in the rivers. This will allow for improvements in
the model. Improvements to the fish movement model in this thesis are needed;
however, these could be difficult. Some problems that may arise with this method
include: lack of verification of the actual fish, low signal-to-noise ratio providing a
large amount of uncertainty in the demodulated pulses, and difficulty storing the
raw data to allow for the post-processing using the model. If a tank experiment
that simulated a river setting were possible it would allow for observation and
would be an ideal approach. However, it is outside the scope of this work.
The problem of modeling the fish movement is not completely solved. This
thesis presents simple models of fish movement and the single beam sonar system.
In the model of fish movement, it is assumed that the fish is a point object. In fact,
the fish is not a point. Considering the length, width and height of the fish, the
problem of fish overlap becomes complex. In the work, a model of the single beam
sonar system, a model for the received pulse was used to generate simulated data.
Future work will build on these results to actually enumerate fish and determine
the fish location, especially in the case of the overlap in the received pulses using
the split beam sonar.
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