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Fish maneuver analysis system based on sequence images
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Abstract: The aim is to establish an automatic system to analyze
the maneuver performance of fish. A high speed camera (1 000
frame/s) is employed to record fast-start maneuver. Three steps
are taken to analyze the kinematics: first, the midline in the first
image is partitioned into equal interval lengths and the
coordinates of all inter segmental points are saved. Secondly,
these points coordinates are searched in the next frame with the
digital image correlation ( DIC) method, then these points are
fitted with a spline curve function. Repeat this step until all the
midlines are figured out frame by frame. Finally, according to the
variety of midlines, the kinematics of the fast-start is calculated.
Using this system to test carp C-start, the duration is divided into
two stages: stage 1 is defined as the formation of the C shape and
stage 2 as the return flip of the tail followed with forward
motion. By tracing the middle line, the kinematic parameters of
turning rate, centre of mass (CM) turning rate, CM turning
radius, etc. are obtained.
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ast-starts are brief, sudden accelerations used by fish
during predator-prey encounters. In the bionics field,
fast-start maneuvers have received a lot of attention, such as
the kinematics and performance of fast-starts in fish, kinemat-
ics types, distance-time performance characteristics, scale and
temperature effects, turning angles and radii, and the rele-
vance of fast-start performances in predator-prey interactions.
Although escape responses are continuous events, they are
often classified into distinct kinematics stages''. Initially, the
body of the fish is bent into a “C” shape due to a unilateral
contraction of the body musculature. The C-bend is then fol-
lowed by a corresponding return flip of the tail”. Though C-
start duration occurs only in a second, high-speed camera can
instantaneously record this process and fish body shape can be
identified accurately in each frame. Most studies'' ' manually
found the midline ( starting with the snout, along the spine
and finishing at the tip of the tail) kinematics track. This is a
tedious job, particularly when the dataset consists of hundreds
or thousands of images. Obviously, the artificial frame-by-
frame analysis method to obtain the midline track is unrealis-
tic and inaccurate, so the aim of the present study is to estab-
lish an automatic system to analyze the maneuvering perform-
ance of fish fast-starts. This system includes three steps: First,
partition the midline in the first image into equal interval
lengths and each inter segmental point coordinate is saved.
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Second, search these points coordinates in the next frame with
the digital image correlation ( DIC) method, and then fit these
points with a spline curve function. Repeat this step until all
the midlines are figured out frame by frame. Finally, accord-
ing to the variety of midlines, calculate the kinematics of the
fish. Using this system involving the carp, we have obtained
the parameters of the turning rate, the centre of mass (CM)
turning rate, the CM turning radii, etc. The results show that
this system can obtain more accurate kinematics data.

1 Materials and Methods
1.1 Experimental carp

Carp were caught from a local dealer and held in a glass
tank supplied with aerated water. The water temperature was
maintained between 24 C and 26 C. The position of the cen-
tre of mass (CM) was determined as follows: The killed fish
was hung from one point along its body profile; the proce-
dure was repeated for another point; the crossing point of the
two straight lines descending from the hanging points indica-
ted the CM. The CM point is from the tip of the head to
0. 37 of the body length.

1.2 Experimental setup

Fig. 1 illustrates the experimental setup. A single carp is
transferred to a glass tank placed in the middle of a glass tank
(600 mm x400 mm x 300 mm), surrounded by a black plastic
screen. The fish can see neither the approaching stimulus nor
the investigator. The fish is left in the experimental tank for at
least 30 min prior to filming. The experimental tank is illumi-
nated by two 100 W fiber optics illuminators and escaping re-
sponses are elicited by manually thrusting a pole towards the
body of the fish. The filming rate is more than 1 000 frame/'s,
using a high-speed CCD camera on Photron Fastcam 512PCI.
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Fig.1 Experimental setup

1.3 Digital image correlation method

The DIC method"*” is based on the statistical principle.
For two images, one taken before and one after, the light in-
tensity distribution at each point on the surface is unique and
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the distribution in light intensity about a particular point (x,
y) can be described by the grayscale matrix F(x, y) over a
selected subset of the digital image. With deformation of the
object, each position of the surface (x, y) is assumed to exist
at a new location (x*,y"). The in-plane surface displacement
can be determined by finding the position of the light intensi-
ty distribution G(x", y") that most closely resembles the o-
riginal distribution F(x, y). The location of G(x*,y") can be
obtained by finding the position with the minimum correla-
tion coefficient C according to Ref. [6] (For two m x m ima-
ges, their distributions of gray values are f(x,, y;) and

g(x,y") (i,j<m), respectively):
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The images are fully correlated if C =0, and they are non-
correlated if C=1.

In digital image correlation, a set of neighboring points in
an undeformed state is assumed to remain as neighboring
points after deformation. Fig. 2 schematically illustrates the
deformation process of an object. Circularity 7 ( see Fig. 2
(a)) is a reference sub-image and circularity 7" ( see Fig.2
(b)) is the corresponding deformed sub-image. In order to
obtain in-plane displacements # and v of point M (the cen-
tral point of 7), sub-image 7T is matched with sub-image 7"
using a correlation operation. If subset T is sufficiently
small, the coordinates of points in 7" can be approximated
by the first-order Taylor expansion as follows:
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where u and v are the displacements of the subset center in
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Fig.2 Schematic diagrams of the deformation relation ( Cir-
cularity represents template). (a) Before deformation; (b) After
deformation

x and y directions, respectively. In the traditional DIC, the
quantities u, v, du/dx, ou/dy, dv/ox and 9v/dy are evaluated
iteratively and determined from the position with the mini-
mum correlation coefficient C.

Minimization of the correlation coefficient C is a non-lin-
ear optimization process and the Newton-Raphson iteration
method is used in the implementation of the process.

To achieve sub-pixel accuracy, interpolation schemes
should be implemented to reconstruct a continuous gray val-
ue distribution in the deformed images. Normally higher-or-
der interpolation provides more accurate results, with the
limitation of requiring more computation time. The choice of
different schemes depends on different requirements; the bi-
quartic spline interpolation scheme is used in this paper.

The high-speed camera system collects a series of images
and saves these images with automatic numbering. Normal-
ly, the more images collected at a unit, the less deformed
distinctions in two neighbor images. In order to obtain sig-
nificant correlations, the frequency of the high-speed camera
operating over 1 000 frame/s is necessary for catching fish
fast-start maneuver frames.

The series images are ordered by time. Through figuring
out the position of the selected point in the serial images by
the DIC, the trace of the point varying with time can be ob-
tained.

This paper implements the relevant search by taking a cir-
cular subset as the template, and a calculation point as the
center. This will avoid any influence on correlation results
from rotation of the test object, especially the fast turns of
the fish, as shown in Fig. 3.
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Fig.3 The circular subset before and after rotation. (a) Be-
fore rotation (0°); (b) After rotation (rotating 20°)

2 Experimental Results
2.1 The serial midlines of fish in C-start

The serial silhouettes of carp escape responses are shown
in Fig. 4. The frame at the time of 36 ms is the end of stage
1. The midline of the carp in the first frame is partitioned in-
to 0. 05L equal interval lengths and all the inter-segmental
points (the solid dots) are shown in Fig. 5. The displace-
ments of these inter-segmental points in the next image can
be obtained with the DIC method, and then these data are
applied to form the midline using a spline based on a curve
fitting technique. Repeat these steps to process two neighbor
images until all the midlines can be figured out, as shown in
Fig. 6. The time interval is 4 ms. Fig. 7 shows the track of
CM.
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Fig.4 Silhouettes of carp fast-starts (Numbers indicate time in ms. )

Fig.5 Intersegment points on midline

Fig.6 Track of C-start
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Fig.7 Track of CM

2.2 The Kkinematics results

The C-start kinematics results are given in Tab. 1. The

body length of the test fish is 95. 5 mm.

The C-start duration is divided into two stages: stage 1

Tab.1 C-start kinematics results

Stage 1 Stage 2 Stage 1 Stage 2 Mean stage 1 Maximum stage 1 ~ Maximum stage 2~ CM rate/ Turning
duration/ms  duration/ms  angle/(°) angle/(°) rate/((°) -s™1) rate/((°) -s™") rate/((°) -s ") ((®)+s™) radius
36 11 118 8 3278 3750 750 4 305 0. 068L
is defined as the formation of the C shape and stage 2 as the
return flip of the tail associated with a forward acceleration. References

The total turn angle is defined as the sum of the turn angles
of stage 1 and stage 2.

The stage 1 angle for the anterior part of the body is de-
termined by measuring the angle between the straight lines
passing from the center of mass to the tip of the head at
frame 0, and at the end of stage 1, the stage 2 angle is ac-
quired in the same way.

The rate of turning, during stage 1, of the CM of the fish
when stretched straight is calculated by measuring the arc of
the turn of the CM divided by the duration of stage 1.

The radius of the path of the CM throughout stage 1 is
calculated and defined as the turning radius.

3 Conclusion

This paper presents an automatic analysis system to ana-
lyze the kinematics of fish fast-start. Using this system with
carp, we have obtained the parameters of the turning rate,
the CM turning rate, the CM turning radius, etc. The results
show that this system can obtain more accurate kinematics
data.
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