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Animating Multiple Escape Maneuvers for a School of Fish

Sahithi Podila

Georgia State University

ABSTRACT

A school of fish exhibit a variety of distinctiveameuvers to escape
from predators. For example, they adopt avoid, @mtpand
inspection maneuvers when predators are nearbygkitser or fast
avoid maneuvers when predators chase them, oriefhiimtain,
split, and flash maneuvers when predators attaeftiAlthough
these escape maneuvers have long been studiealogypiand
ecology, they have not been sufficiently modeledcamputer
graphics. Previous works on fish animation onlyvied simple
escape behavior, lacking variety. The classic boiddels do not
include escape behavior. In this paper, we propobehavioral
model to simulate a variety of fish escape behawvioeaction to a
single predator. Based on biological studies, owdeh can
simulate common escape maneuvers such as compsmection,
avoid, fountain, and flash. We demonstrate our lteswith
simulations of predator attacks.

Keywords: 3D animation, Behavior animation, Fish schooling
behavior, Fish escape maneuvers.

Index Terms: 1.3.7 [COMPUTER GRAPHICS]:Three-
Dimensional Graphics and Realism - Animation;

1 INTRODUCTION

Fish school is one of the best examples of collectnimal
behavior and has been studied extensively in mdmiolegy and
ecology [1, 2, 3]. One of the main reasons for fistschool is to
better defend themselves against predators, agétiopt different
escape maneuvers to confuse and evade their pre@éi®, 6, 7,
8].
Fish and fish schooling behavior has been simulatedmputer
graphics [9, 10, 11, 12, 13, 14]. Most previous kgofocus on
simulating individual fish motion [10, 12] and adoReynold’s
boids model [9] for schooling behavior. HoweveryRald’s model
and its various extensions [9, 15] do not includeape behavior,
except for the obstacle avoidance [16] rules, wiiely be used to
generate the “avoid” maneuver. But the other escapeeuvers
exhibited by a school of fish cannot be easily gatesl by the
existing flocking models.

In this paper, we propose a fish school behaviodehdo
simulate more diverse and biologically more re@listscape
behavior. The current model can simulate five esaapneuvers:
compact, inspection, avoid, fountain, and flashth% core of our
behavior model is a set of state machines thabased on the
biological observations of fish school escape betdt7, 18, 19,
20, 21, 22].
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2 BACKGROUND AND RELATED WORK

2.1 Biological research on fish school escape behavior

There has been a lot of research on fish schoapesbehavior in
biology and ecology [4, 6, 8, 17, 19, 20, 21, 22%re we briefly
introduce the biological foundation of our work. IQuodel does
not distinguish different species of fish and wavdfrom different
biological studies to build our escape behavior ehod

Pitcher and Wyche [17] identified eight fish schamlasive
maneuvers: herd, avoid, flash expansion, fountgitit, vacuole,
hourglass, and cruise. Magurran and Pitcher [2Hntifled
additional maneuvers such as compact, inspectiwhshitter.

Our current model can simulate five common escageenvers:
compact, inspection, avoid, fountain, and flashr ®ehavioral
model for the compact, inspection, and avoid maasuare largely
based on the biological research by Magurran [28] Magurran
and Pitcher [21]. Our fountain maneuver behavioradiel is based
on the model proposed by Hall et al. [18]. TheHlasaneuver is
based on the observations made by Romey et al. [19]

We will add other escape maneuvers, such as hacdple, and
hourglass, in the near future.

Tunstrom, et al. [23] demonstrated that schoofigly can be
described in terms of the degree of alignment aglak of rotation
among group members. Using this model, they wele &b
simulate three distinct behaviors: swarm, polarinegtion, and
milling. Many others [24] have attempted to builcbdels to
describe collective motion in fish schools. Althbugese bottom-
up dynamic models are more biologically correctcmwork still
needs to be done before these models can reliebigrgte a wide
variety of maneuvers as observed in the real wdnstead, we
adopt a top-down approach where we build our sitimra to fit
the high level observations of fish school escagd@bior. This top-
down model is easier to control and tune for compahimations.

2.2 Fish animation in computer graphics

In computer graphics, some behavioral, mathematieaid
biomechanical models were proposed to simulate Hishavior.
These models can be largely divided into two caiego group
behavior simulation and individual behavior simidat

Reynolds [9, 15] proposed the group behavioral minde flock
of birds, a herd of land animals, and a schooistf. fThis model is
largely built on the rules of separation, alignmeoabhesion,
obstacle avoidance, and goal seeking. The origiualel does not
include the escape behavior, but the obstacle awoi [16] rules
may be used to generate the avoid maneuver.

Tu, et al. [10, 14] and Satoi, et al. [12] focusnmrily on
simulating individual fish behavior. Tu et al. [1D4] modeled an
artificial fish, using intention generator (braity motivate the
behavior routine. Eight behavior routines were nhedteavoiding
static obstacle, avoiding other fish, eating foodting, leaving,
wandering, escaping, and schooling. The schooligigabior is
largely based on Reynolds’ model. The escape behemitine, an
avoidance maneuver, chooses a motor controllertbagks either
turning left or swimming forward based on the pteda position
and orientation.



Satoi, et al. [12] modeled different sizes and ededlstructures
of fishes and proposed a unified motion plannerr@ggh to
generate various swimming styles. Their demonsinatiideo
includes some escape behavior, but little detagrevided. The
schooling behavior is largely based on Reynoldsidehoand their
escape maneuvers seems to be a type of avoidanaeite

Suppi et al. [11] presented an animation tool feriradividual
based model in fish schools but didn’t explicitigdaess escape
behavior.

Sahithi and Zhu [13] proposed a behavior modelinukate a
predator fish attacking a school of prey fish. Bu$ work focused
on the predators and did not address the preyefishpe behavior.

Wang, et al. [25] proposed a dynamics model foruiting
insect swarm behavior. The eleven parameters ®htloidel can be
modified to generate different swarm behavior, udahg escape
behavior. The accuracy of this model depends omsext motion
capture data from the real world. The authors dtiduat their model
may not apply to swimming insects. Li, et al. [263o proposed a
framework for simulating insect swarms. Althoughcagse
behaviour is not explicitly mentioned in this papire proposed
model can simulate obstacle avoidance behaviowgir Thodel is
also based on insect motion capture data, whishiliglifficult to
obtain.

Overall, escape behavior has received little atiantn the
previous works. In most of them, only the avoidan@neuver is
simulated. Our work is an attempt to address #sisé and our goal
is to simulate a variety of biologically realisescape maneuvers
in a school of fish.

The main difference between our models and theseirtgect
swarm models [25, 26] is that our model dependshoman
generated, high level biological observations, wot motion
capture data. While data-driven models provide nagrairate low
level simulation, our observation-driven models camulate a
wider variety of high level behavior patterns, swashthe escape
maneuvers described in this paper.

3 PREY FISH PERCEPTION MODEL

Prey fish’'s escape behavior is based on their péore of
predators. To simulate its escape behavior, we teeécst model
a prey fish’s perception.

In nature, a prey fish gathers information tlglouts eyes and
lateral line organs [27]. Our fish perception moddhargely based
on biological research but we also have to makel&ications and
assumptions. In addition to the visual and latpexiception, we
built a communication model for prey fish to senmt aeceive
information.

3.1 Visual Perception

Vision is an important sensory system for fishesl many escape
maneuvers are triggered by visual stimuli. A typftsh vision is
modelled with a field of view of 300 degrees sptarangle and a
blind angle of 60 degrees behind it [28]. Perasptength (L) is
the maximum distance a fish can possibly see aadig-defined
value (section 6.1). An object is visible if anyrtpaf it enters this
view volume unless another object is obstructimgview. The
vision model gives a prey fish two pieces of infation: object
visibility (V) and distance to object (D). The fiebf view @) is
determined by

6 = arccos ((P.Q)/|P|IQ]) Q)

The distance (B between a predator and a prey fish is calculated
from their positions B(xi, yi, z) and B (x;, i, 7).

I@: P]_(Xi, Vi, Zi) - B(Xj, Yis ZJ) (2)

A prey fish can see the object (V = 1) if an@lis in the range
-150° < 6 <150 ° and distance D is below the perception length
(D<L). (predefined in section 6.1).

3.2 Lateral Perception

In our lateral perception model, a fish detects #peed (S),
direction (Di) of the neighbors and predator, ameléxternal force
(F) through its lateral line. The external ripfdece Fr from an

object (R) perceived by fish i is given below.

k= mMr. Dir / (Tip) 2 (3)

mr is the mass of the external object and iB the distance
between fish i and external object Rip T the time delay for ik
to reach prey fish.iThe prey fish closer to a predator perceive a
stronger force through their lateral lines thanfisiethat are farther
away from the predator.

3.3 Communication System

A school of fish must have a way to communicate r@gno
themselves in order to move in the highly synchredi and
disciplined fashion as observed in the real wdtlas believed that
vision is important for schooling, and the latdiaés and sound
may play a minor role. Because the current biokagiesearch on
fish communication in a school is not detailed egioto build a
computational model, our communication model isskdp based
on biological studies [22, 29], with many assumpsio

We assume that communications are mainly betweighiners
in a school of fish. A prey fish transfers infortoat such as the
neighbor distance (NND) and the speed (S) and tihre¢Di) of
the neighbors and the predator. This informatiocoimmunicated
to the nearest neighbors’ and these fish furthed se to their
nearest neighbors and so on until the informatsospiread in the
fish school. If a fish has multiple transmitter gigbors, the
information is received from the nearest neighbor.

4 PREDATOR BEHAVIOR STATE MACHINE MODEL

Since the focus of this paper is the prey fish psdzehavior, we
adopt a relatively simple behavior model for thedator fish. The
predator behavior is categorized into three stqieiator present
(Pe), predator chase ¢f, and predator attack AP A predator may
switch to each of these states randomly. In thjgepawe only
simulate a single predator. In the future, we plansimulate
multiple predators attacking a school of fish sirmnéously.

5 PREY EScAPE BEHAVIOR STATE MACHINE MODEL

Our escape behavior model is an extension of Reghéibcking

behavior model. Each prey fish follows the samedlion (Di) with

the same speed (S), with some randomness addetisidrol
avoidance is handled by maintaining a minimum distawith

neighbors (NND). This avoidance rule applies tohea¢ the
maneuvers discussed below.
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Figure 1: Prey fish escape behavior state machine.

Figure 1 illustrates the overall prey fish escapbdvior state
machine. The escape maneuvers are grouped bastx dinree
predator states (section 4). This state machitergely based on
biological research [18, 21, 22]. Among the escag@euvers in
figure 1, we have implemented compact, inspectiangid,
fountain, and flash. Simulating other maneuvers lvélpart of our
future work.

The compact, inspection, and avoid escape maneusers
triggered when a predator is detected by visiocti@e 3). The prey
fish school usually switch to a compact maneuvhe fiext tactic,
if there is time, may be to inspect the predatorthis case, the
amount of time for the fish school to perform thempact
maneuver (T) should be greater than the time tpeicis(Tr), and
the predator has not started the attack or chaBg &~ Pc).
Otherwise, they start the skitter maneuver. The fiish school
swim away from the predator (avoid maneuver) if pnedator is
dangerous, otherwise they continue the compact nvanelpc is
the distance between the predator and the cerdfdlte prey fish
school. When the prey fish school reach the thidskwoid
distance ([ar) away from the predator €3 >= Dar), they switch
to the compact maneuver.

Skitter and fast avoid are the maneuvers exhibitedng the
predator chaséPc). Fast avoid, which is similar to avoid but with
higher speed, is exhibited when the predator iwvelgtstalking.
This maneuver is often preceded by a group skiftesh, and
followed by a compact maneuver. Skitter maneuveroften
preceded by the compact maneuver when there imeda inspect
(T< Tr (Tir o Dro) &Pc). Based on the statistics [21], individual
skitters are less frequent (5 times) than groupteski If each
individual fish starts skittering and reaches tkiter distance (d=
Ds), then they end up in the avoid maneuver.

The flash, fountain, split, and hide maneuvers thee costly
maneuvers in reaction to a predator’s final strikee flash and
fountain maneuvers are exhibited randomly by pigly $chool. It
has been observed that the flash maneuver is éattibiiice more
often than the fountain maneuver [21]. After theesi maneuver,

the prey fish school may return to the fast avaéédes(fr = 0) or
the split maneuver if the predator’s ripple foré&) is more than
the threshold force (&> Fr). Fris defined in section 6.1.

Similarly, after exhibiting the fountain maneuver,prey fish
school switch to the compact maneuver i+ 0 or to the split
maneuver if iz > Fr. After the split maneuver, they switch to the
compact maneuver if the nearest neighbor distanedthin range
(NND < NNDy). The nearest neighbor distance threshaitD- is
defined in section 6.1. Otherwise, they go to tioke Imaneuver.

5.1 Compact Maneuver Behavior Model

The compact maneuver is similar to the normal scfamation
but the distance between fish is smaller. The catpaneuver is
divided into two states: alert and reaction (figRye

5.1.1 Alert State

Once a predator is sighted, the school of fishrethie alert state.
The transmitter fish who see the predator (V=1,s&stion 3) start
the communication and transfer the new neareshheigdistance
(NNDn) and new speed (¥ to its neighbors. The receivers then
enter the alert stat®INDy and S for prey fish is given below.

NNP= NNDc/ fq, 4
where NNIx is the current nearest neighbour distance and f
represents the distance factor value (section lful)varies with
respect to the type of the maneuver.
S Sl (5)
where 3 is the current speed of prey fish asdédpresents the
speed factor (section 6.1) but varies with respethe type of the
maneuver.

5.1.2 Reaction State

In this state, each prey fish moves closer to éighbors with the
new nearest neighbor distandéNpOy) and cruise with the new
speed $\). Each prey fish enters the reaction state atmifft times
because of the time delay in communication. Thereimsed



polarization and reduced neighbor distance resula icompact
school. After every prey fish reaches this state, fish school
exhibit the compact maneuver for a time period (T).

V=1&P,

Compact Maneuver

Alert State

NNDy=|NNDc/ fg& Sy = S* fs

Reaction State

T>Tr (Trr(l DPC) & ~Pa

&spection Maneuv%r L Skitter ’

Figure 2: State machine of the compact maneuver.

5.2 Inspection Behavior Model

The prey fish use the inspection maneuver to gdtifermation
(danger = “yes” or “no”) about the predator. This information
gathering task can be performed by either indiVidisa, a small
group, or the entire fish school. But most of tingetthe inspection
is performed by a small group ranging from oneifteén percent
of the fish school [21]. Each fish in this smallogp is called
inspection leader (). The state machine of the inspection
maneuver is given in figure 3.

5.2.1 Alert State

The prey fish school enter the alert state if thedptor does not
chase or attack for a specific periodr{T After all the prey fish
enter the alert state, the inspection lead@fsgle chosen based on
their distances to the predatord{D If a prey fish is regarded as
leader, thenil = 1, otherwiseil=0.

5.2.2 Reaction State

If a prey fish is chosen as an inspection leatien tt will have two
sub-states: divide and share. The other prey filhmaintain the
compact maneuver.

Divide Phase
The inspection leaders are given new directiong (Dwards
predator and new speedfSThey swim away from the group after
Tir time and go near the predator to assess the danger
Inspection distancerd): The inspection distance is how close the
inspection leaders get to the predator during apdaotion. This
inspection distance is generally four to six bodggths of the
predator.
Inspection time ¢): The inspection is usually performed for a
few seconds to learn the motive of the predator tmeh the
inspection leaders swim away.i$ defined in the section 6.1.

Share Phase
The information danger = “yes” or “no” ) is shared among the fish
school using the communication system describedtian 3.3. If

Compact Maneuver

T> T|T (Trra DPC) & ~‘PA &~ Pc & Pp

I nspection Maneuver

Alert State
Choosei.
Divide Phase

Reaction State
Itspang & bc= Ip

liL=0
Share Phase

¢ Danger “Yes” & Dpc< Dat

Figure 3: State machine of the inspection maneuver.

Compact Maneuver

Danger “No”

the predator is deemed dangerous, then the fishobemter the
avoid maneuver, otherwise, they maintain the companeuver.

5.3 Avoid Maneuver Behavior Model

In the avoid maneuver, a school of prey fish alteir course to
escape from the predator. The avoid behavior msy fallow the

skitter behavior (figure 1). The avoid maneuvesiiilar to the

compact maneuver but the fish closest to the poedabve even
closer to each other while moving away from thelpter. The state
machine for the avoid maneuver is shown in figure 4

d = Ds(Skitter distance)

bnspection Maneuve}
Danger “Yes” & Dpc< DAT\

Avoid Maneuver
Alert State

Choose A

Reaction State

NNDy= NNDc/ fg, Sy = Sc* fs & new

Alter Phase

Dpc>= Dar

CompactManeuve

Figure 4: State machine of the avoid maneuver.
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5.3.1 Alert State

In this state, the avoid leadersi(Afirst enter the alert state and
send the information throughout the fish schook &koid leaders
are determined in a way similar to the inspectieaders (l in
5.2.1).

5.3.2 Reaction State
The reaction state has two sub-phases: compresaltend

Compress phase

In the compress phase, the avoid leaders moverdimsach other
with the new neighbor distance NNIeg. 4), direction Di (away
from the predator), and speed &qg. 5) This information is
transferred to the neighbor fish. To alter the gatthe entire fish
school, a critical number of 16% of the fish needbe in the
compress sub-phase [21].

Alter Phase

In the alter phase, when the avoid leaders begiwim away from
the predator, the rest follow. After the schoolcteahe avoid
distance Prc>=D A1), they go back to the compact maneuver.

5.4 Fountain Maneuver Behavior Model

The fountain maneuver occurs when a predator attackn behind
a school of fish. The fish school splits up andhthejoins behind
the predator. During the split, the prey fish irse speed and swim
towards the predator’s tail. The predator cannsityeenake a sharp
turn to catch them. This was termed “fountain maeeu by
Pitcher [30]. The behavior model for the fountaimmauver is
divided into two states: alert and reaction. Tla¢esinachine for the
fountain maneuver is shown in Figure 5. It is assdrthat the
fountain maneuver is triggered by a predator attacthe centroid
of the fish school from behind. Because the fisinca see behind
them, this attack is sensed by their lateral liizestion 3.2).

5.4.1 Alert State

Each prey fish enters the alert state after serthimgpple force (F
= Fir) from the predator. This force reaches the pigydit different
times as described in section 3.2.iiE stronger than the threshold
force (Fr), then the fish school will enter the split maneuv

Random (0, 4) =3, F=k&Pa
Fountain Maneuver

Alert State Fr> Fr
-

lS:&&FiR>GiP

Reaction State

Repulsion Phase

Fir < Gip

Regrouping Phase

Fir=0

[Compact Maneuvea [ Split state

Figure 5: State machine of the fountain maneuver.
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5.4.2 Reaction State

The reaction state is comprised of the repulsioth @yrouping
phases. In the repulsion phase, the prey fish isplittwo groups
from the centroid (¥ Y, ) of the school and are pushed away from
the predator with the ripple force stimulifF As the repulsive
force decreases and the gravity pulling force iases, the prey fish
enter the regrouping phase.

Repulsion Phase (Fir > Gip)
The force kr from the predator pushes each prey fish to turayaw
from the predator’s path. While the prey fish aushped aside by
the predator's force, they are still attracted kit original
positions. This original position is the gravitynter (Gc) for each
prey fish. The gravity force (& pulling each fish towards its
gravity center and the repulsive forcerffpushing away from the
predator act as balancing forces, creating theecupath for each
prey fish (figure 6) and the fountain pattern foe fish school.

The prey fish closer to the predator are pushed &watronger
forces (Fr) and their curved paths have larger radii. Théusadf
a curve (R for a prey fish i is given below.

R= C/ Dip, (6)

where Gis a constant value, determined based on the dimnga

and DCp is the distance between the prey fish (i) andptreelator

(P).

Regrouping Phase (Fir < Gip)

The regrouping phase starts when the influence of teegior’s
force decreases and the prey fish try to reach gravity center
Gic. The influence of k from the predator decreases as the prey
fish move farther from the predator. In the meantithe gravity
force pulling the prey fish towards their originabsitions (Ge)
grow stronger. The forcefenables individual prey fish to monitor
the threat and respond accordingly. After reachimr Gc, the
prey fish try to form a school.

5.5 Flash Maneuver Behavior Model

The flash escape maneuver is triggered by a prégédittal attack.
Our behavior model is based on a detailed andbysiRomey et al.
[19]. The flash maneuver behavior is divided i tstates: alert
state and reaction state (Figure 7). The reactiate §s further
divided into the explosion and regrouping phasexhEstate is
described below.

5.5.1 Alert State

After sensing the ripple force (F &r}Ffrom the predator, prey fish
enter the alert state. The force stimulg)from the predator causes
the prey fish to startle for a few secondg (i random directions
with increased speed (eq. 5) before they explodé¢hén flash
maneuver. Jis defined in section 6.1.

5.5.2 Reaction State

Explosion Phase
After a certain amount of time {Tin the alert state, the prey fish
enter the explosion phase. First, we define a 3dinate system
with the origin at the centroid of the school, witle x and z axes
as the horizontal axes, and the y axis as thecabgkis. Each prey
fish’s path is calculated based on its angle)(®jth the x-z plane,
horizontal distance (§ and vertical distance \{jl from the origin.
The horizontal escape anglen) is calculated based on its angle
(Sp) with the x-z plane and its horizontal distana@ (@he vertical
escape anglea() is determined by considering the range of the
vertical axis (v) for the group and vertical distancei(dor each
prey fish (i). These angles are used for rotatiaghefish in the
explosion maneuver.

Suppose that x-z is the horizontal plane and lygssertical axis,
(xi, yi zi) is " prey fish position, and ¢xyc, z) is the group centroid.



ym is they co-ordinate of the top most prey fish, & CFir 31

yn is they co-ordinate of bottom most prey fish. Cz, C3, and Gare constants, which are determined based on the
We calculate the aforementioned parameters asafsllo simulations.

Sp=z%-z/%—X (7)

Chi = X — % (8) Regrouping Phase

i = Yo — M 9) After time Te, each prey fish turns back towards its originaiion

v =Ym—Yh (10) with its normal speed (§. When they return to their original

position, they enter the fast avoid maneuveridfdgreater than a
threshold force (F defined in section 6.1, the school will enter the
split maneuver.

Predator path

SN=&/fs (14)
6 RESULTS

6.1 Implementation Details

We implemented the proposed behavioral models ity 3. The
3D models for the prey fish and predator were olgt@ifrom
Unity's asset store. The values for the key pararsetn our
behavior models are listed below. The result ofsitnulations will
be discussed in the subsequent sections.

Table 1: Values for the key parameters
Figure 6: Forces acting on the prey fish.

Parameter Value
Threshold nearest neighbour distance (NND 4.0
Inspection time ) 0.3
Inspection distanced) 3
Perception length (L) 10.0
Random (0, 4) > 3, F =K & Pa Threshold force (B 20
Startle time (%) 0.01
Flash Maneuver Time in compact maneuver 0.9
Alert State  |[ER>F1 Skitter Distanc_e (E_) 1.0
Threshold avoid distance £b) 6
N Speed factor §f 3
Fs&T=T
S=S ° Distance factor ) 2
[ ] Reaction State
ExplosionPhas 6.2 Compact Maneuver
Figure 8 shows the compact maneuver where allisheafe in the
T>Te, FR<F & Sn= Sc/ Fs reaction state, swimming with twice the normal spee

RegroupingDhasla

Fir=0 & P1(X, ¥, 2)

=0
o e
FastAvoid

Figure 7: State machine of the flash maneuver.

The horizontal escape angte) for each prey fish is given by

an = C2*Spi (11)
an is positive if di is positive (fish is located to the right side of
the centroid) and is negatiifedhi is negative (fish is located to the 6.3 |nspection Maneuver
left side of the centroid).
The vertical escape angley) for each prey fish is given by

Figure 8: Compact maneuver.

The inspection maneuver is shown in figure 9. Tihgpéction
leaders (L, Iz, IsL) are gathering information from the predator.

ay=Cs(r/ di) (12)
av is positive if di is positive (fish is above the centroid) and is
negativef d.i is negative (fish is below the centroid).
Prey fish rotate either clockwise or counterclodevbased on
the direction ofw and av. Prey fish stay in the explosion phase for
a time (&) based on predator’s force stimulifjFand is given by
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Figure 9: Inspection maneuver with three inspection leaders Iy, Iz,
|3|_.

6.4 Avoid Maneuver

Figure 10 shows the avoid maneuver. The greenecimdrks the
fish (leader) who are starting to compress witheav mearest
neighbor distance (NND = 1.0). NNDu is communicated
throughout the fish school, and the school enteratbrt state with

an increased speedn(&4.0). They move away from the predator

to a distance B = 6.0

Figure 10: The prey fish in the green circle are starting to compress
and ready to transfer into alter phase.

6.5 Fountain Maneuver

Figures 11 and 12 are the frames captured fromfdhatain
maneuver’s reaction state. Figure 11 illustratasah the prey fish
are in the repulsion phase of reaction state. Eid@rillustrates the
regrouping phase of the reaction state.

Variations in the repulsive forces result in diffet prey fish
taking different curved paths as shown in FigureTiHe force is
generated based on the size of the predator anlistaece between
the predator and prey fish.

Figure 11: All the prey fish are in the reaction state (repulsion
phase).

Figure 12: Fishes are in the reaction state (regrouping).

6.6 Flash Expansion Maneuver

Figures 13 and 14 are the frames captured frorfiable expansion
maneuver. Figure 13 shows the fish exploding infecdht
directions.

Because of its size, the predator cannot easilyatieyrom its
path and take a sharp turn, so it continues to nfarveard. Figure
14 shows the prey fish turning back. Once the sckgplode, the
prey fish move away from the centroid of the schwith triple the
speed. If they sense no immediate threakf®, then they will turn
back and start moving towards their original posis with their
normal speed. Once the prey fish reach their calginsitions, they
form school again.

Figure 13: The fish are in the reaction state (explosion phase).

Figure 14: The fish are in the reaction state (regrouping).

7 CONCLUSION, LIMITATIONS, AND FUTURE WORK

A school of fish exhibit a variety of escape mareswvhen they
are under attack. However, the existing fish bedravhodels



developed for computer graphics cannot simulateh sligerse

behavior. To address this issue, we have develapeh escape
behavior model to simulate a variety of biologiga#alistic escape
behavior. Specifically, we have developed a settatie machines
that specify the transitions between multiple escamneuvers.
Our current model can be used to simulate five commscape
behavior: compact, inspection, avoid, fountain, fladh escape
maneuvers. This behavioral model is largely bagedbiological

observations and research. Our simulation restdtverified and
compared with the patterns visualized by Pitcher\afyche [17].

Our simulation results are also comparable to timalye of real
life fish escape behaviors.

Our model relies on high-level human observatiofsfigh
escape behavior in the form of state machines uhllerlying fish
school simulations are tuned to fit these statehim@s. Therefore,
our animations can be seen as "scripted" -- thepespatterns are
limited to the ones in the state machines. To adekwa escape
pattern, one modifies the state machine and ceatenderlying
behavior simulation model. On the other hand, & tdynamic
model may generate emergent behavior in a schofidlofand is
more biologically correct. A new maneuver is crdaly adding
and tuning system parameters. Although such dynamoitels are
highly desirable, we still do not have enough rededata to create
a dynamic model that can reliably and naturallyeyate a wide
variety of escape behavior. At this point, "scrifftdish school
animation provides better control and stability foomputer
animation. However, moving towards a truly dynammodel for
fish school behavior remains our long-term reseguzi.

In the near future, we will continue to developrenmodels for
fish escape behavior, such as bait ball, hourgiiss\We also plan
to simulate multiple and simultaneous predatorcktta
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