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a  b  s  t  r  a  c  t

Social  foraging  of large  herbivores  shows  collective  behaviors  of movement  and  grazing.  Conspecific
effects  and  interactions  between  individual  and  food  distribution  are known  as  important  factors  to
influence  foraging  behaviors  of  sheep.  Many  rules  of movement  have  been  designed  largely  depending
on  conspecific  effects.  However,  few  simulation  methods  consider  individual  interactions  with  food  dis-
tribution.  In  this  paper, we first  introduce  instinct  of  feeding  to  represent  individual  interaction  with
currently  located  patch  and  then  propose  a novel  friction  based  social  force model  to  simulate  different
behaviors  in  social  foraging.  Friction  force  quantifies  individual  instinct  of feeding  on  currently  located
patch  since  conspecific  effects  and  attractions  of food  in  other  patches  are  external  forces  causing  posi-
ulti-agent simulation
riction
ocial force model
ecision process

tional  adjustment.  In our  model,  agent  decides  to move  if external  forces  are  larger  than  current  friction
force  and the  destination  patch  can  provide  enough  friction  force  to resist  external  forces.  This  result
shows  variable  effects  of instinct  of feeding  on social  foraging  and  exhibits  typical  tortuous  migration
paths  and  departure-following  collective  movement  of  sheep  flock.  Our  model  emphasizes  the  impor-
tance  of  individual  interactions  with  food  distribution  and  may  provide  new  insights  into  the  mechanism

on  pr
governing  internal  decisi

. Introduction

During social foraging, large mammalian herbivores show
ollective movements, dynamic spatial patterns and grazing behav-
ors. Conspecific effects represent the actions and interactions of
ndividuals which are essential factors inducing collective behav-
ors (Couzin and Krause, 2003). Many real field data have reported
omplex behaviors during social foraging caused by the interac-
ions between animals and food distribution (Adler et al., 2001; de
negt et al., 2007; Dumont and Hill, 2004). For example, move-
ent of bighorn sheep always involves feeding behaviors which

ause low migration speeds, winding trails and short movement
istances (Woolf et al., 1970). Furthermore, de Knegt et al. (2007)
ound that goats (Capra hircus)  could modulate speeds and tortu-
sity of movement paths according to different patch densities.
ifferent from these wild herbivores, sheep (Ovis aries) keeps most
f time stationary to feed in grazing case (Pillot et al., 2010).
eanwhile, a motivational conflict between conspecific effects

nd attraction of food appears: sheep may  feed on less-preferred
atches (Dumont and Boissy, 2000; Sibbald and Hooper, 2004) in
rder to stay close to other flock members when food is distributed

nequally in discrete patches, but some “bold” sheep may  move
o new patches ignoring other flock members (Michelena et al.,
009). The motivational conflict indicates the largely unknown
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E-mail addresses: lizhaofeng@live.cn (Z. Li), yjiang@seu.edu.cn (Y. Jiang).
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mechanism governing individual decision process which is a cen-
tral issue to the study of collective behaviors (Conradt and List,
2009). Simulation model is a powerful method of visualizing the
dynamic real world phenomena and helps to reveal the inter-
nal mechanisms if simulation results accord with real field data
(Baumont et al., 2004; Parsons et al., 1994; Vicsek and Zafeiris,
2012). However, many related works such as consensus decision
model and self-propelled model nearly overlook individual inter-
actions with food distribution.

In consensus decision model, individual decision is made col-
lectively with other flock members to reach a consensus about
certain behavior (Conradt and Roper, 2005). Conspecific effects are
the main factors in decision processes (Dyer et al., 2009b; Kendal
et al., 2004). Many works have suggested that animals process
stimulus-response functions and perform certain behaviors based
on a voting procedure (Sueur et al., 2009) or a quorum of group
members (Pratt et al., 2002; Ward et al., 2008). Pillot et al. (2010,
2011) observed and analyzed the departure-following behaviors of
sheep: collective movement of certain direction was  elicited by an
incidental motion of individual. It has been suggested that individ-
ual decision to move depends on the already-departed members
and non-departed members, as sheep moves one by one instead of
simultaneously running if the departure of one sheep successfully
triggers the collective movement (Pillot et al., 2011).
Self-propelled model is a widely adopted simulation method
to quantitatively interpret the macroscopic states of collective
movements (Vicsek et al., 1995). Vortex, finger-like structure and
parallel marching are well-known orientational patterns of fish
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http://www.sciencedirect.com/science/journal/03043800
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chool, bird flock and migrating locust (Sumpter, 2006; Vicsek and
afeiris, 2012). In these groups, individual moves continuously
r adjusts position frequently. Therefore, self-propelled models
lways assume individual has an inherent velocity and propose
unctions for speed or direction adjustment depending on conspe-
ific effects (Albano, 1996; Aldana et al., 2007; Ginelli and Chaté,
010; Levine et al., 2000). Social force model is an extension of
elf-propelled model and proposes a mixture equation of physical
nd psychological forces influencing pedestrian behavior in a crowd
nspired by Newtonian mechanics (Helbing et al., 2000; Helbing and

olnar, 1995). However, social foraging behaviors of sheep share
ifferent features and simplex velocity adjustment function may
ot describe the internal decision process.

In this paper, we therefore propose a friction based social
orce model to simulate social foraging of sheep and emphasize
he importance of individual interactions with food distribution
n internal decision process. According to the concept of “social
orce” (Helbing et al., 2000; Helbing and Molnar, 1995), sheep’s

otivations
 “forces”.    is suggested to represent the

ndividual interaction  currently located  and quanti-
ed by friction Individual interactions with other patches
re named as attractions of food and quantified by pulling forces.
onspecific effects are usually represented by repulsion–attraction

orces between individuals (  et al., 2006; Romanczuk and
chimansky-Geier, 2012).   based  force model, agent
oves if pulling force and repulsion–attraction force are both larger

han friction force and the destination patch can provide enough
riction force to resist external forces. The main objectives of this
aper include (1) proposing plausible decision process of sheep for-
ging based on instinct of feeding, (2) simulating social foraging
ehaviors and testing the effects of instinct of feeding on behav-

ors of sheep, and (3) mimicking the observed departure-following
ehaviors. Instinct of feeding is a decision threshold to move or
raze. We  anticipate that the novel introduction of individual inter-
ctions with food distribution in internal decision process helps to
nderstand the formation of collective behaviors in social foraging.

. Preliminary and modeling methods

.1. Patches and  agent

 sheep,  shown in Fig. 1. The meadow is supposed to be a
iscrete two-dimensional flat and consist  orderly matrix of M
atches (i =  2, . . .,  M).  The quantity and quality of grass in  i
re jointly named as the value of grass  patch i and represented by
ositive number Ri. The sheep (agent and sheep are interchange-
ble concepts in the following) has a facing direction and visual
cuity range. Visual acuity range is a fan-shaped area with radius

 and  resolution [−�/2, �/2], which is similar to the rep-
esentation of visual information in behavioral heuristics research
Moussaïd et al., 2011). The facing direction bisects the visual acuity
ngle. A similar concept is mentioned as “desired direction” in the
esearch of  dynamics of animal groups (Couzin et al., 2002).

e  ci and pa to represent the positional coordinates   i
nd

 agent moves between patches within the visual acuity range
nd consumes a part of the “forage grass”. Time is partitioned into
iscrete time steps with unit interval spacing. If agent a is in patch

 in time  pa(  equals ci; and if agent a moves to patch j  time t′,
a( ′) equals c . Then, agent a changes facing direction as 
j

a( ′) = pa( ′) − pa(∣∣pa( ′) − pa(

∣∣ = cj − ci∣∣
j − ci

∣∣ (1)
elling 273 (2014) 55– 62

instinct of feed

In frict

 

 

 

 

 

When agent moves, the facing direction is changed and patches
 visual acuity range are updated. In this way, agent may

explore new patches. Meanwhile, the agent is abstracted as a par-
ticle, with no volume (Couzin et al., 2002; Sumpter, 2006; Vicsek
et al., 1995).

2.2. Three forces in social foraging

In the following,  forces that influence  decision of agent
a will be  Friction force is the product of friction coeffi-
cient and the value of grass. With reference to related works (Ginelli
and Chaté, 2010; Levine et  2000; Romanczuk and 

 2012), pulling force  patch and repulsion–attraction force
of conspecifics are calculated as forms of natural exponential func-
tions.

2.2.1. Friction force
The instinct of feeding represents individual direct interaction

with currently located patch and is the main reason for grazing
behavior. The “friction  represents the magnitude of
instinct and is denoted by  When agent a is currently located
in patch  patch i provides the friction force for agent a:

Ff (a, i) = Ri × �a (2)

2.2.2. Pulling force
Generally, agent tends  move to a patch which  provide

abundant food. Patch i  the visual acuity range shows an
attractive effect, which is represented  pulling force:

Fp(a, i) =
[

exp
(

Ri

�1

)
− 1

]
× ci − pa∣∣ci − pa

∣∣ (3)

�1 is constant and determines the steepness of the pulling force.

2.2.3. Repulsion–attraction force
Consecifics effects are usually represented by

repulsion–attraction force and a “comfortable”  is
always assumed to be the dividing line between repulsive
force and attractive force (D’Orsogna et al., 2006; Romanczuk and
Schimansky-Geier, 2012). If distance between two  members is
less than the comfortable distance, repulsive force drives agents
away from each other. Attractive force prevents sheep from being
separated from the flock. Therefore, the repulsion–attraction force
Fe (a, b) is a piecewise function with value d which  the
distance between agent a and b.

Fe(a, b) =
[

exp
(∣∣∣d − dc

�2

∣∣∣
)

− 1
]

× pb − pa∣∣pb − pa

∣∣ , d > dc

Fe(a, b) =
[

exp
(∣∣∣d − dc

�2

∣∣∣
)

− 1
]

× pa − pb∣∣pb − pa

∣∣ , 0 < d < dc

Fe(a, b) = 0, d = dc

(4)

where dc is constant and denotes the comfortable distance, and �2 is
also constant and determines the steepness of repulsion–attraction
force. Meanwhile, we have:

Fe(a, b) = −Fe(b, a), d > 0 (5)

If agent a and b are in the same patch (d = 0), we assume that
the directions of repulsion–attraction forces depend on the facing
directions of agents:

[ (∣∣d − dc
∣∣) ]
t
t t)

t t) c

Fe(a, b) = exp ∣
�2

∣ − 1 × fa

Fe(b, a) =
[

exp
(∣∣∣d − dc

�2

∣∣∣
)

− 1
]

× fb

(6)
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Fig. 1. Abstracted models of meadow

The repulsion–attraction force of flock is the sum of
epulsion–attraction forces between flock members and G is the
et of flock members:

e(a) =
b∈G∑
b /=  a

Fe(a, b) (7)

.3. The model

The elaboration of friction based social force model requires two
rucial rules: (1) agent decides to move if repulsion–attraction force
nd pulling force are both larger than friction force; (2) agent moves
o a certain patch which can provide enough friction force to resist
xternal forces. With regard to the first rule, friction force performs
ike a decision threshold to move or feed because sheep spends

ost of time on grazing although repulsion–attraction forces and
ulling forces coexist at any moment. The second rule defines posi-
ional adjustment of sheep: the selected patch should satisfy the
nstinct of sheep to stay and feed. Friction based social force model
ontains four decision modules to formalize the two rules as shown
n Fig. 2.

Module A and B are the formalizations of the first rule. In each
ime step, agent a consumes a part of grass in currently located
atch i, and naturally this consumption reduces the friction force Ff
a, i). In module A, agent a remains at rest if the repulsion–attraction
orce of group is less than the friction force of patch i. If the

epulsion–attraction force of group is larger than the friction force,
gent may  decide to move and decision process is shifted to mod-
le B. Otherwise, agent decides to feed on current patch. In module
, the facing direction of agent a is modified to the unit vector of

Fig. 2. Decision modules of frictio
 sheep: (a) patches; (b) sheep agent.

repulsion–attraction force. �a is a set of patches which are within
the visual acuity range of agent a. If Ff (a, i) is larger than the pulling
force of patch j, patch j is removed from �a. After the traversal of
every element in �a, agent remains at rest if �a is empty. Other-
wise, decision process is shifted to module C.

According to the second rule, destination patch should provide
the largest pulling forces among the rest elements in �a and enough
friction force to resist repulsion–attraction force. Ff (a, j ∈ �a) is the
friction force if agent a stands in patch j. The repulsion–attraction
force which will influence agent a in patch j is calculated by Eq. (8).

Fe(a|j) =
b∈G∑
b /= a

Fe(j, b) (8)

If Ff (a, j ∈ �a) is less than Fe (a | j), patch j is removed from set
�a. After the second traversal, agent a moves to the patch which
provides the largest pulling force. If �a is empty, module D is per-
formed which means that agent has to move according to the first
rule of our model while no patch within visual acuity range meets
the second rule. Agent a updates �a and then moves to a patch
where it is affected by minimum repulsion–attraction force.

3. Simulation and analysis

3.1. Model implementation
The friction based social force model developed for social for-
aging of interacting sheep has been implemented on a computer.
The simulated “meadow” is assumed to be 60 m width and 60 m

n based social force model.
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Fig. 3. Effects of instinct of feeding on (a) percentage of remaini

ength, and contains 600 × 600 patches of the same size. Some real
led data indicate that animals continuously prefer to eat the high-
st parts of sward (Baumont et al., 2004). Therefore, the value of
rass in each patch is assumed to be different and follow uniformly
andom distribution which is between 0 and a maximum value.
n this paper, the standard maximum value of grass is 150. Food
n simulated meadow is very “abundant” if the maximum value is
arger than 150 and is “short” if the maximum value is less than 150.
n each time step, agent is assumed to consume one-tenth grass
n a patch, to distinguish “gobbling” from “nibbling” (Allden and

cDWhittaker, 1970). Each simulation contains 1000 time steps
nd 40 replications.

The comfortable distance and the visual acuity radius are both
et as 12 since the median of nearest neighbor distance is about
.2 m reported by Pillot et al. (2010). According to turning angles
eported by de Knegt et al. (2007), the visual acuity angle is set as �.
he standard friction coefficient is set to 1. The largest pulling force
f patch and the repulsion–attraction force between two  agents
n the same patch are assumed to approach the largest standard
riction force, 150. Finally, the steepness of pulling force is 30, and
he steepness of elastic force is 2.4. The number of sheep (N, flock
ize) is fixed 8, as no more than eight sheep are used in many real
eld experiments (de Knegt et al., 2007; Michelena et al., 2009;
illot et al., 2010, 2011).
.2. Major indexes of social sheep foraging

Effects of instinct of feeding on social sheep foraging are ana-
yzed by varying friction coefficients and maximum values of
est, (b) benefit, (c) moving distance, and (d) foraging efficiency.

grass in different trials. Percentage of remaining at rest, benefit
(grass eaten by sheep), moving distance and trajectory are used to
describe the behaviors of agent. Foraging efficiency is an important
element in social foraging which is simply defined as the ratio of
benefit to moving distance. Higher foraging efficiency means agent
gains large quantities of food at a low caloric cost (Hainsworth,
1974).

Sinuosity is used to estimate the tortuosity of an animal’s path
(Benhamou, 2004). Accordingly, we  define the sinuosity of one time
movement as the ratio of the turning angle of facing directions
to the distance of one time movement. The sinuosity of agent’s
path is the average of all movements’ sinuosity. Higher sinuosity of
path indicates larger turning angles and shorter step lengths during
migration.

Group polarization is a common global property to indicate
the degree of alignment among individuals in collective move-
ments (Couzin et al., 2002; Niizato and Gunji, 2011). Accordingly,
we define the group polarization of all agents in simulated social
foraging by Eq. (9):

ϕgroup(t) = 1
N

∣∣∣∣∣
N∑

a=1

fa(t)

∣∣∣∣∣ (9)
The parameter ϕgroup represents the group polarization of all
agents. If facing directions of all agents are nearly the same, ϕgroup

approaches 1.0 at a maximum. Oppositely, group polarization is
zero if facing directions of agents are completely different.
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Fig. 4. (a) Trajectories of agents with � = 0.4, 1.0 and 1

.3. Identical agents and food density

First, agents in the flock have identical friction coefficient and
aximum values of grass are all 150. In different trials, friction

oefficients are varied from 0.4 to 1.6. Fig. 3(a) describes that agent
eeps most of time stationary and this simulation result accords
ith real field observation (Pillot et al., 2010). From Fig. 3(a)–(c), we

an find that, as friction coefficient increases, benefit and moving
istance of agent both decrease and agent spends more time keep-

ng stationary to feed. It is because that agent tends to explore more
ew abundant patches with less friction coefficient. Fig. 3(b) and (c)
lso describe that individual generally needs to explore more areas
o obtain more food. However, Fig. 3(d) shows that the foraging effi-
iency increase as the friction coefficient increases. It means that
ith the present food density, exploring much more patches is not

he most reasonable foraging behavior for sheep because the incre-
ental benefit caused by low friction coefficient is disproportionate

o the incremental caloric cost (moving distance).
Fig. 4(a) shows the tortuous trajectories of agents and Fig. 4(b)

escribes the large fluctuation of group polarization during social
heep foraging. The spontaneous movement of sheep to feed on
ew patch with abundant food is the main reason of the tortu-
us motion path and fluctuation of group polarization. Because of
he instinct of feeding, sheep prefers to keep stationary to feed as
gent decides to move only if conspecifics effects and attractive
ffects of other patches are both larger than the friction force. How-
ver, due to the nearly exhausted food in current location, each
gent can behave spontaneous movement while the others are all
razing which accords with real observation (Pillot et al., 2010).
he destination patch of the spontaneous movement may  be at
n angle to present facing direction. Meanwhile, motion changes
he facing direction of sheep and provides opportunities to explore
ther patches within visual acuity range. The agent who behaves
pontaneous movement may  trigger the collective movement of
hole flock in the same direction or may  decide to follow the

thers after several time steps. Therefore, during simulated social
oraging, group polarization of agents oscillates so much and the
ransient peak value of ϕgroup generally indicates that the collec-
ive movement of certain direction is motivated by abundant food
n patches.

.4. Identical agents and different food densities
Then, the effects of instinct of feeding on foraging efficiency and
inuosity of path are further investigated by varying the maximum
alues of grass. Fig. 5(a) describes that agents with stronger instinct

.974839 .Tj
ET
/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 487.65D83.5477 974839 .Tj
Eboard
/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 551.47405.6715
) group polarization of all moving agents with � = 1.0.

of feeding have greater foraging efficiency especially when maxi-
mum  value of grass is 200. Agent can gain enough food without
moving a long distance when food is abundant. When maximum
value of grass is 50 and food is short, the foraging efficiencies of
agents with different friction coefficients tend to be similar and all
agents have to move much longer distance to obtain enough food.
Behaviors of agents with less friction coefficient may be reason-
able when food is short, because less friction coefficient encourages
individuals to explore more areas and consequently increases the
potential opportunity to find new foraging sites.

Fig. 5(b) shows that sinuosity of path decreases as the friction
coefficient increases and path is more tortuous when food is abun-
dant. For large herbivores such as goats, movement patterns of
individuals in a flock depend on different food densities in habi-
tat: slow-tortuous movement when food density increases and
fast-straight migration when food is short (de Knegt et al., 2007).
Simulation result in Fig. 5(b) generally accords with de Knegt et al.’s
conclusion.

3.5. Different agents and identical food density

In addition, we  investigate the effect of flock composition with
different instincts of feeding on foraging efficiency. Maximum val-
ues of grass are set as 150. Agents are divided into two  subgroups
according to friction coefficients: “active” subgroup with � = 0.6
and “inactive” subgroup with � = 1.4. We  use n1 and n2 to separately
represent the numbers of agents in active and inactive subgroups,
and then modulate n1 and n2 and record the foraging efficiencies
of individuals in each subgroup. Fig. 6 shows that agents in mixed
subgroups have higher foraging efficiency than identical agents in
either active or inactive flocks. It suggests positive effect of flock
composition of different sheep on social foraging. Interestingly,
Michelena et al. (2009) suggested that i255.4093 niduET
/GS1 gs
BT
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urrent patches to feed. A moment later, one agent in flock decides
o move. Because repulsion–attraction force influences the decision
o select destination patch, the agent may  move to a patch which is

 compromised between the departed agent and other flock mem-
ers. Then, other agents decide to move following the same process.
onsequently, the direction of collective movement may  be differ-
nt from the moving direction of the departed agent. However, if
atches along the moving direction of the departed agent can all
rovide abundant food, it can be predicted that other flock mem-
ers will follow the departed agent mostly due to the attraction of
ood.

In this paper, we suppose that sheep has basic capabilities to
valuate external stimuli and personal instinct, in the case that
e simplify the model of sheep-agent and meadow and focus on

he decision process of sheep to move or graze. Sheep decides to
erform certain behaviors not only depending on observed infor-
ation from environment but also its intrinsic interactions with

nvironment. The shepherd/dog and obstacle can also influence
heep’s movement and other behaviors such as rumination, rest
nd trail-following should be considered in the future. Therefore,
ore realistic agent models 
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7.9701 0 0 7.9701 167.16411.9900 307F1938 ion06gn,know?/GS2f
7.9701 0 0 7.9701 167.16434.695 307F1938 ion06gn,An/GS2f
7.9701 0 0 7.9701 167.16445.063 3076 ion06gn,sheep/GS2f
7.9701 0 0 7.9701 167.16529.35466291.3536 ion06gn,in/GS2f
7.9701 0 0 7.9701 167.16537.58456291.3536 ion06gn,a/GS2f
7.9701 0 0 7.9701 167.16543.2449 291.3536 ion06gn,situation/GS2f
7.9701 0 0 7.9701 167.16572.5529 291.3536 ion06gn,of/GS2f
7.9701 0 0 7.9701 167.16580.74456291.3536 ion06gn,conflict/GS2-34.0165 
/F1 Tf
7.between/GS2f
7.9701 0 0 7.9701 167.16392.56016283.3834 ion06gn,feeding/GS2f
7.9701 0 0 7.9701 167.16416.56456283.3834 ion06gn,and/GS2f
7.9701 0 0 7.9701 167.16429.2383 283.3834 ion06gn,social/GS2f
7.9701 0 0 7.9701 167.14134 ion06gn,of/GS2f
7.9701 0 0 7.9701 167.16516.0174 275.4134 ion06gn,group/GS2f
7.9701 0 0 7.9701 167.16535.0247 275.4134 ion06gn,foraging/GS2f
7.9701 0 0 7.9701 167.16560.32586275.4134 ion06gn,by/GS2f
7.9701 0 0 7.9701 167.16569.78136275.4134 ion06gn,herbivores:/GS2-32.1025 
/F1 Tf
7.what/GS2f
7.9701 0 0 7.9701 167.16381.6969 267.4433 ion06gn,can/GS2f
7.9701 0 0 7.9701 167.16393.983 267.4433 ion06gn,Agent-Based/GS2f
7.9701 0 0 7.9701 167.16434.1439 267.4433 ion06gn,Models/GS2f
7.9701 0 0 7.9701 167.16458.1294 267.4433 ion06gn,offer?/GS2f
7.9701 0 0 7.9.9701 0 0 7.9701 167.16391.39446251850316ion06gn,success/GS2f
7.9701 0 0 7.9701 167.16415.74986251850316ion06gn,in/GS2f
7.9701 0 0 7.9701 167.16423.41356251850316ion06gn,the/GS2f
7.9701 0 0 7.9701 167.16435.04936251850316ion06gn,guppy./GS2f
7.9701 0 0 7.9701 167.16457140916251850316ion06gn,Behavioral/GS2f
7.9701 0 0 7.9701 167.16491.49386251850316ion06gn,Ecology/GS2f
7.9701 0 0 7.9701 167.16516.80556251850316ion06gn,20/GS2f
7.9701 0 0 7.9701 167.16526.1269 251850316ion06gn,(1),/GS2f
7.9701 0 0 7.9701 167.16538.07516251850316ion01 0 0 7.9701 167.16449.5481 235.5628 ion06gn,and/GS2f
7.9701 0 0 7.9701 167.16462.9278 235.5628 ion06gn,collective/GS2f
7.9701 0 0 7.9701 167.16494.0194 235.5628 ion06gn,behaviour/GS2f
7.9701 0 0 7.9701 167.16526.826 235.5628 ion06gn,in/GS2f
7.9701 0 0 7.9701 167.16534.8116235.5628 ion06gn,humans./GS2f
7.9701 0 0 7.9701 167.16562.9076235.5628 ion06gn,Philosophical/GS2-31.18076
/F1 Tf
7.Transactions/GS2f
7.9701 0 0 7.9701 167.16404.7133 227F5927 ion06gn,of/GS2f
7.9701 0 0 7.9701 167.16412.33876227F5927 ion06gn,the/GS2f
7.9701 0 0 7.9701 167.16423.9745 29.6226 ion06gn,interactions/GS2f
7.9701 0 0 7.9701 167.16567.06356219.6226 ion06gn,in/GS2f
7.9701 0 0 7.9701 167.16577.20316219.6226 ion06gn,flocking/GS2-33.7606 
/F1 Tf
7.phenomena./GS2f
7.9701 0 0 7.9701 167.16403.96736211.651 Tfon06gn,Physical/GS2f
7.9701 0 0 7.9701 167.16430.5606 211.651 Tfon06gn,Review/GS2f
7.9701 0 0 7.9701 167.16454.57/7 211.651 Tfon06gn,Letters/GS2f
7.9701 0 0 7.9701 167.16477.13556211.651 Tfon06gn,105/GS2f
7.9701 0 0 7.9701 167.16490.29516211.651 Tfon06gn,(16),/GS2f
7.9701 0 0 7.9701 167.16506.08156211.651 Tfon06gn,168103.T4Tfon06gn,foraging/GS2f
7.9701 0 0 7.9701 167.16502.18756203.6824Tfon06gn,efficiency./GS2f
7.9701 0 0 7.9701 167.16534.47256203.6824Tfon06gn,Journal/GS2f
7.9701 0 0 7.9701 167.16557.857/6203.6824Tfon06gn,of/GS2f
7.9701 0 0 7.9701 167.16565.24496203.6824Tfon06gn,Comparative/GS2-31.45956
/F1 Tf
7.Physiology/GS2f
7.9701 0 0 7.9701 167.16399.15376195.71236fon06gn,88/GS2f
7.9701 0 0 7.9701 167.16408.48786195.71236fon06gn,(4),/GS2f
7.9701 0 0 7.9701 167.16420.43596195.71236fon06gn,425–431.Tj
ET
/GS1 gs
BT
/6.3760 0 -.6.3760 354.12116187.7422Tfon422Tfon06gn,for/GS2f
7.9701 0 0 7.9701 167.16511.55576187.7422Tfon06gn,pedestrian/GS2f
7.9701 0 0 7.9701 167.16545.97966187.7422Tfon06gn,dynamics./GS2f
7.9701 0 0 7.9701 167.16578.78416187.7422Tfon06gn,Physical/GS2-33.66556
/F1 Tf
7.Review/GS2f
7.9701 0 0 7.9701 167.16388.42976179.7716fon06gn,E/GS2f
7.9701 0 0 7.9701 167.16393.836179.77196fon06gn,51/GS2f
7.9701 0 0 7.9701 167.16403.16416179.77196fon06gn,(5),/GS2f
7.9701 0 0 7.9701 167.16415.11236179.77196fon06gn,4282.Tj
ET
/GS1 gs
BT
/6.3760 0 -.6.3760 354.12116171.80196fon06gn,Helbing,/G4666171.80196fon06gn,of/GS2f
7.9701 0 0 7.9701 167.16564.88/36171.80196fon06gn,escape/GS2f
7.9701 0 0 7.9701 167.16586.45916171.80196fon06gn,panic./GS2-34.73/36
/F1 Tf
7.Nature/GS2f
7.9701 0 0 7.9701 167.16387.05896163.83186fon06gn,407/GS2f
7.9701 0 0 7.9701 167.16400.21846163.83186fon06gn,(6803),/GS2f
7.9701 0 0 7.9701 167.16423.66856163.83186fon06gn,487–490.Tj
ET
/GS1 gs
BT
/6.3760 0 -.6.3760 354.12116155.86/7 fon06gn,Kendal,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16376.83796155.86/7 fon,,conformity/GS2f
7.9701 0 0 7.9701 167.16551.33266155.86/7 fon06gn,in/GS2f
7.9701 0 0 7.9701 167.16559F17016155.86/7 fon06gn,foraging/GS2f
7.9701 0 0 7.9701 167.16586.51986155.86/7 fon06gn,when/GS2-34.87646
/F1 Tf
7.personal/GS2f
7.9701 0 0 7.9701 167.16392.40176147.89156fon06gn,and/GS2f
7.9701 0 0 7.9701 167.16405.45946147.89146fon06gn,social/GS2f
7.9701 0 0 7.9701 167.16424.42086147.89146fon06gn,information/GS2f
7.9701 0 0 7.9701 167.16462.59246147.89146fon06gn,conflict./GS2f
7.9701 0 0 7.9701 167.16488.50356147.89146fon06gn,Behavioral/G266139.92156fon06gn,of/GS2f
7.9701 0 0 7.9701 167.16561.97096139.92156fon06gn,self-propelled/GS2-30.88656
/F1 Tf
7.particles./GS2f
7.9701 0 0 7.9701 167.16393.81716131.95146fon06gn,Physical/GS2f
7.9701 0 0 7.9701 167.16420.41046131.95146fon06gn,Review/GS2f
7.9701 0 0 7.9701 167.16444.42156131.95146fon06gn,E/GS2f
7.9701 0 0 7.9701 167.16449.82186131.95146fon06gn,63/GS2f
7.9701 0 0 7.9701 167.16459F1566131.95146fon06gn,(1),/GS2f
7.9701 0 0 7.9701 167.16471.10416131.95146fon06gn,017101.Tj
ET
/GS1 gs
BT
/6.3760 0 -.6.3760 354.12116123.98136fo26fon06gn,social/GS2f
7.9701 0 0 7.9701 167.16489.83656123.98126fon06gn,force/GS2f
7.9701 0 0 7.9701 167.16507.63156123.98126fon06gn,model/GS2f
7.9701 0 0 7.9701 167.16529.4056123.98126fon06gn,for/GS2f
7.9701 0 0 7.9701 167.16540.53736123.98126fon06gn,group/GS2f
7.9701 0 0 7.9701 167.16561.016123.98126fon06gn,behaviors./GS2f
7.9701 0 0 7.9701 167.16594.81456123.98126fon06gn,In:/GS2-36.25846
/F1 Tf
7.Proceedings/GS2f
7.9701 0 0 7.9701 167.16402.95366116.01116fon06gn,of/GS2f
7.9701 0 0 7.9701 167.16410.30796116.01116fon06gn,the/GS2f
7.970
0 and � = 1.0; (b) sinuosity of agent’s path with different maximum values of grass
876ion06gn,2129–2132./GS2 gsEMC
/documentdiv <</MCID 3>>BDC/GS1 gs
BT
/6.3760 0 -.6.3760 354.1212 570.30826ion06gn,Aldana,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16376.86348570.3086ion,/GS2-34.07058
/F1 Tf
7.Letters/GS2f
7.9701 0 0 7.9701 167.16386.98248554.36796ion06gn,98/GS2f
7.9701 0 0 7.9701 167.16396.31658554.36796ion06gn,(9),/GS2f
7.9701 0 0 7.9701 167.16408.26478554.36796ion06gn,095702./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.1212 546.39786ion06gn,Allden,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16375.46086546.39786ion,cing/GS2f
7.9701 0 0 7.9701 167.16544.23726538.42766ion06gn,herbage/GS2f
7.9701 0 0 7.9701 167.16570.93626538.42766ion06gn,intake/GS2f
7.9701 0 0 7.9701 167.16592.14586538.42766ion06gn,and/GS2-35.7884 
/F1 Tf
7.availability./GS2f
7.9701 0 0 7.9701 167.16401.4176530.45756ion06gn,Crop/GS2f
7.9701 0 0 7.9701 167.16417850946530.45756ion06gn,and/GS2f
7.9701 0 0 7.9701 167.16430.5676530.45756ion06gn,Pasture/GS2f
7.9701 0 0 7.9701 167.16455.01446530.45756ion06gn,Science/GS2f
7.9701 0 0 7.9701 167.16479850096530.45756ion06gn,21/GS2f
7.9701 0 0 7.9701 167.16488.83516530.45756ion06gn,(5),/GS2f
7.9701 0 0 7.9701 167.16500.78336530.45756ion06gn,755–766./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.1212 522.4873 ion06gn,Baumont,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16383.4942 522.48746ion, 0 7.9701 167.16591.8016 514.5173 ion06gn,and/GS2-35.7885 
/F1 Tf
7.animal/GS2f
7.9701 0 0 7.9701 167.16387.08446506.547 ion06gn,decisions./GS2f
7.9701 0 0 7.9701 167.16418.5806 506.547 ion06gn,Animal/GS2f
7.9701 0 0 7.9701 167.16442.1836 506.547 ion06gn,Feed/GS2f
7.9701 0 0 7.9701 167.16458.1358 506.547 ion06gn,Science/GS2f
7.9701 0 0 7.9701 167.16482.6122 506.547 ion06gn,and/GS2f
7.9701 0 0 7.9701 167.16495.6699 506.547 ion06gn,Technology/GS2f
7.9701 0 0 7.9701 167.16532.4579 506.547 ion06gn,112/GS2f
7.9701 0 0 7.9701 167.16545.6302 506.547 ion06gn,(1),/GS2f
7.9701 0 0 7.9701 167.1655785785 506.547 ion06gn,5–28./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116498.577 ion06gn,Benhamou,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16388.5246 498.5769 ion,443.4903 490.6068 ion06gn,fractal/GS2f
7.9701 0 0 7.9701 167.16464.4122 490.6068 ion06gn,dimension?/GS2f
7.9701 0 0 7.9701 167.16501.7899 490.6068 ion06gn,Journal/GS2f
7.9701 0 0 7.9701 167.16525.2493 490.6068 ion06gn,of/GS2f
7.9701 0 0 7.9701 167.16532.712 490.6068 ion06gn,Theoretical/GS2f
7.9701 0 0 7.9701 167.1656804319 490.6068 ion06gn,Biology/GS2f
7.9701 0 0 7.9701 167.16592.6564 490.6068 ion06gn,229/GS2-35.77046
/F1 Tf
7.(2),/GS2f
7.9701 0 0 7.9701 167.16376.3668 482.6367 ion06gn,209–220./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116474.6666 ion06gn,Cao,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16366.8599 474.6665 ion,2f
7.9701 0 0 7.9701 167.16490.7223 466.6964 ion06gn,3067–3085./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116458.7263 ion06gn,Conradt,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16380.0136458.7263 ion,453.65056450.7562 ion06gn,Royal/GS2f
7.9701 0 0 7.9701 167.16473.13376450.7562 ion06gn,Society/GS2f
7.9701 0 0 7.9701 167.16497.71126450.7562 ion06gn,B:/GS2f
7.9701 0 0 7.9701 167.16506.6171 450.7562 ion06gn,Biological/GS2f
7.9701 0 0 7.9701 167.16538F8646 450.7562 ion06gn,Sciences/GS2f
7.9701 0 0 7.9701 167.16567.2101 450.7562 ion06gn,364/GS2f
7.9701 0 0 7.9701 167.1658/F19326450.7562 ion06gn,(1518),/GS2-34.1566 
/F1 Tf
7.719–742./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116434.816 ion06gn,Conradt,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16380.0136434.8159 ion,67.16435.5720 426.8458 ion06gn,449–456./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116418.8757 ion06gn,Couzin,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16376.72316418.8757 ion,2f
7.9701 0 0 7.9701 167.16480.72536410.9054 ion06gn,1–75./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116402.9354 ion06gn,Couzin,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16376.72316402.9353 ion,.9701 0 0 7.9701 167.16464.72336379.0248 ion06gn,)Tj
EF2 1 Tf
.6.3760 0 -.6.3760 466.39676379.0248 ion068502 .6756rg
(groups./GS2f
7.9701 0 0 7.9701 167.16488.93496379.0248 ion06gn,)Tj
EF2 1 Tf
.6.3760 0 -.6.3760 490.60826379.0248 ion068502 .6756rg
(Journal/GS2f
7.9701 0 0 7.9701 167.16512.57266379.0248 ion06gn,)Tj
EF2 1 Tf
.6.3760 0 -.6.3760 514.24596379.0248 ion068502 .6756rg
(of/GS2f
7.9701 0 0 7.9701 167.16520.21366379.0248 ion06gn,)Tj
EF2 1 Tf
.6.3760 0 -.6.3760 521.8876379.0248 ion068502 .6756rg
(Theoretical/GS2f
7.9701 0 0 7.9701 167.16556.11196379.0248 ion06gn,)Tj
EF2 1 Tf
.6.3760 0 -.6.3760 557.78526379.0248 ion068502 .6756rg
(Biology/GS2f
7.9701 0 0 7.9701 167.16580.51466379.0248 ion06gn,)Tj
EF2 1 Tf
.6.3760 0 -.6.3760 582.1886379.0248 ion068502 .6756rg
(218/GS2f
7.9701 0 0 7.9701 167.16593.70266379.0248 ion06gn,)Tj
EF2 1 Tf
.6.3760 0 -.6.3760 595.37596379.0248 ion068502 .6756rg
((1),/GS2-35.96246
/F1 Tf
7.1–11./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116363.08476ion06gn,D’Orsogna,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16387.21116363.0846 ion,)Tj
ET
/GS1 gs
BT
/F2 1 Tf
.6.3760 0 -.6.3760 388.81116363.0846 ion,M.R.,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16403.76216363.0846 ion,6347.1443 ion06gn,96/GS2f
7.9701 0 0 7.9701 167.16396.3165 347.1443 ion06gn,(10),/GS2f
7.9701 0 0 7.9701 167.16412.0900 347.1443 ion06gn,104302./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116339.1743 ion06gn,de/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16361.5553 339.1743 ion,S2f
7.9701 0 0 7.9701 167.16476.4724 323.2341 ion06gn,18/GS2f
7.9701 0 0 7.9701 167.16485.8065 323.2341 ion06gn,(6),/GS2f
7.9701 0 0 7.9701 167.16497.7548 323.2341 ion06gn,1065–1072./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116315.264 ion06gn,de/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16361.5553 315.26396ion,F1938 ion06gn,agent-based/GS2f
7.9701 0 0 7.9701 167.16484.4405 307F1938 ion06gn,simulation/GS2f
7.9701 0 0 7.9701 167.16519.1573 307F1938 ion06gn,study./GS2f
7.9701 0 0 7.9701 167.16539.6882 307F1938 ion06gn,Artificial/GS2f
7.9701 0 0 7.9701 167.16567.9400 307F1938 ion06gn,Intelligence/GS2-31.96976
/F1 Tf
7.199–200,/GS2f
7.9701 0 0 7.9701 167.16394.4677 299.3237 ion06gn,67–92./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116291.3536 ion06gn,Dumont,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16380.81 291.3536 ion,6447.816 283.3834 ion06gn,motivations./GS2f
7.9701 0 0 7.9701 167.16487F1487 283.3834 ion06gn,Behavioural/GS2f
7.9701 0 0 7.9701 167.16524.93456283.3834 ion06gn,Processes/GS2f
7.9701 0 0 7.9701 167.16555.4546283.3834 ion06gn,49/GS2f
7.9701 0 0 7.9701 167.16564.4043 283.3834 ion06gn,(3),/GS2f
7.9701 0 0 7.9701 167.16575.96886283.3834 ion06gn,131–138./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116275.4134 ion06gn,Dumont,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16380.81 275.4134 ion,701 167.16477F7349 267.4433 ion06gn,Animal/GS2f
7.9701 0 0 7.9701 167.16501.3379 267.4433 ion06gn,Research/GS2f
7.9701 0 0 7.9701 167.16530.373 267.4433 ion06gn,53/GS2f
7.9701 0 0 7.9701 167.16539.7072 267.4433 ion06gn,(5),/GS2f
7.9701 0 0 7.9701 167.16551.6554 267.4433 ion06gn,419–428./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116259.4732 ion06gn,Dyer,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16370.26456259.4732 ion,06gn,165–171./GS2 gs
BT gs
BT
/6.3760 0 -.6.3760 354.12116243.533 ion06gn,Dyer,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16370.26456243.5329 ion,27F5927 ion06gn,Royal/GS2f
7.9701 0 0 7.9701 167.16442.5471 227F5927 ion06gn,Society/GS2f
7.9701 0 0 7.9701 167.16466.2139 227F5927 ion06gn,B:/GS2f
7.9701 0 0 7.9701 167.16474.2091 227F5927 ion06gn,Biological/GS2f
7.9701 0 0 7.9701 167.16505.5459 227F5927 ion06gn,Sciences/GS2f
7.9701 0 0 7.9701 167.16532.9808 227F5927 ion06gn,364/GS2f
7.9701 0 0 7.9701 167.16546.1531 227F5927 ion06gn,(1518),/GS2f
7.9701 0 0 7.9701 167.16569.6159 227F5927 ion06gn,781–789.Tj
ET
/GS1 gs
BT
/6.3760 0 -.6.3760 354.12116219.6226 ion06gn,Ginelli,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16375.7859 219.6226 ion,j
ET
/GS1 gs
BT
/6.3760 0 -.6.3760 354.12116203.6824Tfon06gn,Hainsworth,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16391.6806 203.6824Tfon,06gn,Helbing,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16379.52856187.7422Tfon,S2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16379.52856171.80196fon,S2f
7.9701 0 0 7.9701 167.16522.58836147.89146fon06gn,Ecology/GS2f
7.9701 0 0 7.9701 167.16547.96147.89146fon06gn,15/GS2f
7.9701 0 0 7.9701 167.16557.23416147.89146fon06gn,(2),/GS2f
7.9701 0 0 7.9701 167.16569.18236147.89146fon06gn,269–277.Tj
ET
/GS1 gs
BT
/6.3760 0 -.6.3760 354.12116139.92156fon06gn,Levine,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16375.55646139.92156fon,n06gn,Li,/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 167.16360.96876123.98126fon,1 0 0 7.9701 167.16421.67266116.01116fon06gn,2012/GS2f
7.9701 0 0 7.9701 167.16438.39936116.01116fon06gn,IEEE/WIC/ACM/GS2f
7.9701 0 0 7.9701 167.16485.24496116.01116fon06gn,International/GS2f
7.9701 0 0 7.9701 167.16526.49236116.01116fon06gn,Joint/GS2f
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