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Abstract: The collective behavior of a multi-agent system is the macroscopic phenomenon, such as swarm intelligence, flocking,
synchronization, pattern formation, etc. This paper addresses the problem of ‘soft-control’: how to coordinate the collective
behavior of multi-agent systems where the interaction rules of the already-existing agents can not be re-designed. One possible
way to is to add one or a few ’shills’ which can be designed differently from the normal agent, but is treated as a normal agent
by the other normal ones. As a case study, we propose a new strategy for the shill, called ‘consistent moving’, for the purpose of
synchronization of the Vicsek’s model. This strategy avoids the limitation of ‘cheating heading’ in previous work. The computer
simulation shows that it is possible for a ‘clever’ shill with ‘consistent moving’ strategy can change the collective behavior of a
group.
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1 INTRODUCTION

Multi-agent methodology is a natural and popular way to
model a system consisting of many locally interacting indi-
viduals(units). Collective behavior is the macroscopic phe-
nomenon in the system level, different from the bottom level.
It would be very different from what the collection of units
would exhibit in the absence of the other units. For exam-
ples, phase transition, flocking/schooling/herding [1], pat-
tern formation, swarm intelligence, synchronization, crowd
panic [2], locust collective motion [3], group decision [4]
and so on.

In a distributed multi-agent system, usually agents inter-
act locally. The set of rules/functions/mechanism describing
the interaction between two agents are called ‘local rules’. If
the local rule is elaborately designed, the system will show
expected and useful function, such as Swarm Intelligence.
However, for some systems, the emergent collective behav-
ior is not what we want.

There are at least two ways to intervene in the collective
behavior:

1) Re-design the multi-agent system. This intervention is
destructive to the system.

For example, re-design the local rule of the agents. Ex-
amples are formation control [5] for robots, ant colony algo-
rithm [6], etc. By doing this, this system will self-organize
to the desired collective behavior.

Put some special agents into the system, such as leaders
[7] [8] and mediators [9], etc. These both require additional
abilities of the already-existing normal agents to recognize
and interact with the special ones.

2) Keep the current system and the intervention is non-
destructive. Of all MASs, some systems can not be re-
designed, nor can the local rules of the existing agents be
changed. Meanwhile, in these decentralized systems there is
no central controller who sends orders to agents, no global
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parameter to adjust to change the collective behavior. In this
case, how do we intervene in the system and guide the col-
lective behavior? We should search other opportunity to put
influence ‘softly’ on the system. For different system, the
method would be different.

The soft-control framework[10] is just for the above prob-
lem: add one or a few special agents, called the shill, to
allure the other agents in the system. The shill is not like
the leader or mediator which is treated differently by normal
agents. Obviously leaders have more influence on others. In
the nondestructive intervention case, normal agents do not
change their way to interact with others after one or some
shills are added. For example, when a normal agent 1 inter-
acts with agent 2, agent 1 does not need to know whether
agent 2 is a normal agent or a shill. Agent 1 treats agent 2 as
a normal one.

The similar idea of soft-control can be found in some ap-
proaches: Couzin et.al. [4] study how a few individuals(can
be regarded as shills) with information about where to go in-
fluence the moving decision of animal groups. In [15], some
robotic cockroaches are added to influence the shelter selec-
tion of real cockroaches. But in these two approaches, the
strategies of shills are very simple. Neither the informed in-
dividual nor the robotic cockroach accepts feedback which
is crucial to intelligence.

In this paper we approach soft-control with a subtle and
‘clever’ shill by a case study. The multi-agent system we
considered is the vicsek’s model, which is widely studied by
the physicist and the mathematician and control scientist in
the current decade. In this model, each agent moves with a
constant speed and its heading is updated based on the aver-
age headings of its neighbors(includes itself). It is a simple
but nontrivial model, showing rich phenomena, for example,
flocking/schooling/herding behavior, strong coupled and dy-
namical interaction network, phase transition of nonequilib-
rium system. So far as we know, the sufficient and neces-
sary condition for synchronization is unknown yet. But this
does not prevent our approach of intervention to the system
even though the theory of self-organized behavior is not fully
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built.
There are some related works of soft-control on the vic-

sek’s model. Paper [16] adds a special agent which always
maintains the desired moving direction to guide the group
based on the linear-Vicsek’s model. They point out that the
key point is to maintain the connectivity of union of neighbor
graphs consisting of all agents within some contiguous and
bounded time intervals. However, they do not provide the
algorithm of how the special agent moves to guarantee such
connectivity. Liu et.al. [24] studied the case of adding num-
bers of special agents that always moving with the desired
direction to guide the group. They give a theoretical proof of
the proportion of special agents needed to guide the group.
So in their work, a number of ’simple’ shills are added, in-
stead of a ’clever’ shill. Their study focuses on the number
of shills, not the strategy of the shill. In [10], we see how
a shill is added into the system and guide the group to syn-
chronization. A strategy was proposed there, but it has a
major problem: the moving direction is not consistent with
the heading of the shill. So it is like a ‘jumping’ shill with
‘cheating heading’. Thus it is not a complete algorithm. In
this paper, a new strategy called ‘consistent moving’ of the
shill is proposed and the above problem is solved. The shill
is moving in the direction which is consistent with the head-
ing. It solves a basic problem of how a shill moves from
one location to another location without putting negative ef-
fects on the group. The computer simulation shows that the
system synchronize by using a shill with the new strategy.

This paper is organized as follows. In Section 2 the vic-
sek’s model is described and the current study of the self-
organize behavior about synchronization is introduced. Then
in Section 3, the main part of this paper, the new strategy of
the shill to guide the system synchronization is presented.
The computer simulations of this new strategy are given in
Section 4. We finish with some conclusions and comments
of future applications of soft-control in Section 5.

2 THE VICSEK’S MODEL

In 1995, Vicsek et al. introduce a multi-agent model. It
is actually a simplified version of the Reynolds’s model [1]
which only keeps the alignment local rule - steer towards
the average heading of neighboring agents. Two agents are
neighboring to each other if the distance between them is
not larger than a given constant r. In spite of its simplic-
ity, the self-order motion, a flocking-like cooperative behav-
ior, emerged in this simplified system. It has been recently
studied in the areas of physics [11] [12], control [16]- [21],
robots [17] and mathematics [22]- [26]. By their efforts,
more and more theoretical parts of this model are revealed
but many still remain unknown.

In this discrete-time multi-agent system, there are n
agents represented by heading set θ = (θ1, θ2, · · · , θn) and
location setX = (X1, X2, · · · , Xn), whereXi = (xi, yi) ∈
R2 denotes the x−coordinate and the y−coordinate of the
location of agent i. They are all moving simultaneously in
the two-dimensional space. The velocity of agent i at time
t is vi(t) = (v cos(θi(t)), v sin(θi(t))), constructed to have
a constant absolute value v and a heading given by the an-
gle θi(t) ∈ [0, 2π). Neighbors of agent i at time t are those
agents which are either in or on a circle of a constant radius

r centered at agent i’s current position. So the neighborhood
is defined as

Ni(t) = {j | ‖Xj(t)−Xi(t)‖ 6 r}.

Agent i updates its heading and position according to (noise
is ignored in this paper):

θi(t+ 1) = arctan(

∑
j∈Ni(t)

sin(θj(t))∑
j∈Ni(t)

cos(θj(t))
), (1)

Xi(t+ 1) = Xi(t) + vi(t). (2)

So θi(t + 1) is the angle of the sum of the velocity vectors
of neighbors of agent, not simply taking the average of all
headings (see footnote 2 and 3 in [10] for details).

The computer simulation of this model shows flocking be-
havior. Given different initial configurations, the system will
exhibit different phenomena: agents soon self-organize to
a same heading, i.e., synchronization; agents separate into
several groups and never merge together. One of the most
important and basic questions is: in what condition, the
system will self-organize to the same heading — synchro-
nization? Many scientists have been working on this prob-
lem [16] [18]- [26]. Yet, the necessary condition is still un-
known. The math behind this model is not trivial because
of the nonlinear dynamical relationship although the model
seems simple. Knowing more about the self-organized be-
havior usually will help us to design the intervention method.
But this is not necessary before we begin our approach of in-
tervention to the system. We can try to control the system
even thought the property of self-organized behavior is not
totally understood. Note that this doesn’t mean the model of
the system is unknown, nor is global information unknown.
In fact in the strategy this paper proposed, the shill knows all
information (locations and headings of normal agents) of the
system at every time step. In this paper, we try to intervene
in the system to guide it to synchronization even though the
necessary condition for synchronization of the system is un-
known yet. This shows the difference between approaches
of self-organization and intervention.

3 DESIGN OF THE SHILL

As we know from the simulation, starting from many
initial configurations (initial locations and headings of n
agents) of the Vicsek’s model, agents will not self-organize
to a same heading. In this case, how we intervene in and
guide the system to synchronization without any destruction
to the local rules? Synchronization is an important and basic
task for a multi-agent system in many real world applica-
tions, such as robots formation. Moreover, once the system
synchronizes, usually it is easier to guide the group to turn
or move to a destination.

The soft-control idea suggests adding a special agent,
called a shill, into the system. The shill will affect a normal
agent if it is in the neighborhood of that agent, i.e., distance
between them is not larger than r. The strength of the effect
of a shill is as same as normal agents. So the power of a
shill is limited, but it can dramatically change the collective
behavior.
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The key question is how we design the strategy/algorithm
of the shill. A strategy should include two basic parts:

(1) The scheme of target agent selection. How does the
shill select the next target agent to affect? What are the cri-
teria?

(2) The moving route of the shill from one location to the
next target agent location. This is not an obvious problem.
Note that if the shill is not always moving with the desired
direction, it will have some negative effects on the neigh-
boring normal agents. However, the shill could never get to
some places if it can only move with a fixed direction.

In [10], a strategy for the shill called uβ is proposed to
guide the system to synchronize to the direction of π: in ev-
ery time step, the shill jumps to the current ‘worst agent’ and
affects it with a fixed heading of π. ‘worst agent’ is the agent
with a heading which is farthest away from π. This strategy
is proved analytically and numerically to lead the asymp-
totic synchronization of the system if the initial headings of
the group belong to [0, π). However, there is a major prob-
lem in the strategy: the shill is jumping from one location
to another with a ‘cheating heading’, because the moving di-
rection is not always consistent with the heading of the shill.

Problem definition: considering the vicsek’s model
consisting of n normal agents with initial headings of
(−π/2, π/2) randomly distributed inside a finite size area
(a circle with radius R), a shill is added to guide all nor-
mal agents synchronized to heading angle zero. What is
the strategy for the shill?

The basic idea of ‘consistent moving’ for the shill is:

1. Speed of the shill can be higher than the speed of nor-
mal agents. Speedup or slowdown is allowed during the
time. But there is a maximal shill speed.

2. The shill periodically affects every agent with heading
zero. In a period of M steps (or less then M steps), all
agents are affected by the shill at least once.

3. When it moves from agent 1 to the next target agent
2, it first moves forward(moves to the right side) with a
faster speed with heading zero till it is not in any agent’s
neighborhood, then it tries to move to the left side of
the next target agent and affects that agent with heading
zero (see Fig. 1).

4. It should always keep heading zero if it has neighboring
agents; only when it is not in any agent’s neighborhood
can it have a non-zero heading. So the effect of the shill
to the group is always positive, i.e., making the group
more close to heading zero.

3.1 Moving Route
The simplest idea for a shill to move from one location to

another target agent location is shown in Fig. 1(a). With a
much faster speed the shill can make this kind of route so
it will not meet any normal agents during the U-turn even
considering the normal agents are moving. Obviously the
route of Fig. 1(a) is not very efficient. In fact shorter routes
are found and shown in Fig. 1(b). The ‘U-turn’ can go inside

Fig. 1 An example of the moving route from agent 1 to agent
2 of a shill. (a) The circle indicates the group area. Af-
ter the shill affects agent 1, it moves to affect agent 2:
(1) First it goes forwards to a location which is much
far away from the whole group, then it makes a big U-
turn (2)-(3)-(4) far away outside the group area and gets
back to the left side of the whole group, (5) finally goes
forward and affects agent 2. Its heading is always set
to be zero in part (1) and (5), while it can have differ-
ent headings during (2)-(3)-(4). (b) Two more efficient
routes (solid-line route bypasses from underneath and
dash-line route bypasses from above) for the shill mov-
ing from agent 1 to agent 2. From location of agent 1 to
the left side of agent 2 location, it tries to find a shorter
route which maintains a ’safe’ distance (larger than r)
away from any normal agent when its heading is not
zero. Note that for simplicity, figure (a) and (b) sup-
pose all normal agents do not move, while showing the
idea of the shill route. But the real consistent moving
strategy will consider that the normal agents are mov-
ing when the shill moves, which is much more compli-
cated.

the group area with a more ‘aggressive’ path as long as it
avoids meeting any normal agents. This shortcut is more
subtle in this case. Some heuristics are used in the algorithm
of ‘consistent moving’ for this purpose. The detailed idea of
how a shill decides its heading at every time step is shown as
a state transition diagram in Fig. 2. Explanations of Boolean
condition functions for each transition are listed below:

Affected: it returns true after the target is affected by the
shill.

TargetAhead: it returns true if keeps moving with heading
zero the shill will hit the target agent.

Around(k): it returns true if after k steps, the neighbor-
hood of the shill will be not empty (i.e., the shill might affect
one or some normal agents).

TargetAboveCentroid: it returns true if target.y > avg.y.
Where target.y is the y−coordinate of the target agent, and

avg.y = (
n∑
i=1

yi)/n is the y−coordinate of the centroid of n

normal agents.
TargetUp: it returns true if the location of the target agent

is above the shill.
TargetLeft: it returns true if the target agent locates in the

shill’s left side.
AroundArea: it returns true if it will not hit any nor-

mal agent during its movements upwards/downwards to
the horizontal position of target.y. In the case we stud-
ied here(i.e.,initial headings of all normal agents belong to
(−π/2, π/2))), agents need to be considered are inside a tri-
angle area.
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otherwise: This is not a specified condition function. It
is true if conditions on other transitions from this state are
all false. For example, if from state 1, it does not satisfy
conditions to transit to state 0 or state 2, it will keep state 1.

The computation of each Boolean condition function is
not high. Affected, TargetAhead, TargetAboveCentroid, Tar-
getUp and TargetLeft are very simple. To reduce the com-
putation, Around(k) and AroundTriangleArea are considered
in the worst case, because exact prediction is not require in
this heuristic. For example, when Around(k) is checked, it is
not necessary to simulate the whole system for k steps to see
whether after k steps the shill will meet any agent. Instead,
we check whether there are agents inside the circle of radius
kr.

Fig. 2 State transition diagram of the moving direction deci-
sion of the shill in ‘consistent moving’. The heading of
the shill in each state is indicated by the arrow inside
the state box. For example, heading of state 0, state 1
and state 5 is zero, while heading of state 2 and state 8 is
−π/2. State 0 is the beginning and ending state, once a
target agent is affected, the new loop begins for the next
target agent. Loop of state 0↔ 1↔ 2↔ 3→ 4→ 0 is
for the route bypasses from underneath. Loop of state
0 ↔ 5 ↔ 6 ↔ 7 → 8 → 0 is for the route bypasses
from above.

3.2 Target Agent Selection Schedule
Another heuristic is about the schedule of selecting target

agent in a period. The simplest schedule in a period is to
affect agents in a fixed order: 1 → 2 → 3, · · · ,→ n. But
we found from simulations that if an agent shows the trend
of moving far away from the group, the shill should select
it with high priority. Otherwise the distance will become
very large and the shill will have to take much more time to
catch up with that agent. So the agent which has the biggest
distance growth from the group will be picked up first. The
heuristic criteria can be represented as: at time step t, agent
j satisfies formula (3) is selected.

j = arg max
{i∈{1,··· ,n}and not affected}

{
‖C(t+m)−Xi(t+m)‖

−‖C(t)−Xi(t)‖
}
, (3)

whereC(t+m) andXi(t+m) are the locations of the group
centroid and agent i afterm steps. Again, to reduce the com-

putation, approximate prediction of centroid Ĉ(t +m) and
X̂i(t+m) afterm steps are used here. In the simulations, m
sets to be 50, which is about the average number of steps for
a shill to move from one target agent to the next target agent.
For example, the approximation can be:

Ĉ(t+m) = C(t) +
n∑
i=1

vi(t)/n×m,

X̂i(t+m) = Xi(t) + vi(t)×m.

In this case, the complexity of the approximation is O(1).
So the selection schedule complexity is O(n).

In fact, if agent j is affected by the shill, agents directly or
indirectly neighboring to j can be regarded as affected. Ob-
viously, this will shorten the period since a shill may affect
several agents in one time step.

3.3 The Complete Algorithm
The following roughly shows the idea of the complete al-

gorithm for ‘consistent moving’. After initialization of n
normal agents and the shill, the system evolves until it is syn-
chronized, i.e., maxi |θi−θ∗| = maxi |θi−0| = maxi |θi| 6
ε. During evolution, normal agents update their heading and
position according to formula (1) and (2). Meanwhile, the
shill is moving according to the ‘consistent moving’ strat-
egy. Once a target agent is affected, the procedure of tar-
get agent selection will return the next target agent from the
unaffected-agent set in this period. After all agents are af-
fected, a new period begins. The program will stop when
none of the absolute headings is larger than ε. For conve-
nience, we denote X0(t), V0(t) and θ0(t) as the position,
absolute value of the velocity and the heading of the shill at
time t respectively.

Procedure main
0. step=0;

initialization:

randomly distribute a shill and n agents with
random headings in (−π/2, π/2);

state = 0; //state in the state transition
diagram of Fig.2

θ0(0) = 0; //heading of the shill

j = target agent selection;

1. while maxi |θi| > ε do // check whether the group is
synchronized

2. step = step+ 1;
3. if j = 0 then j = target agent selection;
4. updates θ0(t) and state according to the state tran-

sition diagram
if affected=true then j = 0.

5. updates headings and positions of n agents accord-
ing to formula (1) and (2).

6. updates position X0(t) of the shill.
7. end while.
Procedure target agent selection
1. If unaffected-set=∅ then //all agents are affected in

this period
unaffected-set={1, · · · , n} // a new period begins

4462



2. select j from unaffected-set according to formula (3)
3. removes j from unaffected-set
4. return j

4 COMPUTER SIMULATIONS

The goal of the computer simulation experiments is to em-
pirically demonstrate that a shill using the strategy of ‘con-
sistent moving’ can efficiently guide the system to synchro-
nization. Specifically, the goal of this section is fourfold:

a) Can it synchronize the system within limited speed?
Total number of steps for synchronization(maxi |θi| 6 ε) is
measured.

b) Can it move from one agent location to the next tar-
get agent location within limited steps? Maximal number of
steps from one target agent location to the next target agent
location, and maximal number of steps of a period during
each run are measured.

c) How do headings of agents change? maxi |θi| at each
time step during each run are observed.

d) How does the shill speed vs affect the performance?
For each run, some quantities are measured:
totalStep — the total number of steps for

convergence(maxi |θi| 6 ε);
maxOne — the maximal number of steps for moving from

one target agent to the next target agent;
maxPeriod — the maximal number of steps for a period.

In simulations, the total steps for the shill to affect all agents
can be different every time. maxPeriod is to measure the
maximum during one run. Usually it is much less than the
period bound M.

maxHeading(t) — maxi |θi(t)|, the worst heading at ev-
ery time step.

Tab. 1 Avg. values of maxOne, maxPeriod and total-
Step for vs = 10v(10000runs), 20v(100000runs),
30v(10000runs) and ∞(10000runs). Value in
bold font refers the minimum among different vs
(10v, 20v, 30v).

The simulation results are shown in table 1. They all tell
us that the shill with the ‘consistent moving’ strategy and
limited speed can lead the system to converge to synchro-
nization. The shill can move from one agent location to the
next target agent location within limited steps.

Table 1 compares the avg. values of maxOne, maxPeriod
and totalStep for vs = 10v, 20v, 30v, as welll as∞— the
extremely case of very large speed. All minima lie in the row
of vs = ∞. If vs = ∞ is excluded, almost all minima are
related to vs = 30v, while almost all the maxima are related
to vs = 10v. So we can conclude that higher speed of the
shill usually leads to faster convergence. This is consistent
with people’s intuition.

Figure 3 shows the convergence trend during evolution.
Avg. values for 100,000 runs of maxi |θi(t)| are measured

Fig. 3 Avg. value of maxi |θi(t)| in log scale for n = 30, n =
50 and n = 100.

at each time step t and plotted in a log scale. It shows
that the system converges very fast in the beginning, i.e.,
maxi |θi(t)| gets very close to zero (about 0.1) within the
first 500 steps, and then the speed of convergence slows
down. Convergence is slower with larger n. The tail parts
of all three different n are interrupted. This is because not
many data are collected in this region since it is far away
from the avg. value of totalStep. In many runs, the system
has already stopped evolution since it has reached conver-
gence.

5 CONCLUSIONS

This paper is a case study of ‘soft-control’. We proposed
a new strategy called ‘consistent moving’ for the shill to co-
ordinate synchronization of a multi-agent system defined by
the Vicsek’s model. This new strategy solved the problem of
‘cheating heading in the pervious work. It is the first com-
plete and feasible algorithm for the shill. It is shown to be
effective through computer simulations. In fact, by math-
ematical analysis we can prove (1) the shill can guide all
normal agents to a desired heading, and (2) locations of all
normal agents can be covered by a circle with a fixed radius
at all time steps during the whole evolution. But due to the
space limitations, the mathematical proof is omitted.

The ‘consistent moving’ strategy includes a method of
how a shill moves from one agent location to another agent
location without putting any negative effect on the group.
This will be a base of further development of more efficient
strategies for the shill, or strategies for other coordination
purposes(such as circus movement of group, tracking of de-
sired route, avoid obstacle, etc.) of the Vicsek’s model.

The case study in this paper is to lead the group to heading
zero. In fact, the ‘consistent moving’ shill can synchronize
the system to any heading, with some minor modifications
on the state transition diagram. In fact, the main purpose of
this paper not only lies on a new strategy of the shill for a
special coordination task of a specific MAS, but also wants
to drop a hint and suggest that the idea of soft-control is a
potential method for coordination of many MASs as well. In
the future, except to further refine the shill strategy for inter-
vention to the Vicsek’s model, we will also consider appli-
cations of soft-control in other MASs. Not only man-made
systems, but also social systems. For example, soft-control
in a multi-player game to intervene in the equilibrium, soft-
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control in crowd to avoid panic, etc.
On the other hand, the soft-control idea also provides a

possible way for design of man-made MASs. Because to-
tally depending on the locally interacting agents to achieve
an expected collective behavior requires a lot of skill in de-
signing the local interaction rule, add a ‘clever’ shill to coor-
dinate the collective behavior will release us from the subtle
design. Therefore the complexity of normal agents is also
reduced. For example, designing a MAS with large amount
of locally interacting microscopic robots aiming to form
dynamic specified shape [27] is not easy, because agents
have to share information about the whole group through
locally interaction. But if an intricate shill is added, those
agents may be simpler(their interaction rule may be just like
the alignment rule in the vicsek’s model). Other possible
applications would be helping design of swarm-like algo-
rithms(the ant colony algorithm, the AER algorithm [28] for
combinatorial optimization) by adding shill.

Under the framework of soft-control, there are lots of fu-
ture studies. We hope through continuously investigations, a
general theory of soft-control will be built step by step.
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Online supplementary material
Vicsek’s model consists of 30 normal agents. First the video shows the

self-organized behavior without shills. As the result, the group does not
synchronize. Then a shill using the consistent strategy is added to the group
start evolving from the same initial configuration. The shill tries to guide
them to direction zero (all move to the right side). Big black circle indicates
the initialization area. The normal agent is represented by the little dot with
red line pointing to the heading direction. The shill is represented by a little
dot with blue arrow pointing to the heading direaction, and the blue circle
around it indicates the neighborhood area. The position of the centroid of
the group is represented by a bigger black dot.

This vedio can be downloaded from
http://complex.amss.ac.cn/hanjing/softcontrol/softcontrol.avi.
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