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Abstract: This paper presents a general framework for coordinated motion control of
autonomous swarms In the presence of obstacles. The proposed framework judiciously
combines concepts and techniques from potential flows, artificial potentials and dynamic
connectivity to realize complex swarm behaviors. To begin with, existing concepts from
potential flows in fluid mechanics are used to solve the single-agent navigation problem.
As an extension, an analytical solution to the stagnation point problem is provided.
The potential flow based framework is then modified significantly to facilitate the
coordinated control of swarms navigating through multiple obstacles. Atrtificial potentials
are employed for swarming as well as enhanced obstacle avoidance. A novel concept of
dynamic connectivity is utilized to improve the performance of obstacle avoidance (Line
of Sight Connectivity) and to organize diverse swarm behaviors (Random Connectivity).
Simulation results with a set of developed algorithms are included to illustrate the viability
the proposed framework.
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1. INTRODUCTION should stay together and move together. Lastly, there
may be additional optimality type of requirements.

Recent years have witnessed a rising interest in the, 1® rr?lonk())n cog_tr%l %r(_)blem of aéwag}w syst%m has
dynamics and control of group behavior for vehicular JPically béen divided into two subproblems (Ogren,
S\)//varms ie. systems ng mlFJ)Iti le autonomous and 29093). The first is on path generation and navigation

ms, 1€, sy : b ith obstacle avoidance, which deals with how to
semi-autonomous vehicles. Swarm systems such ag, o\ "2° agent (e.g., a robot) from location A to
insects, birds, fish or mammals are very Common j,.aiion B in'some efficient manner while avoiding the

in nature and have served as an inspiration in this b ;
: : stacles. The second is how to keep the agents as a
research theme. Outcomes of this research can impack, 2 - moving together based on the solution of the

a wide variety of applications, especially in fields of navigation problem. i.e., every agent in the swarm is

gﬁov%%ri%tlglse ;r?dmrﬁ%&Teagé%ggrrnﬁg&/gorﬁgts' unm"’mnedcqordint;lting with other agents to realize group motion
' without inter-agent collision.

; h Robot navigation is a well studied problem in systems

motion control of autonomous swarms, i.e., how to : -

design the control algorithms to enable a group of ang]l_ c_olntrol. qulga:dapplrjolzachesdlnvolve ’t\r/|1e usde of

cooperative agents to move from a starting location g(r)tlolglaApmootﬁnt{ﬁeéz aS’A}oa%’hrgg ﬂfrg?%sghgdaﬁas

to a target location in the presence of multiple and b “Used 9 ; lppf h' blanni f bil

possibly moving obstacles. There are a number of een used extensively for path planning of mobile
' robots. A fundamental problem in the application of

essential requirements for the swarm motion. First - - o
. e APF method is how to deal with the local minima that
of all, the swarm motion should be collision-free, may occur in a potential field environment.

i.e., no inter-agent collision and no collision between
any agents and obstacles. Secondly, the swarm should
move Iin a formation or flocking mode, i.e., the agents

In this paper, we focus on the problem of coordinated



In (Waydo and Murray 2003a), a method of using (Currie, 1993). If the flow is irrotational, which means
stream functions to generate smooth paths for vehiclej2y = 0, then the stream function will also satisfies
motion planning is introduced. Concepts from hydro- |aplace’s equation.

dynamic analysis are used to construct potential fields ) )

with no local ‘extrema for vehicle guidance. Related Complex Potentiat The complex potentiaty of an
work can also be found in (Waydo and Murray 2003b) irrotational two-dimensional flow of an inviscid flow
and (Sullivangt. al, 2003). Despite the many positive  is defined by

attributes of stream function based methods, a possible

problem may arise, i.e., the so-called stagnation point .

problem SP). A stagnation point in fluid dynamics w(2) = @+iyY ®3)

refers to a point at which the velocity of the fluid | ora;— x i : ;

PR = X-+1iy, @ andy are thevelocity potentiabnd
btecomes zerg. Once a robot rr??r\}/es on|81I ait il stream functiomespectively. Then from (1) and (2), by
Stop there and can never reach the goal. equating the velocity components gives the Cauchy-

In this paper, we discuss how the stagnation point Riemann iorde _ ¥ Jdo _ _dy
may affect the robot navigation with a stream func- emann equationz, = Gy ay ox
tion based method. Concepts from fluid mechanics
are used to provide a solution to this problem. Based
ondthe Fr)lot_ential fflow fra[Pewl()rk, ad(_:litlionaldc((j)ncept_s d%ax- which is equivalent taly = 0, so that along
and techniques from artificial potentials and dynamic : _ .
connectivity are incorporated to realize coordinated 2" s;creamlllne_?p _é:onjsta%ggv = (u,v), then the
navigation of swarms. Specifically, artificial potentials COMPlex velocitys (Currie, )
are employed for swarming as well as enhanced obsta-
cle avoidance. A novel concept of dynamic connectiv- , dp 0@ ]
ity is utilized to improve the performance of obstacle (=5 —iz-=u—iv 4)
avoidance (Line of Sight Connectivity) and to orga-
nize diverse swarm behaviors (Random Connectivity).
Simulation results with a set of developed algorithms To solve the problem of navigation with obstacle
are included to illustrate the viability the proposed avoidance using stream functions, the flow types of
framework. uniform flow, sink and vortex are most important.
Their complex potential can be expressedfgs: Uz,
fs= —ClIn(z), fy = Ciln(2) respectively.

Instantaneous streamlines are determineg—“% =

2. BACKGROUND

As in (Waydo and Murray 2003a), this section gives 3. NAVIGATION WITH OBSTACLE AVOIDANCE
a brief introduction of some important concepts from

hydrodynamic analysis. For detailed information, pleasg.1 Avoidance of a Single Obstacle

refer to (Milne-Thomson, 1968) and (Currie, 1993).

Circular obstacle in a uniform flow: First, consider
) ) in an uniform flow with strength U f(, = U2) into

2.1 Potential Flows and Complex Potential which a single, stationary obstacle of radius placed

at the position lfy, by), let b = by +iby, applying the
Potential Flows and velocity potential If flow of an Circle Theorem (Milne-Thomson, 1968) and (Waydo
ideal fluid around a body originates in an irrotational and Murray 2003b) gives the complex potential:
flow, then the flow will remain irrotational even near
the bodﬁ/. That ir?’ tfr|1e a/(c())rticity vectau()))wg be zero 22
everywhere in the fluidd) = O x u = 0). Sincel x _ =
Og = 0 holds for any scalar functiop, the condition w=Uz+U (z_ b +Db) ®)
of irrotationality can then be satisfied identically by o .
choosingu = . This functiong is calledvelocity ~ For simplicity, suppose the center of the obstacle is
potential and flow fields which are irrotational, and located at the originQ; 0), then the complex potential
so can be represented in formwt= g are referred  pecomeso = Uz+U 2, and the imaginary part is the
to aspotential flowsSince in cartesian coordinates the stream function of th(za flow:
velocity u can be expressed as= u+ iv, we have '

2 2
dp  d¢ _Uy(1- ) —uy(1-2 6
UZWNZOTy (1) llf y( X2+y2) y( rz) ()

For ideal flow, equation of continuity can be expressed NOt€ that on the boundary of the obstagfe+ y? =
as: 0-u = 0. Substitute this expression far into as, Y = 0, verifying that the flow is tangent to the
u = 0@ gives 02¢ = 0. So the velocity potentiap boundary of the obstacle. The complex velocity is then

satisfies Laplace’s equation. given byw'(z) =U —U ‘;‘—j =U[1- f‘—i(xz —y2—i2xy)].
S_tre_am Func_tion: In cartesian coordinates, the con- i_e_uzu[l_?;(XZ_yZ)],Vzu%jZXy_ Herer? =x2+
tinuity equation can be expressed g5+ % =0. y2. Usex; andx, for representing andy, we have:
Introducing a functionp which is defined as
._1a222._a22X .
u_d‘l’ o a‘ll (2) Xl—U[ _rj(xl_XZ)LXZ_Urj 1X2 ( )

“oyV T T ax
y a plotting is given as Fig.1 where the red lines rep-
The functiony is then calledstream functionand  resent the streamlines and the circle centered at the
by virtue of its definition it is valid for all two-  origin with radius 2 is the obstacle. It can be seen that
dimensional flows, both rotational and irrotational no streamlines will go into the obstacle.



Circular obstacle in a sink flow: Similarly, another  stagnation points. Since 8Fs the velocity of the fluid
scenario can be a single stationary obstacle of radiusbecomes zero, the complex velocity would vanish, so
a into a sink flow with strengtt€. Detailed analysis the equation for calculating stagnation points can be
for this scenario can be found in (Waydo and Murray expressed as (Currie, 1993):

2003b). A plot of the streamlines passing through the

obstacle can also be seen in Fig.1. This can be viewed

as generating suitable paths for avoiding an obstacle dw -0 (8)
and reaching goal. dz

A remark is in order here. When applying the stream
function method, the dimension of the cylinder is
typically chosen to be bigger than that of the real
obstacle for the sake of safety. So if any robot happens
to get into aSP, although it will stay but it will not
collide with the obstacles. An example is given in the
left plot of Fig.3, one of the robots (the middle one)
stopped at one of th&Ps.

Fig. 1. Circular Obstacle in Different Flows

3.2 Avoidance of Multiple Obstacles

If there be multiple cylinder type obstacles in the fluid,
then we need to solve the Laplace’s equation with
multiple boundary conditions. This is undoable ana-
lytically. But basic ideas from single obstacle avoid- To solve the problem, methods such as adopting cer-
ance can still be used by using method called additiontain random walking algorithms when reaching 8fe
and thresholding, detailed information can be found in can be incorporated. However, in this paper, we will
(Waydo and Murray 2003a) and (Waydo and Murray use concepts from hydrodynamics to reach a solution
2003b). An example is given in Fig.2. In this simu- for this problem.
lation, three cylinder type obstacles are placed in an . . .
uniform flow and a sink is induced to act as the goal. " fluid mechanics, the complex potential of vertex
fy = Ciln(z) applies to the circulation motion of fluid
between two concentric cylinders. Adding this to the
complex potential of a circular obstacle in certain
types of flow, it will change the positions of stagnation
points (Milne-Thomson, 1968). Here is a brief analy-
sis based on the earlier example of a circular obstacle
in a uniform flow:

999999

Fig. 2. Avoidance of Multiple Obstacles

4. STAGNATION POINTS Fig. 4. Stagnation Points Shifting

As discussed in (Waydo and Murray 2003a) and Adding Ciln(2) to w:UerU‘lzz, the new complex
(Waydo and Murray 2003b), one main advantage of i 2 ,

using stream functions is the absence of local extrema,potential becomes = Uz+U % +iCIn(Z). As can
which means that the situations of robots stopping athe seen whem = ad?, w = 2Ua, the imaginary part
a local minima when using thePF method will not of ¢ is constanD. which means the boundary of the
happen. But there is another problem which still needs cylinder is still part of the streamline. To find the new

to pay attention: th&tagnation Point¢SP). As at any ositions of the stagnation points, by applying (8) we
SP, the velocity of the fluid becomes zero and if any P g P - by applying (8)

Z i ;
robot happens to get into a stagnation point, the robotcan getZ + 545 — 1 = 0. The solution can then be
will stay there. found as
Here we give a simple example &P. from (7),
suppose the right side of both equations equal to zero, iC c?
i.e., the velocity of the fluid becomes zero= 0 and z=a(-55 ~ 22202 9)

v = 0. Then by solving the equations[1 — & (x2 —
5 5 y g q. il f“( So the positions of stagnation points will be decided

y*)] = 0,U%2xy = 0, we can find the solutions = by the relationship between C antd (Currie, 1993).

—a,y=0andx=a,y= 0, which are point# andC ] c .

in the left plot of Figure 1. So at these two points the Case 1: IfC < 2aU, suppose,g; = sinB. Thenz =

fluid will come to rest. Similarly, it's not difficult to  a(—isinf 4+ cosp), so the stagnation points lie on the

prove that in the right plot of Fig.1 A and C are also cylinder below the center.



Case 2: IfC = 2aU, thenp = 7, this time the stagna-

_ _va_ —lyll? i i
tion points coincide at the bottom of the cylinder. gly) = —yla—bexp—-)] and it also will be used

in this paper. To avoid confusion with (9), we rewrite
2
Case 3: IfC > 2aU, suppose,s; = coshB,thenz = itas:g(y) = —ylks — kzexp(%)]. Detailed analysis

ai(— coshB £ sinhB) = —aie*?, calling the two solu-  of g(y) can be found in (Gazi and Passino, 2004) and
tionsz; andz, then|zz,| = a2. this time the stagna-  (Gazi and Passino, 2003).

tion points are inverse points on the y-axis(imaginary

axis), and one of the SP is inside the obstacle cylinder.

Plottings of all three cases are shown in Fig.4 5.2 Swarm Navigation Based on Stream Functions

As from the analysis, th&Ps will be in different A . db h . i thi
locations when adding the vertex flow with different ~S Motivated by swarm phenomena in nature, in this
strengttC, so if we add a vertex flow with the strength Paper we assume each robot only interact with those

to be a function of time, then thePs would keep that are in front of it along the navigating direction (as
changing. Therefore once a robot stops &Fanext indicated in Fig.5) and each robot has a limited sensor

step when it updates its position, it will get out of the ange.

SP. This can be used for helping robots get ous&t  Simple Superposition A natural (and naive) scheme
A function of the vertex strength now being used in tg facilitate swarm navigation based on stream func-
our program is a sine functior€ = Ksin(wt) with tions would be a superposition: Let the streams "carry"
K = 1.5aU. Simulation result when apply this method every robot to the "catchment area" while at the same
is given in the right plot of Fig.3. It can be seen that time applying the interaction forces between neigh-
the robot which stopped at a stagnation point now hashors to keep the group as a swarm. For example, when
no trouble navigating past the obstacle. considering a swarm navigating in an uniform flow
with only one obstacle in the origin, the model can be
expressed a; = U[1— ";‘—j(xﬁ —x3)] + z?‘zlg(x'l -
. SWARM NAVIGATION IN TREAM i g 2 . ; i .
5 S FL(JBNCTOIONUSS GS x1) andx, = U & 2x;x; + z:-\"zlg(x'2 —xb). HereN; is
the number of robot within the sensor ranger of agent

In real world, phenomena of insects or animals aggre-i- A more general expression can be written as:
gating or flocking in swarm systems are very common.

Swarm systems can exhibit diverse adaptable behav- = 4 (12)
iors such as split, rejoin and squeezing maneuvers. In = Xtlow " Xswarm

this paper the scenario of interest is the navigation of

a swarm such as a school of fish passing through aThe problem with this simple superposition strategy
water course with reefs to the spawning place. Similar is that the robots may collide with the obstacles due
research can be found in (Saber and Murray, 2003)to the extra "pushing or pulling effects" among each
and (Saber, 2004), therein models of nets and flocksother in the effort to stay together in a swarm. See
are discussed based on the graph theory and differenfig.7 for such an example.

types of agentsq(, 8 andy) are designed to solve the
problem of flocking in the presence of multiple ob-
stacles. Here we present a general framework that ju-
diciously combines the stream function based method
with dynamic swarm models for coordinated swarm
navigation.

Simple Superposition with Switching To solve the
problem of the preceding section, one strategy is to
Iintroduce switching control, i.e., once a rohogets
close to any obstacle, stop the swarm control algo-
rithm for all the robots. Then every robot will just
keep navigating follow streamlines until they pass
over the obstacles. Simulation result as shown in Fig.8
indicates that when using this switching method no
5.1 Swarm Modeling collision happens.

o ) , Adding Repellent Profile for Obstacles Using the
The basic idea of modeling a swarm system is to switching method can help avoid collision with obsta-
express the mutual attractive and repulsive effects be-cles, but it introduces added complexity in the control
tween every agent in the swarm. So far many methodsa|gorithm to determine the timing for switching. It
have been brought forward and in this paper the mod-may also lead to nonsmooth motions and the loss of
els developed in (Gazi and Passino, 2004) and (Gazicontrol authority over the inter-agent distances. For
and Passino, 2003) will be used. In (Gazi and Passino,instance, in Fig.8, it can be seen that roBtllows its
2004) a swarm oM individuals in an n-dimensional own streamline and goes far away from other robots.
space was modeled with an attractant/repellent envi-The reason for a robot to collide with an obstacle when
r_onment proflle. Here we will only consider the situa- using the Simp|e Superposition is due to the pushing
tion whenn = 2. anhd pulling eff;fec’gs with other robots. Thehrefore ﬁn-
" L , other more effective strategy to increase the repellent
Sgsg?tf: dtgzi EOISD:EIc;phgfezt;?iﬂlxlg:;ar:o?igc)ir?g?et;ih effects of obstacles to balance the interacitions from
individual agent is (Gazi and Passino, 2004): other robots, that is, adding back thély a(x) term
to (10). But this time, it will only be used to repre-

sent obstacles. In this paper, the Gaussian type func-
i i M D tion from (Gazi and Passino, 2004) is usedy) =
S v 0
X =—Do0)+ Z 90X —x), i =1,..,M(10) — A9 exp(— =¢l%) 4 b, For obstaclesis > 0. Now
j=Lj# o .
(10) can be rewritten as
0 : R — R represents the attractant/repellent profile

of the environmeniy(-) represents the function of mu- oy i ci
tual attraction and repulsion between individuals and X = Xtiow T Xswarm™+ Xobs (12)
is an odd function of the formg(y) = —y[da(llyll) =  As the reason for adding this repellent profile for

or(lyll)]- The function in (Gazi and Passino, 2004) is an obstacle is to balance the pushing and/or pulling



effects from other robots, so the scope for this term . S
to take effect is confined within a limited range. If the

>, 2
radius of the circular obstacle is taken toR&, then i )
the range foiJyo(y) would beRrep = mR;r. Usually ; ; j
1< m< 1.5. The simulation result is shown in Fig.9.

dsi=6
p(3)=2/5

Navigation with Connectivity Testing: In (Gazi and
Passino, 2004 and 2003), the algorithm assumes that
every robot in the swarm interacts with all other ‘

robots, i.e., the robots are fully connected (within the _. -
range of sensor limits). As can be seen this assumptionFig- 6. Random Connectivity
to some extent overlooks the information of obstacles : ;

when building the connections. In this paper, we intro- chpsen as a partner for robot i to follow is expressed
duce a more natural algorithm called navigation with S:

connectivity testing or navigation with line of sight

sy

(LOS) connectivity to take into account the presence L

of obstacles. p(m) = — 9 (13)
Navigation with connectivity testing means that for > ((Ttu)

any roboti, other robots within its sensor range are k=1

to be tested for suitable connectivity, i.e., only when ; ; ; i TR
the connecting line between robatand j does not Evleryl tlmehvyihen agent uptljat;: |tshpos!t|or},lt VYT:"
go into any obstacles, robgtcan be considered as Ccalculate thexg,,, term only by choosinge = x

a neighbor fori. This means that any robot will in-  With probability p(m). For example, in Fig.5, for robot
teract with those robots within its sensor range asi it neighbors are ageritand5. The distanced;' =4
well as light on sight (i.e., no obstacles between gnqds' = 6, using (13), the probability for robdtand
interacting robots). This idea of connectivity test- 5 iy pa considered arp(1) = 3/5 and p(5) = 2/5
ing stems from the so-called Probabilistic Road Map respectively, now robdtgenerates a random number,

method PRM)in which testing the connectivity be- ? o o
tween randomly generated notes is a very important(©f €xample 0.45, as this number is withji 3/5 =

process. More information can be found in (Kavraki 0.6]; S0 robotl will be selected. This algorithm sim-
and Latombe, 1998), and (Guaref. al, 2003). A  ply means closer neighbors will be more important,
definite advantage of connectivity testing is that for far sway ones will also have interactions but with a

every robot the chance of being pushed or pulled to Smaller possibility for being considered. This is more
obstacles is greatly reduced. natural and what's more, it further decreases the pos-

sibility for a robot to bump into obstacles as in most
situations the effect between two "connected" robots
will not likely go through obstacles.

3 ‘ 5 6. SIMULATION RESULTS

> In this section, simulation results are shown to illus-
5 trate the effectiveness of the algorithms discussed in
the proceeding section. Fig.7 to Fig.9 are the snap-
a » shots of simulation results of simple superposition,
simple superposition with switching, and adding re-
Fig. 5. Line of Sight Connectivity pellent profile for obstacles, respectively. For all three
simulations, there are two circular obstacles with ra-
dius1and centered 40, 2) and(0, —2) in an uniform

Suppose the set of robots within the sensor rangeﬂOW with strengthU = 2. The initial positions .of all

of roboti is .#; and the robots within sensor range t(hesrgtg;ts (arg ;am; fczr azllsthoe)sgnstljngulgtldf,g()),r

OL |tbu|t th_e;%(iti)ntr;]ectmgh lines IW|t||n t\.N'I.Ii goes m;[o simulation result in Fig.9, the parameteré for the added
obs a? es I. 2, then when calculalingsyarm ONYY  repellent profiles arefy1 = Agz = 65, Co1 = (0,2),

xJ € K; — K3 will be considered. For example, in Fig.5, Co2 = (0,—2), lg1 = lgz = 1.1. Fig.10 and Fig.11
) ={1,2,4,5}, &) = {2,4}, so for roboti only are snapshots of simulation results of navigation with

robot 1 and 5 will be considered. IfKi = Ki, then connectivity testing and navigation with random con-
X € 0, if robot i is not within any ofective range  NECtvity. In both simulations, there are five obstacles

of the obstacles, then the governing equation will be chatg;jvaf[(r]_r%;ﬁsg}S’ fg) ’1(6_ i’ gr?dsﬂz 'I('El’e 5)inﬁ{j'3
e Lo : mch L .
simplified asx' = Xi,,,,, as no streamlines will o into  iqjions of 15 robots are randomly generated but for

obstacles, so the robot can safely keep marching till it comparison they are copied and used in both simu-

find its companies. lations. The strength of the uniform flow i$ = 16,
P ; i ; for every robot18. The added profile

Navigation with Random Connectivity: Again look- Sensor ranger

ing for inspiration from nature, for example in marathonfor the obstacles ar, — (380, 380, 380, 2980 2980),

the most possible action for an athlete to take is to

Cg is just the center of obstacles ahgl equals 1.5

catch up with the nearest runner in front of him. So times the radius of every obstacle.
we introduce another algorithm, namely “Navigation
with Random ConnectivitiRC", as follows: Suppose

for robot i the set of robots which are within the 7. CONCLUSIONS
sensor range of and also have suitable connectiv-
ity with i is {7 | 51',s',...s'}, the distances td is | this paper, we extend the stream function based nav-

{2 ] dli,dzi,...dni}, the probability for agent j to be igation method to a framework for coordinated motion



. @ o
'@ ®
Fig. 7. Simple Superposition
:’... .>a v
o ®
.N » . v s

Fig. 8. Simple Superposition with Switching
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Fig. 9. Adding Repellent Profile for Obstacles

Fig. 10. Swarm Navigation with Connectivity Testing

control of autonomous swarms. The stagnation point

Fig. 11. Swarm Navigation with Random Connectivity

nectivity are introduced. Extensive simulation results
illustrate the effectiveness of the proposed framework.
Research is underway for further in-depth analysis of
the proposed framework.
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