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Homography-Based Multi-Robot Control with a Flying Camera

G. Lopez-Nicolas, Y. Mezouat and C. Sagiiés

Abstract— This paper addresses the problem of visual control system consists of a fixed camera on the ceiling. In general,
of a set of mobile robots. In our framework, the perception visual information is more robust if multiple view geometry
system consists of a calibrated flying camera looking downward constraints are imposed [6]. In particular, the homography
to the mobile robots. The robots are assumed to undergo . . ’ . .
planar motion considering nonholonomic constraints. The goal is a well-known geometric mo.del across two views |nd.uced.
of the task is to control the multi-robot system to a desired DY @ plane of the scene, and it has been used extensively in
configuration relying solely on visual information given by visual control [7], [8], [9].
the flying camera. The desired multi-robot configuration is In the framework considered here, the multiple robots are
defined with an image of the set of robots in that configuration. assumed to move in a planar surface and constrained to non-

Then, any arbitrary configuration can be easily defined by this . -
image without any additional information. As contribution, a holonomic motion. The goal of the control scheme proposed

new image-based control scheme is presented relying on the IS t0 drive the multiple robots to a desired configuration
homography induced by the multi-robot system to lead the defined by an image previously taken of that configuration.

rob0.t5 to the desired c.onfigulration. The st.ability of the control  The visual information is acquired by a flying camera looking
law is alnalyzed and simulations are provided to illustrate the  yownward that undergoes an arbitrary planar motion, in such
proposa. a way that its translation is parallel to the robots motion plane
|. INTRODUCTION and the rotation is parallel to the plane normal.
. . We propose a homography-based control approach
Nowadays, multi-robot systems are an important researgfly takes advantage of the planar motion constraint to
area in robotics. It is known that a multi-robot system caprametrize the homography. This particular parametrization
perform tasks that are difficult for one single robot likey ares the approach feasible for a set of two or more
exploration, surveill_ange, sgcurity or rescue operations. O,rFGbots. The image features to compute the homography are
of the research topics in this area is the problem of reaching, projection of the multiple robots on the image plane.

and maintaining the robot team in a particular configuratioqrhen, the homography computed gives information about

[1] [2] [3]-_ ] . the configuration of the set of robots. In particular, it can
Visual information has been extensively used for roboge known if the configuration of the robots is rigid, i.e.
localization, navigation and control. Visual control is anyey maintain the desired configuration defined by the target
extensive field of research in the design of motion controlleri§nage or nonrigid, meaning that the robots are in a different
and it has focused the attention of many researchers [4]. dbnfiguration to the one desired. A new image-based control
is usual in multi-robot systems that each robot is equippgg,y is proposed where a desired homography is defined as
with a local perception system to accomplish the globaj reference for the control in order to drive the robots to the
task sharing their information. See for example the localyegired configuration. This approach is different than other
ization method for mu!tlple moblle.robots presented in [5]image—based techniques in the use of the homography for
Another related work is [2], that aims to enable groups ofti-rohot formation. In particular, this homography is the

mobile robots to visually maintain formations, but they gyay to handle the interaction between the robot team.
a step further by considering the problem in the absence of The main contributions are the homography-based frame-

communication between the robots. The issue of switchingqr that gives a desired homography to define the reference
between decentralized and centralized cooperative controltgrget, and the image-based control law that drives the robots
tackled in the vision-based formation control with feedbackg, he desired configuration. The advantages of the approach
linearization proposed in [1]. . presented are that any arbitrary desired configuration can be
Some of the advantages of using a centralized approachdssily defined with one image, avoiding the need of addi-
that it allows simple and cheap robots, and releases their l0Gg)na| information like 3D measurements or relative positions
resources transferring expensive computations to an exterpahyeen the robots. Another advantage of the approach is that
computer. A centralized architecture is considered for thge camera does not need to be static. Notice that the camera
leader-follower control proposed in [3], where the perceptiogan freely move while carrying out different or additional

Lo - . ) N tasks independently of the control task. Moreover, the motion
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Y (0 height of the camera with respect the motion plane of the

Camera robots. Therefore, the homography matrix is given by
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B. Homography Computation

Fio 1 Coordinat om: Th ion of th . The homography across two views can be computed from

Pl 1 oot Systen: The ot of the camera oceutsan 1, a minimal set of four point correspondences soling a linear

to thex — y plane. The rotation of the camera is also parallel to thegplanSystem [10]. In our framework, the points considered cansis

normaln. of the projection of the robots on the image plane, and they
are denoted in homogeneous coordinatep by (p, py, 1).

. A point correspondencep(p’) is related up to scale by the

configuration. The control law for the multi-robot system 'Shomography ap’ — Hp, which can be expressed in terms

presented in section Il including the stability analysis o - :
: . . . . of the vector cross product Hp = 0 [10]. From this
the control scheme. Simulations are given in Section IV tQ P 35 x Hp [10]

. . expression two linearly independent equations in the entri
illustrate the performance of the proposal. Section V prisse P earty P a

. of H (3) are obtained
the conclusions of the paper.

h
Il. HOMOGRAPHY-BASED SCHEME hi;
/
The setup of the multi-robot system and the flying camera Pe py 10 —pf his | =0. (4)
is illustrated in Fig. 1, where the global fixed Left-handed c py —pz 0 1 —pj has
ordinate system is depicted. In the following, we pararaetri hss

the homography in this framework and describe the method ) ] ) ]
to compute linearly the homography. Then, we propose ach point correspondence gives two independent equations

procedure to define the desired homography that corresporfg¥en thatH is defined by seven unknown entries, and using

to the desired configuration of the multi-robot system. ~ theé homography constraints, = has andhyy = —his, @
o set of two point correspondences allows to determine the
A. Homography Parametrization homography up to a scale factor by solving a linear system.

Two perspective images can be geometrically linkeébiven thathss is never zero because of the particular form
through a plane by a homograpHy € R3*2. This projective  (3), the scale of the homography can always be normalized
transformatiorH relates points of the plane projected in bothand fixed by this entry.
images. Pairs of corresponding poings ') are then related
up to scale by’ = H p. The calibrated homography can be
related to camera motion and plane parameters as follows Each pair of robots induce a homography across two

images, the current image and the image of the desired

H=R+Tn'/d, @ com?iguration. Given a sget ofV robots, t?’le number of
where R and T are the relative rotation and translationhomographies defined by the different pair of robots is
of the cameran is the unit normal of the plane with N(N — 1)/2. If all of these homographies are equal, the
respect to the reference frame aids the distance along relative motion of the robots is rigid. Otherwise, if any bét
n between the plane and the reference position. In tHegomographies is different to the others, the relative nmtio
framework considered, the position of the cameray, z)” of the set of robots is not rigid and they are not in the desired
is constrained to the plane— y (i.e. z = 0) and rotationy ~ configuration. A desired homography computed using all
about thez-axis. This constraint yields robots needs to be defined in order to lead the robots to
the desired configuration.

C. The Target Homography

R — ?98925 Smfb 8 T — ?” 5 In the first case, the homography induced by the plane of
- _bén¢ C%bd) 1 T ty (@) the robots moving in the desired configuration is conjugate

to a planar Euclidean transformation given by
with T = —R(z,y,0)7.

In our framework, the mobile robots move in a planar
surface that generates the homography. Besides, the camera
undergoes planar motion: the translation is parallel to the
plane and the rotation is parallel to the plane normal, he. t Notice that the upper left haritx 2 matrix is orthogonal. The
z-axis, andn = (0,0, —1)7. Notice that the distancéis the Euclidean transformation produces a translation andiootat

cos¢p sing his
H,gia=| —sing cos¢ has | . (5)
0 0 1



of the image, and lengths and angles are invariants by this g — g )
i g

transformation. | | ., \

The angle of rotation is encapsulated in the eigenval- S—Sv W\m\ -
ues of (5) given by{1,e?,e~}. Then, from the gen- Image of desired -
eral expression of the homography, it can be deduced that configuration Current image
n = (0,0,—1)7 and relative motion up to scaler, y,0)” camera
analogue as the assumptions defined for the homography y 1 Flying motion
parametrization. In this case, the robots are in formatitth w H:dl: camera —

all the homographies induced by pairs of robots equal to the
homography computed from all the robots (5) . o

In the second case, the motion of the robots is not rigid, y Y _ —ag
and they are not in the desired configuration. Then, the Control law || Robots

. . . Wy =
computation of the homography gives a matrix of the form ¢
i)
scos¢ ssing  his
H,onrigia = —ssing scos¢  hag , (6) Fig. 2. Overview of the control loop. In each iteration of tentrol, the
’ 0 0 1 flying camera takes a current image of the robots, the dekioeadbgraphy

H? is obtained and used in the control law to compute the roblotities
where the upper left hanél x 2 matrix is no Ionger or- Necessary to reach the desired configuration of the mudtitreystem.
thogonal. This previous matrix corresponds to a similarity

transformation, i.e. translation, rotation and isotroggaling Yy
represented by the scalar Angles and ratios of lengths w X
are invariants by this transformation. The eigenvalues of global reference
AR . , \
this similarity are {1,se’®,se~*®} and encapsulate the P/’ \
rotation angle. Comparison with the general expression of \\
the homography leads again to = (0,0,—1)7 but to a wc \
computed relative motiofw, y, (s —1)d?)T up to scale, with M
7 ; i ~ \ d
z # 0. Therefore, the nonrigid motion of the robots induces S~o Al Yy

a valid homography but not constrained to the assumed /l Pec \*\\\ d
camera motion. We need to define a desired homography
like H,0nrigid, but being induced by a motion that keeps
the camera motion constraints. This can be done normalizifi@. 3. Coordinate systems from a top view of the 3D scene. robet
(6) to make the upper lef harkix 2 matrx orthogonal and_EESten s hen b L0 ) in e dows, ference. The
settinghss = 1 to hold the planar motion constraint of the

camera(z = 0). Alternatively, we can simply normalize

the upper left han® x 2 matrix and obtain the desired of that configuration. An overview of the control loop is

goal pose

homography with depicted in Fig. 2.
. 1/s 0 0 A. Robot Model and Coordinate Systems
H® =Hponrigia | 0 1/s 0 |, @) Different coordinate systems defined in the 3D space are

0 0 1 depicted in Fig. 3. The state of each robot is given by
wheres is computed as the norm of the upper left hand2 (7,4, ¢)", whereg is the orientation of the robot expressed
matrix of H,,onigiq. Then, the goal is to control the robotsas the angle between the robot baggxis and the world-

in such a way that all the homographies are ledH6 to  axis. Each robot has two velocity inputs, the linear velocit
reach the desired configuration. v and angular velocityw, with v in the direction of the robot

The H,,,,.,igia relates each poinp of the current image y-axis, andw about the robot-axis. The kinematics of each
with the corresponding poinp’ in the desired formation robot can be then expressed in general in polar or Cartesian

image with p’ = H,onrigiap- The desired homography coordinates in a fixed reference as

H‘ is used now to define the goal location of the points p =7 cosa = —vsing

in the image ap? = (H?)~!p’. Notice that the desired d=w-7sina ,and{ y=wvcos¢ , (8)
location of the robots in the image computed from the ¢ =w b=w

desired homography is not constant and varies along the tir‘peeS ectivelv. bein

depending on the motion of the camera and the robots. P Y 9

T = —psin and y = pcosi . 9

I1l. VisuAL CONTROL LAW psiny y=peosy ©

. . The alignment error is defined as the angle between the

From the desired homography computed as explained in . .
. ) .-robot bodyy-axis and the distance vectpr

the previous section, we propose a control scheme to drive

the robots to the desired configuration defined by an image a=¢—1. (20)



being £, > 0 a control gain. The termy, is related with
¢ t the variation of the distance. because of the goal location
m . o . . d .
N displacement, and it is defined ag = 0p./0x% with
Ay - " YUm x4(t) = (24, y?, ¢1)T. This parameter can be estimated with
P S~Jm an observer. The image projection of the distance to the
Pm o desired positiom,,, is measured directly in the image plane.
pd The rotational velocity is defined the same as in the first
controller. In general, we can assume that the motion of the
mobile robots is smooth and we may consider in practice
Fig. 4. Coordinate systems on the image plane for each r8odindexm the Value$ ofpa (13) and#JC (14) negligible, and .they.are
denotes that the variable is defined on the image plane (the sariable NOt used in the computation of the control velocities in the
without subind((aiw_n refers_ to the 3D space). I_Doiptis th_e ima_ge projection _ experiments_
?;bao;osb;sttgrr:\q) its location to reach the desired configuration of the multi- After the second step, the robots are in formation and only
' a pure rotation is needed to reach the desired configuration
for the robot formation. The controller for the third step is

Image plane

We now introduce several variables, depicted in Fig. 41€fined as
to define the state of each robot on the image plane with v=0
(P> Yy Dm)- The origin of t_he coordi_nate syste_m for eac_:h Step =—k, (((bm — Ypm) — (¢ — w%m))
robotp on the image plane is placed in the desired location ] ] .
p?, i.e. the robots are in the desired configuration when alherevr., is a representative angle of the robot formation

of them are in the origin of their respective referenqe?)( and it is used to define the relative angles of the robots withi
The variablep,, denotes the distance of the projection ofn€ formation. The parameterr,, is defined for any pair of

a robot in the image with respect to its desired position "OPOtS ¢, j) with i # j as

on the imagep?, and so ij

(15)

pm = atan2 (=(p%, = p3). (v, —p})) . (16)
Pm = \/(Pz —p$)?+ by —1§)?, (11)  The superindex; has been removed in (15) and hereafter
q al for ease of the notation. The superind@in ¢°, or 4%,
and aiso refers to their corresponding values in the reference image
Um = atan2 (—(pz — p2), (py — %)) , (12)

C. Sability Analysis
where functionatan?2 returns the value of the arc tangent | ihe following, the stability of the control scheme is

using the sign of the arguments to determine the quadraghmyzed for each step by means of th@punov's Direct
¢m can be computed directly from the image of the robof;ethoq.

with computer vision techniques or estimated with, = 1) Sep 1: The robots perform a pure rotation & 0),

atan2(—Ap;, Apy), whereAp, andAp, is the incremental 54 \ye define the Lyapunov function and its derivative as
motion of the robot in the image plane. The alignment error

on the imagev,, is also defined as,,, = ¢, — Y. V o= (a—1.—7)%/2 a7
B. Control Law Vo= (a—te—m)(w =) (18)
The definition of the control law consists of three sequerPeveloping this expression with the value.afand assuming
tial steps with their respective controllers for each rofitie  that. is correctly estimated, we obtain
first controller is a pure rotation that turns the robots inhsu .
P V = —ko(a — e — 1) (am — 7). (19)

a way that they finally point to their desired positions. This
controller is defined as

Step 1{

Notice that,, is the image projection df« —v.) and both
v=0 multiplying terms inV has the same sign yielding < 0.

w = the — ko (O — ) (13) Therefore,V is negative definite and the control in the first
step is asymptotically stable.

beingk., > 0 a control gain, andb. is defined as the angle 3y gep 2: The following candidate Lyapunov function is
with vertex at the robot position and leads to the goal pmsiti §efined for the second step:

and the global reference (Fig. 3). The value of the alignment

error a,,, is measured directly in the image plane, whilg V= (pe)?/2+ (@ — . —m)%/2. (20)
can be estimated with an observer. The goal of the second ] . o

step is to reach the desired position up to orientation. Thide consider the analysis of the local stability in the second

second controller is defined as step givena,, = 7 (i.e. a — 1. = ) after the first step.
Therefore

U= ﬁd —ky Pm
Step 2{ ' a4 V= (o2 = (-2 /2 4 (y— 2, (1)

w:¢c_kw(am_ﬂ)



and its derivative is

14

of the control scheme (15). This step ensures that the final
orientation of the robots agrees with the desired multstob
configuration. Depending on the application, if the goal is
to reach the desired formation independently of the robot’s
orientation, this last step is optional. For example, theeca
of considering a secondary task performed by robots having
omnidirectional capabilities. The evolution of the homagr
phy entries is also depicted in Fig. 5 and Fig. 6. It can be seen
that all the individual homographies computed between each
pair of robots converge to the desired homography. Notice
that the desired homography is not constant, as it evolves

that o, is correctly estimated, we obtalh = —k, p.pm <0 depending on the motion of the camera. The results show
and the control in the second step is locally asymptoticallgood performance of the homography-based control scheme.
stable. More examples are given in thaédeo attachment.

3) Sep 3: The robot performs a pure rotation to get the
desired relative orientation of the robots in the formation
The Lyapunov function and its derivative are defined as

1% (¢ —vr — ¢ +93)%/2 (23)
14 (¢ —vr —¢° + 93w (24)
—k(d —br — ¢° + V%) (b — YEm

— 0, + Vo)

Pe Pe (22)
(@ — 2@ — i) + (y —y") (G - §%)

v (—(z — 2% sing + (y — y?) cos @)

—(z — 2! — (y —y)y*

U Pe = Pd Pe

with (gap.) = (z — 2¥)i? + (y — y?)y¢. The previous
expression has been developed taking into accoun{that
Y. = m) and thentan ¢ = —(x — 2%)/(y — y?). Assuming

V. CONCLUSION

A new control scheme has been proposed to lead a group
of robots to a desired configuration. The control law is based
on a particular homography parametrization that allows to
define the desired location of the robots in the image plane.
The advantages of this approach are the simplicity of the
definition of any arbitrary desired configuration for the set
of robots avoiding the need of metric information on the 3D
It can be seen that both multiplying terms Wfcorrespond SPace as well as the control law does not need to know the
to the rotational error with the same sign. Therefore, mMotion of the flying camera. In fact, the control performancg
is negative definite and the control in the third step i4S independent of the camera motion and the camera is
asymptotically stable. able to perform ac_id|t|onal tasks 5|multaneo_u_sly. The wl_alld

The motion of each robot is not independent of the reQ the approach is supported by the stability analysis and
of the team, but related through the homography by theimulations, which show the effectiveness of the approach.
definition of the desired configuration. Given that the dsbir
configuration is involved in the stability analysis of each
individual robot, their individual convergence implieseth
convergence of the global system.
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Fig. 5. Simulation with the flying camera undergoing a ciacuinotion. The robots are initially in an arbitrary configioa and the goal is to reach
the desired one. Top-left: Desired configuration for 4 rebiot square formation. Top-middle: top view of the camera (ithitial position is depicted
with a circle inside a square) and the robots. The initialfigpmation is drawn with dashed line and the path followed ey tobots to reach the desired
configuration is shown (thick lines). Top-right: trace oétfobots in the image plane. Second row: linear and angulecities of the robots, and evolution
of the homography entriei(1, hi12, h13, ha3) of the desired homography (thick lines) and the current dgnaphies between the robots (thin lines).
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Fig. 6. Simulation with the flying camera undergoing a motemmpounded of sinusoids. The robots are initially in anteabj configuration and the
goal is to reach the desired one. Top-left: Desired conftgurdor 6 robots in triangular formation. Top-middle: tofew of the camera (the initial position
is depicted with a circle inside a square) and the robots. ifiitial configuration is drawn with dashed line and the pattiofved by the robots to reach
the desired configuration is shown (thick lines). Top-righiice of the robots in the image plane. Second row: linedramgular velocities of the robots,
and evolution of the homography entrigs; {, hi12, h13, ho3) of the desired (thick lines) and the current homographiesveen the robots (thin lines).



