Vision-based Distributed Formation Control without a Global
Reference Frame
Dingjiang Zhou, Eric Cristofalo, Eduardo Montijano, Mac Schwager and Carlos Sagues
I. I NTRODUCTION
Many current approaches to multi-robot coordination rely
on global observations (e.g. from a motion capture system
or GPS) in a fixed global reference frame, for example
[1], [2]. In this work, we propose a step towards removing
the dependency on external positioning systems and global
reference frames. We introduce an algorithm for aerial robots
with downward facing cameras to estimate the relative pose
between robots. We use a novel sensor-fusion algorithm that
combines the robot’s on-board camera images and data from
the inertial measurement unit (IMU) to rectify the images
and extract the estimated relative position and orientation between robots. The algorithm uses a vision processing pipeline
based on feature matching, RANSAC, and homographies. We
then apply this technique to control a group of robots to hold
a specified formation using only relative pose measurements
[7]. We finally demonstrate the effectiveness of our combined
vision and control system in hardware experiments with three
quadrotor robots.
II. P OSE E STIMATION
The sensor-fusion algorithm estimates the relative positions between each aerial robot, equipped with an IMU
that measures global roll and pitch angles, φi and θi and a
pinhole camera with limited field of view and known intrinsic
parameters [4], [5]. A rectification homography is calculated
using the two sensors in order to to eliminate the rotations
caused by the relative roll and pitch angles, φij and θij ,
that exist in the general homography. In this way, the pose
estimation from the general homography is greatly simplified
and can be used directly in the control law presented in [6].
We consider a six DOF robotic platform with pose, si =
[xi , yi , zi , φi , θi , ψi ]T . Ri = Rψi Rθi Rφi denotes a rotation
matrix where Rφi , Rθi , and Rψi are the rotation matrices
corresponding to the Euler angles of robot i. The relative
position of robot j measured in the frame Fi is pij =
[xij , yij , zij ]T = RTi (pj − pi ), where pi = [xi , yi , zi ]T ,
and the relative orientation is determined by the angle ψij
that generates the rotation matrix Rij = RTi Rj .
Suppose Ii and Ij are the images acquired by the robots at
positions si and sj respectively such that a plane π is visible
in both images. Plane π is assumed to be perpendicular to the
z-direction of Fw (but not necessarily Fi ). Additionally, the
distance between this plane and the robot’s plane of motion,
D. Zhou and E. Cristofalo are with the Department of Mechanical Engineering, Boston University, United States. {zdj,emc73}@bu.edu.
E. Montijano is with Centro Universitario de la Defensa (CUD) and also
Instituto de Investigación en Ingenierı́a de Aragón (I3A), Universidad de
Zaragoza,, Zaragoza, Spain. emonti@unizar.es.
M. Schwager is with the Department of Mechanical Engineering and
the Division of Systems Engineering, Boston University, United States.
schwager@bu.edu.
C. Sagues is with the Instituto de Investigación en Ingenierı́a de Aragón
(I3A), Universidad de Zaragoza, Spain. csagues@unizar.es.

Fig. 1. Acquired image (left) and rectified image without φ and θ (right).

i.e., zi is known. Both images can be related by an intertij nT
image, general homography [4], Hij = K(Rij − δj j )K−1
, that transforms the plane from image j to image i where
nTj = [0, 0, 1]RTj , represents the normal of the plane in the
body frame Fj and δj is the distance from robot j to the
plane. Therefore, if a particular feature in the plane appears
in the pixel coordinates fj in image Ij , and coordinates fi in
image Ii , then γfi = Hij fj , with the homogeneous factor,
γ.
Estimated relative pose between the robots is then calculated using the measured roll and pitch angles, φi and θi ,
at position si . The rectification homography, Hri , transforms
the features extracted from Ii as if they were observed with
the robot perpendicular to the ground (see Fig. 1), Hri =
−1 −1
. The calibration matrix is post-multiplied in
R−1
φi Rθi K
order to remove its effect from further computations. Therefore, given a feature, fi , extracted from the image, its new
coordinates after the rectification will be, fir = Hri fi .
The rectified image coordinates are then related by the
−1
homography, Hrij = Hri Hij Hrj
, where Hij is the
homography that would be obtained if no rectification was
made. After some simplification, the homography computed
between the rectified images will be of the form
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cos(ψij ) − sin(ψij ) − zijj
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− zijj 
(1)
Hrij =  sin(ψij ) cos(ψij )
.
z
0
0
1 − zijj
Using the altimeter measurement for zj , it is straightforward to obtain the planar relative positions and orientations
between two robots.
III. F ORMATION C ONSENSUS
We apply the above algorithm to obtain relative pose
estimated between robots in order to hold a desired formation. We adapt the formation controller present in [7] for
this purpose since it is one of the few formation control
algorithms that require only relative pose measurements
without a global reference frame. Other strategies that do not
require a global reference include [3], which uses relative
bearing measurements with a leader-follower architecture.
Let Fw be some fixed (unknown) reference frame for the
robots and Fi be the frame of robot i. The state of the

robot i expressed in Fw is defined by its position, pi =
[xi , yi ]T , and orientation yaw, ψi . In abuse of notation,
we denote the rotation matrix associated to ψi by Ri =
[cos(ψi ), − sin(ψi ); sin(ψi ), cos(ψi )]. Each robot is able to
move with holonomic differential kinematics with respect to
its own frame: ṗi = Ri vi with vi = [vxi , vyi ]T the linear
velocity of robot i and ψ̇i = wi with wi the angular velocity.
The time derivative of the rotation matrix, Ri , is equal to
Ṙi = Ri Si , with Si the skew-symmetric matrix associated
to wi , Si = [0, −wi ; wi , 0].
Let p = [pT1 , . . . , pTN ]T denote the concatenation of the
positions of all the robots and ψ = [ψ1 , . . . , ψN ]T of all the
orientations. And let pij and ψij denote the relative position
and orientation of robot j measured in the frame Fi .
First assuming that the agents have fixed, but not necessarily equal, rotation frames, satisfying Assumption 2.1 [6]
(fixed desired orientations), the controller used by the agents
is a standard consensus controller of the form
X

vi = Kv
pij − p∗ij , Kv > 0,
(2)

parameters of the simulated cameras. The virtual images
are rectified using the Euler angles obtained from OptiTrack
which are equivalent to the roll and pitch angles generated
from an on-board accelerometer. The homography between
two virtual images is calculated using techniques in [4]. The
relative pose between the quadrotors is calculated from (1)
and the velocity commands are then calculated from (4).
Finally, the commands are sent to each quadrotor using
ZigBee communication.
A six-frame sequence of the experiment is shown in
Fig. 2. The quadrotors reached formation in approximately
8 seconds with an average loop period of approximately 33
milliseconds. These control loop periods are due to update
rate of the OptiTrack system and the lack of complex feature
extraction and matching in the computer vision process.

j∈Ni

leads to the convergence of the group of agents to a desired
formation pattern.
Proposition 3.1: (Convergence with fixed rotation frames
[6]). If the configuration is realizable (assumption 2.1), the
graph is connected and undirected (assumption 2.2), and the
desired orientations are fixed (assumption 3.1), Then, using
the controller in (2), the positions of the agents evolve in
such a way that limt→∞ pij = p∗ij , ∀i, j ∈ V.
Then, let’s assume the agents have time-changing rotation
frames. If we consider the linear velocities controller (2), and
the angular velocities controller as
X

∗
wi = Kw
ψij − ψij
, Kv > 0,
(3)
j∈Ni

then we have the following theorem.
Theorem 3.2: (Convergence with time-varying rotation
frames [6]) If the configuration is realizable (assumption
2.1), the graph is connected and undirected (assumption 2.2)
and the initial relative orientations satisfy assumption 4.1,
then by using the controller in (2) and (3) the positions
and orientations of the agents evolve in such a way that
∗
limt→∞ pij = p∗ij , and limt→∞ ψij = ψij
, ∀i, j ∈ V.
Finally, the controller can be expressed in terms of the
homography elements (1),


(
T
P
vi = Kv j∈Ni zj [Hrij ]13 , [Hrij ]23 − p∗ij ,
(4)


P
∗
wi = Kw j∈Ni [Hrij ]21 /[Hrij ]11 − ψij
,
where [Hrij ]ab is the element in row a and column b of Hrij .
IV. E XPERIMENT
The vision-based pose estimation and distributed formation controller are integrated into MATLAB and used to
control three quadrotors into a desired formation with no
global positioning information. The image processing is
completed on virtual images in a simulated MATLAB environment while the accelerometer data is replicated using an
OptiTrack motion capture system. The quadrotors’ positions
and orientations are measured by OptiTrack at 30 Hz. Virtual
images are generated by using the position and orientation
of each quadrotor as well as the known intrinsic camera

Fig. 2. Sequence of images. The x-axis and y-axis of each quadrotor is
denoted in red and blue respectively.

V. C ONCLUSIONS AND F UTURE W ORK
In this work we have presented a distributed solution
to move a team of quadrotors into a formation in the
absence of a global reference frame. The solution considers
two fundamental problems, the estimation of the relative
positions and orientation, and the control of the quadrotors
using this information. Future work includes experimentation
with online image processing.
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