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formation control

Given a group of autonomous agents operating in a common environ-
ment, design a distributed control strategy for each agent such that
the agents achieve andmaintain a desired spatial arrangement or tar-
get formation.
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formation control of robots
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sensing conditions

Undirected sensing:
▶ The sensing between every

couple of agents is symmetric.
▶ Unrealistic

Directed sensing:
▶ The sensing between every

couple of agents is not
necessarily symmetric.

▶ Relatively Realistic
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Directed sensing graph
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formulation of formation control system

Set up the formation control system

▶ Distributive control strategy
▶ Single integrator

ṗi = ui

▶ Sensing graph G(V, E)
▶ Control objective

Drive the system to target formation asymptotically
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graph and framework

A framework is formed by mapping the agents in underlying graph G(V, E)
(with |V| = n, |E| = m) to a configuration p = [pT1 , p

T
2 , · · · , pTn ]T (pi ∈ Rd).
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Displacement measurement:
zij = pj − pi
Distance measurement:
dij = ||zij ||
Bearing measurement:
gij =

zij
dij

Bearing vector:
g = [gT1 , · · · , gTm]T

Bearing functionFB : Rdn → Rdm:
FB(p) = g

Bearing Formation (corresponding to
framework):
(G, g)
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formulation of bearing formation control system

Set up the formation control system

▶ Distributive control strategy
▶ Single integrator

ṗi = ui

▶ Sensing graph G(V, E)
▶ Control objective

Drive the system to target formation asymptotically

Especially for bearing formation control:

▶ Target shape is described by Target bearing formation (G,g).
▶ The design of control strategy mainly depends on the current bearing

measurement g.
▶ The control objective is g(t) = FB(p(t)) → g when t → ∞.
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bearing-only formation control

The bearing-only formation control [Zhao ’2016] for undirected sensing:

ui = −
∑
j∈Ni

Pgijgij ,∀i ∈ V

Pgij = P (gij) = Id − gijg
T
ij

Pgijgij = 0, when gij//gij

gij
gij

Pgijgij
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bearing-only formation control

The bearing-only formation control [Zhao ’2016] for undirected sensing:

ui = −
∑
j∈Ni

Pgijgij ,∀i ∈ V

The MAS converges to the target formation almost globally asymptot-
ically.
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The target formation
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bearing-only formation control

Bearing-only formation control with directed sensing.

ui = −
∑
j∈Ni

Pgijgij ,∀i ∈ V
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The target formation
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The target formation

Trajectory Trajectory
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directed formation control with lff formation

Trinh ’2018 is the first to work on the directed sensing. The directed
sensing graph is called Leader first follower (LFF) graph generated from
Henneberg construction.

v1 v2 v3 v4 v···

Property:

▶ Orderliness
▶ LFF structure

◦ Leader: agent with no outgoing edge
◦ First follower: agent with only one outgoing edge towards the leader.

▶ Exactly two outgoing edges for agents except LFF
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cascade system with lff formation

v1 v2 v3 v4 v···

The control input of agent vi is a function of its neighbour and itself:

ṗi = ui = −
∑
j∈Ni

Pgijgij

The control system with the specific directed sensing:


ṗ1
ṗ2
ṗ3
...
ṗn

 =


u1(p1)

u2(p1, p2)

u3(p1, p2, p3)
...

un(p1, p2, p3, · · · , pn−1, pn)


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bofc with lff formation

Theorem [Trinh ’2018]

For the MAS whose sensing graph is LFF graph, bearing-only formation
control asymptotically drives the MAS to a final configuration satisfying
the target framework from almost any initial configuration.
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The target formation
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motivation for graph expansion

How can we expand the LFF formation?

▶ Ordered structure kept
▶ Leader and First follower kept
▶ Exactly two outgoing edges for the agents except LFF extended

v1v2
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The target formation
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proposition 1- ordered lff formation

Theorem
If the sensing graph satisfies the following conditions,

▶ There is a leader and first follower.
▶ The structure is ordered.
▶ Every vertex other than the LFF has at least two outgoing edges.

Then the bearing-only formation control drives the MAS to target
formation.
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proof sketch

▶ The cascade structure exists.
◦ Enable to analyze on the subsystem one by one.

v1 v2 · · · vn

vc

Sensing graph for the subsystem

▶ Equilibrium analysis for the simpler subsystem is strongly nonlinear.
◦ Convert to a corresponding linear problem.
◦ The solution of linear problem refers to the system equilibrium.
◦ Apply mathematical tools to solve the linear problem.

▶ Stability Analysis
◦ Lyapunov function.
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motivation on graph expansion

▶ Ordered structure extended
▶ Leader and First follower kept
▶ Exactly two outgoing edges for the agents except LFF extended

v1v2

v3

v4 v5

v6

The target formation
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disordered lff formation

Theorem
If the sensing graph satisfies the following conditions:

▶ There exists a leader and a first follower
▶ It contains a subgraph which is LFF graph generated from Henneberg

construction

Then the MAS controlled by bearing-only formation control has only two
equilibrium: g∗ = ±g, including the target formation.

Conjecture
The equilibrium −g is unstable, while the simulation shows the
equilibrium g is asymptotically stable.
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proof sketch

▶ The cascade structure disappears.
◦ Directly analyze on the whole system.

▶ Equilibrium analysis is strongly nonlinear.
◦ Convert to a corresponding linear problem.
◦ The solution of linear problem refers to the system equilibrium.
◦ Apply mathematical tools to solve the linear problem.

▶ Stability Analysis (Not performed yet)
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future work

▶ Bearing rigidity theory on frameworks with directed underlying graphs
▶ Stability analysis for the disordered LFF formation
▶ Further expansion on disordered LFF formation
▶ Bearing-only formation with dynamic sensing condition
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