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Information Topology-independent Consensus Criteria

for Second-order Systems under Directed Graph
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In this paper, consensus seeking of second-order systems without leaders is investigated under possibly switching directed
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graphs. Two consensus algorithms using different cooperative schemes are proposed and some information topology-independent
criteria are obtained. For the first one, an eigenvalue-based analysis is taken to attain a sufficient and necessary condition for
consensus seeking under fixed directed graph. For the second one, consensus can be achieved as long as the union of the switching
graphs has a directed spanning tree frequently enough. Convergence analysis is presented, which is facilitated by an equivalent model
transformation into a cascaded system. A novel sufficient and necessary condition for consensus seeking under switching undirected
graph is also obtained using the same strategy. Moreover, robustness of both the algorithms to time-delays is studied under fixed
directed graph. Illustrative examples are also provided to show the effectiveness of the theoretical results.
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During the past decade, a surge of attention has been
paid to the consensus problem of multi-agent systems for its
broad application in formation control 2 ﬂocking[s*m7
rendezvous®, attitude synchronization!”~* and so on. The
aim of consensus is to design a distributed control law so
that an agreement can be achieved for all agents in the net-
work. Yet, the consensus problem is not new and it has a
long history in computer science and especially in the field
of automatic control and distributed computation[lo]. It
regains large amount of interest in recent years because of
the work of Reynolds[lll, Vicsek et al.l'?| and Jadbabaie

et al.'3l, where both mathematical simulations and the-
oretical analysis indicate the emergence of collective be-
haviors of a multi-agent system via local information in-
terchange. As is proved in [1] and [14], the communica-
tion constraints of the network play key roles in the sys-
tem stability and performance. Motivated by these re-
sults, numerous efforts have been made to study consen-
sus problems under different communication conditions.
To name a few, Olfati-Saber et al.*”] prove that con-
nected undirected graph or strongly connected and bal-
anced graph is sufficient and necessary for average con-
sensus with fixed topology. This result is extended to con-
sensus seeking with dynamically changing topologies for
both continuous-time and discontinuous-time cases in [16],
where relaxed conditions are drawn for consensus seeking.
Similar result can also be found in [17]. Apart from these
leaderless consensus seeking problems, consensus problems
with leaders are also investigated under the framework of
leader-following consensus[ls], consensus tracking[w] and

pinning control?%. Also, consensus under networks with
delayed communications is also studied in the literature
by Lyapunov approaches or frequency domain analysis, see
[21—22] for example. All the aforementioned work assumes
that the communication or information interchange under-
goes all the time, which cannot well describe the interac-
tions among the agents in some real situations. To cope
with this problem, intermittent information interchange is
taken into consideration in [23—24], and recently in [25—26]
where a novel consensus protocol using synchronous in-
formation transmission is proposed for multi-agent sys-
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tems with second-order dynamics and nonlinear dynamics
with/without external disturbances, respectively. For more
details, please refer to the related literature.

Generally speaking, the main focus of interest in con-
sensus problems falls into the field of systems with single-
or double— integrator dynamics (see [16—17], [27—31] and
references therein). It is well known that the first-order
consensus can be achieved under very weak conditions even
when the undirected graph is not connected or the directed
graph has no directed spanning tree. For example, Ren
et al.l*f] prove that a directed topology having a spanning
tree frequently enough can ensure the consensus of first-
order systems. Similar result is also given in [17]. For net-
works with diverse input and communication delays, Tian
et al.?? show that the first-order consensus can still be
achieved under certain condition which is independent of
asymmetric communication delays as long as the informa-
tion flow has a directed spanning tree. Recently, using so-
called infinite integral graph, a novel result on first-order
consensus under undirected switching graph is obtained in
[32].

Unlike first-order consensus, consensus of second-order
systems is thought to be more challenging in the literature.
As is shown in [33—34], consensus may fail to be achieved
even if the fixed graph has a directed spanning tree. In ad-
dition, the closed-loop system may lose its stability when
more connections are added to the network. The negative
point results from the fact that existing criteria for consen-
sus achieving of second-order systems always involves the
information topology of the network, i.e., it is characterized
by the eigenvalues of the Laplacian matrix or the weighting
factors of the communication links (see [33—34], and refer-
ences therein). This means that the closed-loop system is
quite sensitive to the information topology of the network
and thus is prone to problems. For example, tedious cal-
culation of eigenvalues is required to get a stable control
gain for large-scale systems such as network with tens of
thousands of sensors. Moreover, much more efforts have
to be made to improve the robustness to the dynamically
changing information topology. In addition, if the weight-
ing factors are already determined for example by optimiza-
tion, undesired dynamics such as overshooting transient re-
sponse may occur because it is unable to choose control
gains freely. Therefore, it does make sense to develop algo-
rithms which can achieve consensus independently of the
information topology.

In this paper, we investigate leaderless consensus of
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second-order systems with possibly switching directed
graph. The content can be divided into two parts. In the
first part, we develop a two-hop consensus algorithm and
a sufficient and necessary condition for consensus seeking
under fixed directed graph is obtained.The robustness to
uniform constant delay is further discussed. In the second
part, motivated by the very recent work in [35], we first in-
vestigate a variant of a consensus algorithm, which is orig-
inally proposed in [36], with a switching directed topology.
It is proved that the second-order system can achieve con-
sensus asymptotically as long as the union of the switching
topology has a directed spanning tree frequently enough.
Compared with a similar result drawn in [35], our consen-
sus criterion admits of piecewise continuous weight factors
from any bounded set and hence applies to all switching di-
rected topologies but those switching infinitely fast. Note
that it is a more general and practical issue and is left unre-
solved in [35], thus we fill the gap in this sense. In addition,
we drive a sufficient and necessary condition for undirected
switching graph with the notion of integral graph as a spe-
cial case. To our best knowledge, no similar results on
second-order consensus have been reported in the litera-
ture. Afterwards, same strategy is extended to deal with
the case of system with diverse communication delay un-
der fixed directed graph. We prove that consensus can be
achieved independently of the time-delays as well as the
network topology, which extends the relevant result in [37].

The main contribution of this study is to present sev-
eral information topology-independent criteria for consen-
sus seeking, which relax and improve some of the obtained
results in the relevant literature. The rest of the paper is
organized as follows. In Section 1, preliminaries on notions
of graph and some lemmas are given. In Section 2, main
results obtained in this paper are presented. Illustrative
examples and conclusions are given respectively in Section
3 and Section 4.

1 Preliminaries and problem formula-
tion
1.1 Graph

A directed graph can be described by G = (V, E), where
V ={1,2,---,n} is the node set, E C V x V is the ordered
edge set. A directed path is an edge sequence of the form
(41,12), (i2,13), (i3,%4),---. A graph is said to have a di-
rected spanning tree if there is a node which has a directed
path to all the other nodes in the graph. The union of two
graphs is a graph whose node set and edge set are respec-
tively the unions of the node sets and edge sets of the two
graphs. The weighted adjacent matrix A = [a;;] € R™*"
of a directed graph is a matrix with non-negative elements,
and a;; > 0if and only if (4,47) € E,. The Laplacian matrix
of a directed graph is defined by L = D — A, where so-called
in-degree matrix D = [d;;] is a diagonal matrix with the di-
agonal elements d;; = ijl a;i;. The neighbor set of node
i is a collection of all the nodes that has a directed edge
pointing to i. If the edge set is unordered pair of node
set, i.e., (j,i) € E, implies (i,j) € En,, and the adjacent
matrix A is symmetric, then G is an undirected graph. An
undirected graph is connected if there is an undirected path
between any two distinct nodes.

When graph G is used to describe the information flow of
a multi-agent system, an edge (¢,j) € E implies that agent
j can receive information from agent i. Note that both the
information and its adjacency matrix are not necessarily
time-invariant.

1.2 Useful lemmas

Lemma 1%, Let L be the Laplacian matrix of a fixed
directed graph, then L has a simple zero eigenvalue and all

the other eigenvalues have positive real parts if and only if
the graph has a directed spanning tree.

Lemma 208, Let A(t), L () be the adjacency matrix
and Laplacian matrix of a switching directed graph G (t),
respectively. Suppose that A (t) is piecewise continuous and
its nonzero and hence positive entries are both uniformly
lower and upper bounded. Let to,t1, -+ be the time at
which A () switches, and let ¢; — t;—1 > tr, Vi =1,2,---
with ¢, being a positive constant. Then, & (t) = —L (t) z (¢)
achieves consensus if there exists an infinite sequence of
contiguous, nonempty, uniformly bounded time-intervals
[tijsti;or), J =1,2,- starting at t;, = to, with the prop-
erty that the union of the directed graphs across each such
interval has a directed spanning tree.

Lemma 358, Let C (t) = [ci; (t)] € R™*™ be piecewise
continuous, where c;; (t) > 0, Vi # j, and ) ¢;; = 0, and
dc (t,t0) be the corresponding transition matrix. Then
®c (t,to) is a row-stochastic matrix with positive diagonal
entries for any ¢t > to.

Lemma 40874 If w(t) = f;o e ="y (1) dr,
where w (t) is bounded and limi—oow () = weo, then
limi oo 4 (1) = weo /.

Lemma 51!, Consider the exponential polynomial

, ef)\Tm) _

A" pA T A+
[Pt A ] e

p()\7e*/\717...

[pgm))\"*1 + .. 'pi@l)\ + p%m)] e Am

where 7; > 0(: =1,2,---,m) andp;i)(i: 1,2,---,m; j =
1,2,---,n) are constants. As (71,72, ,Tm) vary, the sum
of the orders of the zeros of P (A\,e™ ™, -+ ™) on the
open right-half plane can change only if a zero appears on
or crosses the imaginary axis.

1.3 Problem formulation

We consider a network of n agents under a weighted di-
rected graph described above. The agents are governed by
the following double-integrator dynamics

’I"i = vy,
’l')i = Uu;,

(1)

i=1,2,---,n

where r; € R™ and v; € R™ are the position and velocity
of agent 7, respectively, u; € R is the control input. The
aim of the second-order consensus is to design a distributed
control law such that system (1) achieves consensus asymp-
totically, i.e., for all initial conditions, r; (t) — r; (¢) and
v; (t) — v, (t) ast — oo, Vi, j =1,2,--+ ,n.

2 Consensus algorithms and informa-
tion topology-independent criteria

In this section, two consensus algorithms using different
cooperative schemes are designed. Criteria which are in-
dependent of the information topology are obtained under
fixed directed graph and switching directed graph, respec-
tively. The robustness of both the proposed algorithms to
time-delays under fixed directed graph is also given imme-
diately after the analysis of the basic algorithms.

2.1 Consensus algorithm under fixed topology

Provided that the information flow is fixed and time-
invariant, the following second-order consensus algorithm
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is designed

n

n n
up ==y aij (i —v;) = Y lij Y ai(r; — i),
=1

j=1 k=1 (2)
Vi=1,2,---,n

where v > 0 is a positive constant, a;; is the element of

the weighted adjacency matrix and l;; is the element of the

Laplacian matrix.

Note that the second term of the right-hand side
of (2) equals —ly Y ;_;awk (ri —ry) plus the sum of
—lij D o1 gk (T —Tk) Or @i 3op_; a;k (rj — 1) for all
j # 1. If agent j is a neighbor of agent ¢, then
aij y p—y Gjk (r; — %) is a collection of the relative posi-
tions between agent j and its neighbors. Also note that
liz y p_y air (ri —Tr) can be seen as a weighted sum of the
relative positions between agent i and its neighbors with
new weight factor l;;ai;r. Therefore, the consensus algo-
rithm (2) is a valid distributed cooperative control law,
and can be seen as a two-hop consensus algorithm in the
sense that the positions of one’s neighbor’s neighbors are
required to calculate the input.

2.1.1 Topology-independent consensus criterion
For algorithm (2), we have the following statement:
Theorem 1. If the directed graph is fixed, then consen-

sus of system (1) using second-order consensus algorithm

(2) with all v > 2 is achieved if and only if the graph

has a directed spanning tree. In addition, if the consen-

sus is achieved, then 7 (t) — 1,v" ® I, (r (0) +v (0)t) — 0

and v (t) — 1,07 ® I,w (0) — 0 as t — oo, where r () =

[ri, 73, ,TE]T, v(t) = [v],vs5, ,vg]T, and v is the

unique left eigenvector of L associated with the zero eigen-

value satisfying v*1, = 1.

Proof. Note that if the information flow has no directed
spanning tree, then at least two agents can neither directly
nor indirectly communicate with each other, which implies
it is unable to cooperate. Hence, the necessity is obvious.
In the following, we merely prove its sufficiency part.

Sufficiency. The closed-loop system of (1) and (2) can
be written in the matrix form as

fweml]
where N {_OLZ _[;LL} .

Since the directed graph is fixed, the solution of (3) can

be given by
=) 30

Note that the eigenvalues of © can be derived from
det (Al2, — ©) = 0, and also note that

M, I, B
L? M,+~L|)

det (\*I, + yAL + L) =

H ()\2 + Yy Api + /MQ) (6)

=1

det (AL, —O) = det ({

where det (Al2, — ©) is the characteristic polynomial of ©
and p; (1 =1,2,--- ,n) is the eigenvalue of L. Therefore,

the eigenvalues of © are given by

(v2 —4) p?
2 b

Since v > 2, (7) can be further written as

(’Y:F\/W) i
D) )

— v
Ais = TH

:1,2,“‘7” (7)

Aix = i=1,2,---,n (8

Thus, \i+ = 0 if and only if u; = 0. In addition, the signs
of the real part of \;+ and the real part of —u; are exactly
the same for each ¢ € V. Since the information flow has a
directed spanning tree, L has a simple zero eigenvalue and
all the others have negative real parts according to Lemma
1, which in turn implies © has a zero eigenvalue with al-
gebraic multiplicity 2 and all the other eigenvalues have
negative real parts.

Now we are going to show that its geometric multi-
plicity of zero eigenvalue equals one. To see this, let

q = [an qE]T be a well-defined eigenvector of © asso-
ciated with zero eigenvalue, i.e.,
0 I, q
Oq = “l =0 9
P [ IR

Then g, = 0 and L2qa = 0. Since the algebraic multiplicity
of zero eigenvalue of L? equals that of L, zero is a simple
eigenvalue of L?. Therefore, the geometric multiplicity of

the zero eigenvalue of © equals one and [OT lnT}T is an
associated eigenvector.
Write © in its Jordan canonical form as
@:Pjpilz[lh y 2 Don] X
T
1
0 1 O1x(2n—2) vy
0 0 01><(27172) ) (10)
O@n-2)x1 O@n—2)x1 J T
2n

where p;, € R?(i=1,2,---,n) is the right eigen-
vector or generalized right eigenvector of ©, v, €
R* (i =1,2,--- ,n) is the left eigenvector or generalized
left eigenvector of ©, and J " is the Jordan upper diagonal
block matrix associated with the nonzero eigenvalues.
Without loss of generality, we can choose a right eigen-
vector p; = [lnT OT]T and a generalized right eigen-
1nT]T Then it can be verified that
v = [vT OT]T and vz = [OT 'UT]T are the generalized
left eigenvector and the left eigenvector, where v is the non-

negative left eigenvector of L satisfying vT1, = 1. Then,
we obtain

vector p, = [OT

ot pjp—1
= e =

e
1 t O1x(2n—2)
P 0 1 01><(27/172) pl=
0(2n—2)><1 O(2n—2)><1 e’
p1'UlT + (pyt +P2)'Ug +Q=
et ] e ()

J T

where Q = [p; D4 Poy]e’ v vs Van] .
Since @ — 0 as t — oo, it follows from (9) and (5) that
r(t) — 1,07 @ L, (r (0) +v(0)t) — 0 and v (¢) — 1,07 ®
I,v (0) — 0 as t — oo. O
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Remark 1. When the directed graph changes over
time, a similar conclusion like Theorem 5.2 in [33] can be
obtained. It can be verified that consensus can still be
achieved with no more efforts but to ensure that the graph
has a directed spanning tree at all time-intervals and the
dwell time is large enough.

2.1.2 Robustness to time-delays

Consider a network with input delays. If the time-delays
are constant and uniform, then the delay-free algorithm can
be modified as follows:

(12)

where 7 > 0 is the constant time-delay and v > 0.
The closed-loop system in this case can be written in the

matrix form

r=v
: 2 (13)
v=-2Lv(t—7)—Lr(t—27)

Motivated by Theorem 2 in [34], we have the following
results:

Lemma 6. System (13) has a zero eigenvalue, and its
algebraic multiplicity equals 2k if and only if the algebraic
multiplicity of the zero eigenvalue of L equals k.

Proof. The characteristic equation of (13) can be given
by

dot ([P0 0 I, 0 0 B
¢ 0 M,| |0 0| |[=-L% > —yLe™|) ™

ot ([ ALn —1I, B
L2 AL +vLe ™| ) T

det ()\QITL + 7)\Le7)‘T + L2e7AT> =
ﬁ <A2 + (YA + i) uie’”> =0 (14)
=1

where p; (i =1,2,---,n) is the eigenvalue of L.
Letting p = a4+ jB, A = ¢+ jd, and taking into account

of A2 4+ (YA + p) pe™>" = 0, we obtain
& —d® +e T ((yea+ o — ydB — B?) cos (dr) + (15)
(vef + yda + 2a3) sin (d7)) =
2¢d + e~ (— (yea + o® — vdB — B°) sin (d7) + (16)

(veB + yda + 2a6) cos (d1)) =0

From (15) and (16), it can be verified that ¢ = d = 0 if
a=f=0and a=F=0if c=d=0. Hence, A =0 if and
only if p = 0. Since L has at least one zero eigenvalue, zero
is surely an eigenvalue of (13). The relation of the algebraic
multiplicity can easily be drawn from (14). O

Lemma 7. If the graph has a directed spanning tree,
then the closed-loop system (13) has a purely imaginary
root only if

TG@:{M“g:O’LQ’...} (17)
|wol
where cos (¢o) = (an(’y|wo|+ﬁ)ﬁ)/UJga sin (po) =

(208 + 7 |wo| @) /wi with 0 < o < 27, and wp is the real
root of the following equation

wy = (o + B%) (o + (B + ywo)?) (18)

Proof. Suppose A\ = jw is a purely imaginary root
of (13). Let cos(p) = (a® — (yw+ B)B)/w” , sin(p) =
(203 + ywa) Jw? with 0 < ¢ < 27, it follows from (15) and
(16) that

LS \/(a2 + 3?) (a2 + (g +7w)2) cos(p—wr) =0

(19)
sin(p —wr) =0 (20)
Therefore, ¢ — wr = 2kr (k=0,£1,£2,---) and w? =

V@ +5) (o2 +
we know 7 = (¢ — 2k7) Jw (k=0,—-1,—
=(2kr—p)/|w| (k=1,2,- ')1fw<0
Note that if 4 = a+jf is an eigenvalue of L, then y = a—
if is also an eigenvalue of L. Also note that if w is a real root
of (18) for some 3, then —w is a real root of (18) for —f as

well. Hence, for each ¢ given above, there exists a <p/ such

that cos () = (0 = (7(~) + (=) (=) /(~)’

cos () and sin () = (2a(=5)+ 7 (-w)a)/(-w)? =
=27

— sin (¢), which means that c,p can be given by 4,0
Therefore, we have

Te‘l’:{W_Zkﬂ-‘w>0,k:07_17_27”'}U
w

+ (8 +w)?). Using the fact that 7 > 0,
-+)ifw > 0and

779"‘ <0, k:1,2,~«}:

||
0,k=0,1,2,- }U
| <07k:071721"'}: (21)

s0+2k“|w>0 k=0,1,2,- }U

2km
»+ 2k7r

®p +2k7r

{
U
{271' ﬁ)|+2k7r
{
e

w<0,k=0,1,2,- }:

{cpo + 2km

|k:0,1,2,-~~}
|wol

d

Theorem 2. Suppose the directed graph is fixed and

~ > 2. The retarded consensus algorithm (12) can achieve
consensus if the graph has a directed spanning tree and

|wos |

where cos (goi) = (041 (7 lwoi| + B:) Bi) /wii , sin (woi) =
((2B8; 4+ v |woil) ai)/wol with 0 < po; < 27, and wo; is the
real root of the following equation

woi = (aF + B7) (o + (Bi + ywoi)?) (23)

where a; and (3; are respectively, the real part and imagi-
nary part of the nonzero eigenvalue of L.

Proof. From the proof of Theorem 1, we know that
the second-order consensus is achieved for the delay-free
case (T = 0). In addition, the closed-loop system has
a zero eigenvalue with algebraic multiplicity 2 and all
the other eigenvalues have negative real parts. Accord-
ing to Lemmas 5 and 7, the signs will not change un-
til 7 reaches the smallest positive number Tmax of the set
U; = {(voi + 2km)/|woi| | k=0,1,2,---}. Then consensus
can be obtained for all 0 < 7 < Tax- O



No. 7

CAO Xi-Bin et al.: Information Topology-independent Consensus Criteria for - - - 999

Remark 2. From (22), it follows that 0 € ¥; and hence
Tmax = 0 if ¢o; = 0, which means no time-delay is allowed
in this case. However, it will never appear since ¢o; # 0
for all nonzero eigenvalues if the network has a directed
spanning tree and v > 2. To see this, suppose that on
the contrary, ¢o; = 0, we have sin (po;) = 0 and hence
28; + v |woi| = 0 since a; > 0. Together with (23), it is
obtained wd; > of + 7. Hence, wi; = 467 /4% > of + (7,
which contradicts with v > 2. Therefore, Theorem 2 jus-
tifies the robustness of the two-hop consensus algorithm to
uniform delay in the network. However, the consensus cri-
terion given in (22) is still involved with the eigenvalues of
the Laplacian matrix and hence is unexpected as discussed
previously. In the following, we will further our efforts
to find a more powerful cooperative control law so that
the consensus criterion for time-delay cases is topology-
independent.

2.2 Consensus algorithm under possibly switching
topology

In this subsection, we investigate the consensus problem
in possibly switching directed graph and hence G (t), A (t),
and L (t) are used to describe the possible switching of the
topology. The algorithm to be studied is given by

U =—yv;—y Z aj (t) (ri—rj) —Z aij (1) (vi—v;) (24)

where v > 0 is a positive constant, a;; (t) € [a,a] with
a>a>0if (4,7) € E and a;; (t) = 0 otherwise.

Compared with the proposed two-hop algorithms, (24)
implies each agent must use —ywv; as well as its relative
states with its neighbors to coordinate the whole group.
Hence, consensus is achieved at the cost of absolute mea-
surements as well as relative measurements.

2.2.1 Topology-independent consensus criterion

If the directed graph is fixed, the eigenvalue-based anal-
ysis used in the previous subsection could also be taken to
show the convergence of the algorithm. However, a novel
approach is utilized here in order to facilitate the analy-
sis and to show that consensus can achieve even under a
switching graph that may not have a directed spanning
tree.

Theorem 3. Let to,¢1,--- be the time at which A ()
switches and assume that ¢; — t;,-1 > ¢, Vi = 1,2,---
with ¢, being a positive constant. Then the system of
(1) and (24) achieves consensus asymptotically if there ex-
ists an infinite sequence of contiguous, nonempty, uniformly
bounded time-intervals [ti;,t;;,,), j = 1,2, starting at
ti, = to, with the property that the union of the directed
graphs across each such interval has a directed spanning
tree.

Proof. Write (1) and (24) in matrix form:

r-v 25
b=—7 (L)@ LT — (L) +7L) @ Ly (25)
It is easy to be verified, with the equivalent transforma-

tion given in (27), that system (25) is equivalent to the
following system:

z=-—yr+y
y=—(L{H)@In)y (26)
z=r
1
y=r+ -v (27)
v

According to Lemma 2, the y-subsystem of (26) achieves
consensus for all initial states, thus y (t) — 1,£" @ Lny (0)

as t — oo for some column vector £ € R"™. Note that
y(t) is given by y(t) = (Prw) (t,t0) ® Im) y (0), with
D1y (t,to) ® Ly being the corresponding transition ma-
trix. Also note that ®p«) (¢,t0) is a row-stochastic ma-
trix according to Lemma 3. Hence, we have ||y (¢)

[(@re) (tt0) @ L)y (0| . < [y (0l e, y(t) is
bounded by the initial states. Since (26) is a cascaded
system of an exponentially stable system and a first-order
consensus algorithm, with the latter being the driving sys-
tem, it follows from Lemma 4 that 2 (t) — 1,£T ® I,y (0)
as t — 0o. Then, using (27), it can be verified that r (¢t) —
1,£" ® L, (r (0) +v(0) /) and v (t) — 0 as t — oo, which
means consensus of the original system (25) is achieved. O

Remark 3. The variants of consensus algorithm (24)
are originally proposed in [36] for formation control under
fixed topology, and are also investigated recently in [35] un-
der both fixed and switching topology. However, the weight
factors of (24) in this study could be piecewise continuous,
which means the weight factors and the dwell time of the
topology are no longer restricted to a finite set. There-
fore, we not only extend the result of [36] to the case with
switching directed topology, but also extend the result of
[35] to the case with topology that could be any graph but
those switching infinitely fast. In this sense, we address the
general and practical issue left unresolved in [35].

The following corollary results directly from the fact that
having a spanning tree is a necessity for leaderless consen-
sus under a fixed directed graph.

Corollary 1. Assuming A (¢) is constant and hence
G (t) is fixed, consensus of (1) and (24) is achieved if
and only if G (¢) has a directed spanning tree. In addi-
tion, if the consensus is achieved, then r(t) — 1,07 ®
I (r(0) +v(0) /) and v (t) — 0 as t — oo, where v is
the unique left eigenvector of L associated with the zero
eigenvalue satisfying vT1, = 1.

Remark 4. If the interactions between all the agents are
bidirectional, another novel and generalized result could be
drawn by taking the advantage of the results in [32]. In
fact, we have the following results.

Theorem 4. If G (t) is a switching undirected graph and
the Laplacian matrix is piecewise continuous, then consen-
sus is achieved if and only if its integral graph of G (¢) on
[0, +00) is connected (see [32] for the definition of average
consensus and integral graph). In addition, if consensus is
achieved, then r (t) — (1/n) 1, ® I, (r (0) +v (0) /) and
v(t) — 0ast— co.

Proof. The proof depends heavily on the fact that sys-
tem y = — (L (t) ® I,)y achieve average consensus un-
der a switching undirected graph if and only if G|o,0) is
connected, where G|o o) is the integral graph of G (t) on
[0, +00)( See Theorem 4.1 in [32]). With this knowledge,
we have:

Necessity. If G[p ) is not connected, then y cannot
achieve consensus, which in turn implies that r (¢) and v (¢)
cannot achieve consensus from (27).

Sufficiency. If G|o,c) is connected, then y achieves

average consensus and hence y (t) — 1,&" ® Iny (0) as
t — oo with £ = (1/n) 1,, in this case. From [32], we know
that ||y (¢)|| is nonincreasing and every entry is bounded by
lly (0)||. Thus ||y (¢)]| is bounded all the time. The rest of
the proof is similar to the related part in Theorem 3 and
hence is omitted. |

||oo -

2.2.2 Robustness to time-delays

Considering a network with constant communication de-
lays, we still assume the information flow is time-invariant
in this case. The second-order consensus algorithm (24)
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now is modified to a network with four agents whose initial states
n are given as 1, (0) = [9 3 —7"m, 7 (0) =

u; = —; _'Yzaij<"'i(t) =1 (t—75))— 5 =2 4'm, r5(0) = 3 —6 2'm, ri(0) =

=1 2 -3 8 "m, v;(0) = [0.1 02 -0.1]"m/s, vy (0) =

n [0.2 —0.1 0.3]"m/s, v3(0) = [-0.3 0.3 0.1]"m/s,

;“ij(”i(t) _”j(t_”j)> (28) 4, (0) = 01 —02 —0.1]"m/s. The weight factors of

where 7;; is the constant communication delay between
agents ¢ and j.

Since 7;; need not be equal to 7;;, asymmetric commu-
nication delays are allowed. Before the statement on the
robustness of (28), we need the following lemma which can
be found in [22].
Lemma 822, Considering the following continuous-
time system with communication delays

@i (t)=—> ay (@ (t)—z; (t—7;)), Vi=1,2,-- ,n
j=1

(29)
consensus is achieved if the directed graph is fixed and has
a directed spanning tree.

Theorem 5. Assuming A (¢) is constant and hence G (t)
is fixed, consensus of system (1) and (28) can be achieved
if and only if G (t) has a directed spanning tree.

Proof. It is easy to be verified that the close-loop system
(1) with (28) is equivalent to the following system using the
equivalent transformation (27)

T, = —yxi + 7Y,

9= aij (: () —y; (¢t —7)), Vi=1,2,---n (30)
j=1

Thus, if G(t) has a directed spanning tree, y;
(i=1,2,---,n) will converge to a common value accord-
ing to Lemma 8, which means the second subsystem of
(30) achieves consensus asymptotically. Since y, (t) is con-
tinuously differentiable and converges as t tends to infinity,
y, (t) and hence y (t) is bounded with respect to time. The
rest of the proof for the consensus of the whole system (30)
proceeds along the same lines of Theorem 3 and hence is
omitted again.

Note that having a directed spanning tree is necessary
for reaching consensus in a fixed topology, the necessity is
obvious. g

Remark 5. Leaderless consensus of second-order sys-
tems with both input delays and asymmetric communica-
tion delays is studied in [37], and a sufficient condition
for consensus is given. Although the consensus criteria
are independent of the communication delays, the velocity
damping coefficient has to be above some constant which is
weight-dependent even the input delays are equal to zero.
In this sense, the consensus criterion obtained here extends
the result of [37] to a more generalized condition.

Remark 6. Note that the main idea behind the analy-
sis of Theorem 3 to Theorem 5 is to transform the second-
order system to an exponentially stable system cascaded
by a first-order consensus algorithm so that existing results
on first-order consensus can be taken to facilitate the anal-
ysis. Thus, the results obtained here can also be extended
to dynamically changing topologies with coupling delays by
noting the result in [42].

3 Illustrative examples

In this section, simulations are carried out to val-
idate the effectiveness of the proposed algorithms.
For simplicity, all the results are obtained under

the topology are given as a;; = 1 if (4,4) € E, and a;; =0

As for the two-hop consensus algorithms (2) and (12),
the network topology shown in Fig.1(a) is chosen. It
can be verified that the graph has a directed spanning
tree and that the time-delay bound given in Theorem 2
iS Tmax = 0.1895. We chose v = 3 and 7 = 0.189 so that all
the assumptions in Theorem 1 and Theorem 2 are satisfied.
Fig. 2 and Fig. 3 are the results of the network without de-
lays and with delays, respectively. It is easy to see that all
the positions as well as the velocities of the agents achieve
consensus asymptotically in both the cases. In addition,
the positions change over time while the velocities finally
converge to a constant. This may be understood intuitively
since only relative measurements are used to coordinate and
hence we cannot expect a final convergence of the absolute
states.

(a) Network topology (b) Information flow

Fig.1 Network topology and information flow
4
S =1 @ 7} j=1
g 0 | G - Y
=5 =3l =< 0 7=3H
-10 i | I3 | i
0 50 100 0 50 100
Time /s Time /s
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E SL/’”/:Z R -
0 = = j=3
-5 ——J=4] &2 ——j=4
50 100 50 101
Time /s Time /s
5 =1 % (2) J=1
£ ok - e Y -
= 0N i=3 g ) i i-3
S s - ey - - =4
50 100 50 101
Time /s Time /s

Fig.2 Consensus of two-hop algorithm without delays

As for the one-hop consensus algorithm (24), we assume
the network topology changes following the logic shown in
Fig.1(b), where G; (i =1,2,---,5) is an optional topology
at certain time. Specifically, the topology switches from G;
to Gi+1 if 1 < i < 4 and to G1 otherwise, with a dwell time
being is randomly chosen between 1 s and 1.5 s. Each of the
weight factors is chosen to be 1+0.5sin (2¢) if it is not zero.
Note that the topology union is the same as the topology
given in Fig. 1 (a) which has a directed spanning tree. Thus
the assumptions of Theorem 3 are satisfied. Fig. 4 presents
the result of the positions and the velocities with v = 5. To
show the robustness of the algorithm against asymmetric
delays, the topology is fixed and is assumed to be the union
graph of the topology or Fig. 1 (a). Each of the time delays
in (28) now is randomly chosen between 1.4s and 1.6s. The
results are shown in Fig.5. It is easy to see that both the
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positions and the velocities synchronize finally and hence
consensus is achieved.

5 =i = 5 =1
g 4 =l € -~
<5 ;=3 = i=3
-10 — S R s S |
0 50 100 0 50 100
Time /s Time /s
10
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Fig.3 Consensus of two-hop algorithm with delays
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Fig.4 Consensus of one-hop algorithm under switching

topology
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Fig.5 Consensus of one-hop algorithm with asymmetric
delays under fixed topology

4 Conclusion

Two basic leaderless consensus algorithms for second-
order system with general directed graphs are proposed
and both are proved to be effective under conditions which
are independent of the information topology. The first one
uses merely relative information to coordinate the collec-
tions and is robust to constant input delays. The main
shortcoming of this part is the use of the two-hop informa-
tion and the assumptions of uniform time-delays. On the

other hand, the second one uses nearest-neighbor’s infor-
mation to coordinate the multi-agent system. Several weak
consensus criteria for first-order consensus are re-obtained
for second-order consensus, which extends some results ob-
tained in the relevant literature for both the case with and
without asymmetric communication delays.
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