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Multi-agent Kalman Consensus with Relative Uncertainty
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Abstract—1In this paper, we propose discrete-time and
continuous-time consensus update schemes motivated by the
discrete-time and continuous-time Kalman filters. With cer-
tainty information encoded into each agent, the proposed
consensus schemes explicitly account for relative confidence
/ reliability of information states from each agent in the team.
We show mild sufficient conditions under which consensus
can be achieved using the proposed consensus schemes in the
presence of switching interaction topologies.

I. INTRODUCTION

In recent years, there has been significant interest and
research activity in the area of coordinated and cooperative
control. Much of this work assumes the availability of
global team knowledge, and/or the ability to plan group
actions in a centralized manner. Centralized coordination
techniques are suitable if each member of the team has the
ability to communicate to a centralized location or if the
team is able to share information via a static fully connected
network. On the other hand, real-world communication
topologies are usually not fully connected. In many cases
they depend on the relative position of the vehicles and on
other environmental factors and are therefore dynamically
changing in time. In addition, wireless communication
channels are subject to multi-path, fading and drop-out.
Therefore, cooperative control in the presence of real-
world communication constraints, becomes a significant
challenge.

In a recent article we argued that “shared information is
a necessary condition for cooperation” [1]. Shared infor-
mation may take the form of common objectives, common
control algorithms, relative position information, or a world
map. If this assertion is true, then information exchange be-
comes a central issue in cooperative control. In this article,
we will refer to the information that is necessary for co-
ordination as the coordination information or coordination
variable [2]. In the presence of an unreliable, dynamically
changing communication topology, it is not possible for
all of the vehicles to have access to identical coordination
information. Suppose that a particular cooperation strategy
has been devised and shown to work if the team has global
access to the coordination information. Cooperation will
occur if each member on the team has access to the same
information.

As an example, consider the meet-for-dinner problem
introduced in [1]. In this problem, a group of friends decide
to meet for dinner at a particular restaurant but fail to
specify a precise time to meet. On the afternoon of the
dinner appointment, each individual realizes that they are
uncertain about the time that the group will meet for dinner.
A centralized solution to this problem is for the group to
have a conference call, to poll each individual regarding
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their preferred time for dinner, and to average the answers to
arrive at a time that the group will meet for dinner. However,
this centralized solution requires that a conference line is
available, and that the time of the conference call is known
to the group. Since, whatever algorithm was used to convey
the time of the conference call to the group, could also have
been used to convey the time to meet for dinner, the central
problem remains.

The information variable in this example is the time that
the group will meet for dinner. The particular time is not
what is important, but rather that each individual in the
group has a consistent understanding of that information.
A decentralized solution to the problem would be for each
individual to call, one at a time, a subset of the group. Given
his current estimate of the meeting time, the individual
might update his estimate of the meeting time to be a
weighted average of his current meeting time and that of the
person with whom he is conversing. The question (which
will be answered in this paper) is under what conditions
this strategy will enable the entire team to converge to a
consistent meeting time.

Convergence to a consistent view of the coordination
variable in the presence of an unreliable, dynamically
changing communication topology is called the consensus
problem. Consensus problems have recently been addressed
in [3], [4], [5], [6], [7], [1], [8], [9], to name a few. Previous
consensus seeking results reported in the literature do not
explicitly account for agent confidence in their instantiation
of the coordination variable. Most results assume that each
individual in the group has identical confidence in their
instantiation of the coordination variable. However, there
are many cases where some individuals on the team will
have access to better information than others. In cases
like these the consensus algorithm needs to be biased to
favor vehicles with better information. For example, if a
team of UAVs is tasked with tracking the location of a
group of ground vehicles, the quality of information will
be proportional to the relative sensing distance. UAVs that
have recently flown close to a ground vehicle should be
considered more reliable than those that are sensing from
a greater distance, or whose information is old. As another
example, in the meet-for-dinner problem described above,
if one individual is considered more reliable than the others,
his/her information should be weighted more heavily when
making the team decision.

The primary contribution of this paper is to derive
continuous-time and discrete-time consensus strategies,
based on a Kalman-filter structure, that asymptotically
achieves consensus in the presence of an unreliable, dy-
namically changing communication topology, giving proper
weight to individuals with greater certainty in their coordi-
nation variable.
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II. KALMAN-FILTER APPROACH TO MULTI-AGENT
CONSENSUS

The Kalman filter is used extensively to estimate a sys-
tem’s current state from imprecise measurement data [10],
[11], [12]. It is well-known that the Kalman filter is an
optimal estimator in the case of Gaussian statistics and
that it is the best linear estimator in the case of other
statistics [13]. Motivated by the Kalman filter scheme, we
treat the final consensus value as the system state, which is
unknown a priori but is the final equilibrium state that each
agent in the group is expected to achieve. In the consensus
problem, each agent has an estimate of the final consensus
value. Communication from other agents regarding their
estimate of the final consensus value will be regarded as
measurement data. In this sense, each agent in the group
performs its own estimate of the final consensus value
based on the information available to it. Our goal is to
guarantee that the information state of each agent achieves
the final consensus value. In other words, the objective is
to minimize the mean squared error between each agent’s
estimate of the coordination variable and the final consensus
value. The error covariance matrix is interpreted as the
confidence that each agents has in its current estimate of the
coordination variable, where large covariance indicates low
confidence, and small covariance indicates a high degree of
confidence.

A. Continuous-time Consensus

Table II-A: Continuous-time Kalman filter [14].
System model and measurement model:

= Ax + Bu + Guw, z=Hzx+wv

JU(O) ~ (EO:PO)zlw ~ (OvQ)vv ~ (OR)
Assumptions: {w(t)} and {v(¢)} are white noise processes
uncorrelated with 2(0) and with each other. R is positive definite.
Initialization: P(0) = Py, #(0) = Zo
Error covariance update:

P =AP+ PAT + GQGT —
Kalman gain: K = PHT R~
Estimate update: & = A% + Bu+ K(z — HZ)

PHTR-HP

The standard continuous-time Kalman filter is summa-
rized in Table II-A [14]. The objective of this section is to
show how the Kalman filter equations can be used to derive
a decentralized information consensus scheme.

Let £ € R™ be the a priori unknown information state
over which the team is to form consensus. In other words,
each information state &; will converge to the consensus
value &* as ¢t — oo. Note that the consensus value
will depend not only on interaction topologies but on the
weighting factors in the update schemes. In this paper we
will assume that the consensus state is a constant, which
implies that the system dynamics are given by £* = w,
where, with reference to Table II-A, A = 0, B = 0, and
G = I,,,. The case of more complicated system dynamics
is more involved and will be a topic of future research. In
the following, we assume that Q(t) is positive definite and
uniformly lower and upper bounded.

Treat the ¢ information state &; as the i
of ¢* and suppose that the jM agent communicates ¢; to
the it agent with transmission, or communication noise
;5. Also, let g;;(t) be a time-varying boolean variable that
indicates the presence of an open communication channel

agent’s estimate

from agent j to agent ¢ at time ¢, ie., g;;(¢t) = 1 if
information is communicated from 7 to ¢ at time ¢ and zero

. A : .. .
otherwise. Note that g;;(t) = 1. Using these definitions, it

is clear that the measurement model of the i agent can be
given by

gi1 (&1 + vi1) ginl gi1 (61 — & +v41)
Zi = = : &+ ,
9in (£n + Vin) gin[ gin (gn - 6* + Vin)
where, with reference to Table II-A, H = (gi11 ... ginl)

gi1 (& — & +vin)

and v; = : . If we define P; =
Gin (fn -+ Vin)
B{(& —€")(& — €))7} and assume that E{(& — £")(§; —
9T =0, Where i # j, then
gi1(Pr+ Q1) ... 0
R; = E{vivl} = : : ,
0 gin(Pn“‘Qin)

where §;; = E{I/, jvi;} is assumed to be upper bounded.

Therefore, the error covariance update in Table II-A
becomes

n
Pi=-PH{R7'HiP; + Q= —Pi[)_ 9
i=1

Pj+ Qi) P+ Q.

Similarly, the Kalman gain is given by

K; = PiHiTRi_l = (i1 Pi(P1 + Q1) 7 gin Py (Pr 4+ Qin)™1),

and the estimate update is given by

& = Ki(z — Hi&)
gi1 (1 + vi) gi1Im
=K; : - . &
gin(gn + Vin) Gindm
= Z Kz]gu (5 - &+ Vzg)
=1
where K; = [K;1, Ko, -+, Kin,

Summarlzlng, we have the followmg Kalman consensus
scheme for the i agent:

Pi=-P [Z 915 () (P; + Qi) "1 | P+ Q (D
J

Kij = P-(P- +Q45)71 ()

Z gz] g] + VZJ) 52) . 3)

Note that Eq. (1) indicates that the certainty of informa-
tion increases with communication but decreases with the
size of the process noise. In addition, the rate of increase
in certainty for the i agent is inversely proportional to
the certainty of the jM agent and the communication noise.
Note also that the Kalman gain Kj; is reduced if either the
communication noise is large, or if the certainty of the j"
agent is small (hence P; large). Note that Eq. (3) is similar
to the continuous-time consensus schemes proposed in [4],
[5], [1] except that the consensus gain Kj; is time-varying
in (3), and the communication noise is explicitly included.
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Table II-B: Discrete-time Kalman filter [14].

System model and measurement model:

z[k + 1] = A[k]z[k] + B[k]u[k] + G[k]wl[k],

z|k] = H[k]z[k] + v[k]

2(0) ~ (20, Prg), wlk] ~ (0, Q[K]), vlK] ~ (0, R[K])
Assumptions: {w[k]} and {v[k]} are white noise processes
uncorrelated with zo and with each other. R[k] is positive definite.
Initialization: P[0] = Py, Zo = Zo
Time update: (effect of system dynamics)

error covariance: Pk + 1]~ = A[k]P[k]A[k]T
estimte: Z[k + 1]~ = A[k|Z[k] + B[k]ulk]
Measurement update: (effect of measurement z[k])
error covariance: P[k + 1] = [(P [k +1]7)!
+H[k+ 1)TRk+ 1] *H[k + 1]] ¢
estimate: £[k + 1] = Z[k + 1]~
+Pk+ 1H[k+ TRk + 1] (z[k + 1]

GIKIQIKIG[K]T

— Hk + 12k +1]7)

B. Discrete-time Consensus

The standard discrete-time Kalman filter is summarized
in Table II-B [14]. Again assuming that £* is constant we
get [k + 1] = &*[k] + wlk], where, with reference to
Table II-A, A[k] = I, B[k] =0, and G[k] = I,

Again letting v;;[k] represent the communication noise,
the measurement model for the i agent can be given by

gir[k] (€1[k] + vi1 [K])

Gin [k] (€n (K] + vin[K])
gi1 [k]1 gi1 [k] (€1 (k] — &€ [K] + vir [K])

= ( ) & k] + ( : ) )
ginlk]1 ginlk] (€nlk]

— & [K] + vin[k])

where, with reference to Table 1I-A,

HI[K] = (gin [k ...ginlk]I) and v, =
gir[K] (&1 [k] — §* (k] + vir [K])

: If we define

ginlk] (€[4 — & (K] + vin[K])
Pi[k] = E{(&[k] —€*[K]) (&:[k] — €*[k])T} and assume that
E{(&[k] — € [k)(&;[K] = € [k))T} = 0, where i # j, then

Rilk] £ E{vi[k]vs[k]T}
(gzl[k](Pl[ ]+ Q) ... 0 )

0 L g K)(PalK] + Qun k]

where Q;;[k] 2 E{v;[k]vi;[K]7}.
Therefore, the error covariance update in Table II-B
becomes P, [k + 1] = P;[k] + Q[k], & [k+ 1] = &[k].
The measurement update is given by

Pilk + 1]
= {(P; b+ 1))~ + HT [k + 1R, “[K][k + 1) H, [k + 1]] -

= [(Pi[k] + QIK]) ™" + Z 9i5 [k (Pj K] + Q5[R]) 1]

j=1

&ilk+1]

=& [k+ 1+ Bk +1)H [k +1)R;
(zilk 4 1] — H;[k + 1] [k +1])

= g,[k] + Pilk 4 1]-

Z 9i3 (K1 (P; k] + Qu5[K]) ~
Jj=1

Lk 4 1)

L& R + vk +1]) = &TRD)]

Summarizing, we have the following discrete-time

Kalman consensus scheme for the i agent:
Pk +1]
= [(Pi[k] + QKD " + Z 9i [K1(P;[k] + Q5 k) ™1~ )
&ilk +1]
=&kl + Pilk + 1]
> g6 (1P [R] + Qg (k) " (& [F] + vislk + 1)) — &[K])]
j=1

(&)

C. Meet for Dinner Example

To illustrate, consider the meet-for-dinner problem dis-
cussed in the introduction. Suppose that there are n = 10
agents who communicate with exactly one other individual,
chosen randomly from the group, for a random length of
time. After the communication has expired, the process is
repeated. Figure 1 shows the state and variance plots under

No Leader Leader

75 75

7 7

1

65 65
&

6} 6
55 55

5 5
4.5 4.5

0 10 20 30 o 10 20 a0
1.6 1.4
1.4 1.2
1.2 1
P‘ 1 0.8
08 06
0.6 0.4
04 02
0.2 o

10 20 30 0 10 20 30
time time
Fig. 1. Discrete time Meet-for-Dinner simulation. The subplot in the

upper left shows the evolution of the coordination variable assuming that
all agents begin with equally confident covariance. The subplot in the
lower left shows the associated covariance. The subplots on the right show
identical data where the agent with initial time & = 7 has an initial
covariance of P; = 0.001.

the discrete-time Kalman consensus scheme (4)—(5) where
the initial state is uniformly assigned. The subplots on the
left show the arrival times and variance when the initial
variances are uniformly assigned. The subplots on the right
show the arrival times and variances when the variance of
the agent with initial arrival time & = 7 is given an initial
variance of P; = 0.001, which is significantly lower than
the other agents. Note that in this case, the final consensus
value is influenced to a greater degree by this agent. The
simulation uses the values €2;; = 0.1 and @ = 0.1.

III. CONVERGENCE RESULTS

The objective of this section is to state some technical
properties of the algorithms given in Egs. (1)—(3) and
Egs. (4)—(5). For notational simplicity, we will focus on the
case where each information state £* is a scalar. The vector
case reduces to the scalar case if P;o is a diagonal matrix.
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The general case where P,y is non-diagonal is currently a
topic of research.

A. Preliminaries

Let A = {A;|i € T}, where Z = {1,2,--- ,n}, be a set
of n agents among whom consensus is desired. A directed
graph G will be used to model the interaction topology
among these agents. In G, the i vertex represents the i
agent A; and a directed edge from A; to A; denoted as
(A;, A;) represents a unidirectional information exchange
from A; to A;, that is, agent j receives information from
agent i, (i,j) € Z. If the information flows from agent ¢
to agent j, agent ¢ is called the parent of j, and agent j
is called the child of i. A directed path in graph G is
sequence of edges (A;,, Ai,), (Aiy, Aiy), (Aiy, Aiy ), -+ in
that graph. Graph G is called strongly connected 1f there is
a directed path from A; to A; and A; to A; between any
pair of distinct vertices A; and Aj, V(i,j) € Z. A directed
tree is a directed graph, where every node, except the root,
has exactly one parent. A spanning tree of a directed graph
is a directed tree formed by graph edges that connect all
the vertices of the graph [15]. We say that a directed graph
has a spanning tree if there exists a spanning tree that is a
subset of the directed graph. Fig. 2 shows a directed graph
with more than one possible spanning trees. The double
arrows denote one possible spanning tree with As as the
parent. Spanning trees with A; and A4 as the parent, are
also possible. As a comparison, Figs. 3 shows two cases
where the graph does not have a spanning tree.

OO —Em— @)

Fig. 2. A directed graph that has more than one possible spanning trees,
but is not strongly connected. One possible spanning tree is denoted with
double arrows.

e b &l
& e ® & e @

Fig. 3. (a) A directed graph that has two leaders, and hence does not
contain a spanning tree. (b) A directed graph that has two isolated groups,
and hence does not contain a spanning tree.

_ The interaction topology may change dynamically. Let

{G1,Ga, -+ ,Gr} denote the set of all possible
directed interaction graphs defined for A. It is obvious that
G has a finite number of elements and that G(¢) € G. The
union of a set of directed graphs {G;,,Gi,, -+ ,Gi,, } C G is
a directed graph with vertices given by A;, i € Z and edge
set given by the union of the edge sets of G;,, j = 1,--- ,m.
We will assume throughout the paper that the interaction
topology does not switch infinitely fast.

Let M, (R) represent the set of all n x n real matrices.
Given a matrix A = [a;;] € M, (R), the directed graph of
A, denoted by T'(A), is the directed graph on n vertices V;,
i € 7, such that there is a directed edge in I'(4) from V;
to V; if and only if a;; # 0 [16].

A matrix A = [a;;] € M,(R) is nonnegative, denoted
as A > 0, if all its entries are nonnegative. Furthermore, if
all its row sums are +1, A is said to be a (row) stochastic
matrix [16]. A stochastic matrix P is called indecomposable
and aperiodic (SIA) if lim,, .., P" = 1yT, where y is a
column vector, and 1 denotes an n X 1 column vector with
all the entries equal to 1 [17]. For nonnegative matrices,
A > B implies that A — B is a nonnegative matrix. It is
easy to verify that if A > pB, for some p > 0, then the
directed graph of B is a subset of the directed graph of A.

Two n X n nonnegative matrices are said to be of the same
type if their zero elements are in the same locations [17].
We will use the notation P ~ ) to denote that P and @
are of the same type.

Lemma 3.1: Given n X n nonnegative matrices P, Q, R,
and S,if P~ Rand Q ~ S, then (P + Q) ~ (R+ 5)
and PQ ~ RS. Moreover, if a time-varying nonnegative
matrix M (t) with continuous entries is of a fixed type for
t € [t1,15], where t; < to, then M(t) ~ [ M(t)dL.
Proof: Trivial.

Let & € R, i € Z, represent the i" deterministic
information state associated with the i agent. The set of
agents A is said to achieve consensus asymptotically if for
any &;(0), 4 i(t) —&(t)|]] — 0 as t — oo for each
(i.j) € T.

B. Continuous-time Consensus

The following theorem is our main technical result.

Theorem 3.2: Given switching interaction topologies and
zero transmission or communication noise, the Kalman
consensus scheme given in Eqs. (1)—(3) achieves asymp-
totic consensus if there exist infinitely many consecutive
uniformly bounded time intervals such that the union of the
interaction graph across each interval has a spanning tree.

The proof of this theorem depends upon the following
five lemmas.

Lemma 3.3: Let C(t) = [c;;(t)] € My(R) be piecewise
continuous, where ¢;; > 0, ¢ # 7, and Z cij = 0.
Let ®(t, to) be the correspondmg transition matrlx Then
®o(t,tg) is a stochastic matrix with positive diagonal

entries for any ¢ > tg.
Proof: From [18], we know that

D¢ (t, o)

t t o1
C(O’l)da‘1+ C(O‘l) C(a‘2)do‘2do’1+---. 6)
to Jtg Jtg

=TI+

Noting that C'(t)1 = 0, where 1 is a column vector of
ones, we can verify that ®¢(t,49)1 = 1.

Note that C'(t) can be written as B(t) — ul,, where B(t)
is a nonnegative matrix and g is a constant greater than
maXTG[tO g maxer |cii (7). It is straightforward to see that

Lo (t,tg) = C(t)Pc(t, to) and L[ p(t, to)e HE10)] =
B( YO p(t, to)e 1) — D (¢, to)e wt=to) — (B(t) —
wl, )(I)B(t to)e plt=to) — C( )(I)B(t to)e “’(t to), and
that ®¢(tg,to) = ®p(to, to)e *(fo=t) = . Therefore, we
obtain ®¢(t,tg) = Pp(t,to)e *~10), From Eq. (6), it is
straightforward to see that ® g (¢, o) is nonnegative and has
positive diagonal entries. Therefore, it follows that ®¢ (¢, o)
is nonnegative and has positive diagonal entries. Combining
these arguments implies that the transition matrix ®¢ (¢, o)
is a stochastic matrix with positive diagonal entries. |
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Lemma 3.4: Let C(t) = [c;j(t)] € Mp(R) and C =
[¢;j(t)] € M,(R) be continuous on t € [r,s], where
s > 7 such that ¢;;(t) > 0 and &;(t) > 0, Vi # j,
and Y77 cij(t) = 355, ¢;(t) = 0. Let ®¢(s,7) and
® (s, 7) be the corresponding transition matrices. Also let
the graph associated with C(t) be fixed for ¢ € [r, s] and
suppose that C(t) corresponds to the same fixed graph as
C(t). Then the graph of C(t) is a subset of the graph of
Do(s,7) and Pe(s,7) ~ Pia(s, 7).

Proof: Let C(t) = B(tg — pl,, where B(t) is a
nonnegative matrix and g is a constant greater than
maxye[r,s) MaX;er |¢ii(t)]. Following Lemma 3.3, we know
that ®¢(s,7) = ®p(s,7)e *(~7). Note that the graphs
associated with C(t) and B(t) are the same, so are the
graphs associated with ®¢(s,7) and ®p(s, 7). Therefore
from Eq. (6), we can see that ®p(s,7) > [~ B(oy)doy,
where [” B(o1)doy ~ B(t) for t € [r, ], or in other words,
the graph associated with B(t) for t € |7, s] is a subset of
the graph associated with ®p(s,7). Therefore, the graph
associated with C'(¢) for ¢t € [r, 5] is a subset of the graph
associated with ®¢ (s, 7). }

_Note that ®p(s,7) = ®z(s,7)e #577), where C' =
B — iil,. In order to show that ®¢ is of the same type
as @, we need to show that ®p is of the same type as
® 5. Note that B and B are of the same type since they
correspond to the same graph. By writing ®5 and @5 as
in Eq. (6) and comparing each term, Lemma 3.1 implies
that each corresponding term is of the same type, which in
turn implies that ®p(s,7) and ®5(5,7) are of the same
type. |

Lemma 3.5: Let Sqa = {A1,As, -, Ay} be a set of
stochastic matrices with positive diagonal entries. If the
graph associated with A; has a spanning tree, then A; is
SIA. If the union of the graphs of matrices A;,i =1,--- , ¢,
has a spanning tree, then the matrix product IT¢_, A; is SIA.
Proof: The first statement is shown in Corollary 3.5 and
Lemma 3.7 in [8]. For the second statement, note that the
product of stochastic matrices is still a stochastic matrix.
Also note that TI‘_ A; > ~Y°'_ A; for some v > 0
according to Lemma 2 in [4]. Since the union of the graphs
of matrices in S4 has a spanning tree, it is obvious that
the graph associate with Zle A; has a spanning tree.
Therefore, it can be seen that the graph associated with the
matrix product has a spanning tree, which in turn implies,
from the first statement of the Lemma, that the matrix
product is SIA. u

Lemma 3.6: Let C(t) = [c¢;;(t)] € My, (R) be piecewise
continuous for ¢ € [7, s|, where s > 7 is bounded, ¢;; > 0,
i# j,and > .c;; = 0. If the union of the directed graphs
of matrix C(t) for ¢ € [r, s] has a spanning tree, then the
transition matrix ®¢(s,7) is SIA.

Proof: Note that De(s,7) =
(I)c(s,tg)q)c(tg,tg_l) .- -q)c(tl,T), where t;,
j=1,--- £, denotes the times when C(t) is discontinuous.

From Lemma 3.4, we know that the graph associated with
C(t) for each ¢ € [t;_1,t;] is a subset of the graph
associated with ®¢(t;,t;-1), ¢ = 1,---,£ + 1. In other
words, if the union of the directed graphs of matrix C(t)
has a spanning tree, so does the union of the directed
graphs of the corresponding transition matrices. Also note
from Lemma 3.4 that each ®o(¢;,¢;—1) is a stochastic

matrix with positive diagonal entries. The proof then
follows from Lemma 3.5. |

Before moving on, we need the following definition
from [17]. Given a stochastic matrix S = [s;;] € M, (R),
define A(S) 21 min;, , y_; min(s;, 5, $i,5). Note that
A(S) < 1 for any stochastic matrix S. If A(S) < 1, S is
called a scrambling matrix. A(S) = 0 if and only if the rows
of .S are identical. The introduction of A will be useful for
the proof of Theorem 3.2.

Lemma 3.7: (See [17].) Let S = {S1,S2,--- , S} be a
finite set of SIA matrices with the property that for each
sequence S, Si,, -+ ,5;, of positive length, the matrix
product S;;S;,_, ---S;, 1s SIA. Then for each infinite
sequence S;,, S;,, -+ there exists a column vector v such
that

lim 8,8, , S, =1, (7)
J—0o0
In addition, in the case that S is an infinite set, A(W) < 1,
where W' = Sy, Sk, -+ Sky,,, and Ny is defined as the
number of different types of all n x n SIA matrices.
Furthermore, if there exists a constant 0 < d < 1 satisfying
A(W) < d, then Eq. (7) also holds.
Proof: See Lemma 4 and the concluding remarks in [17].
|
Proof of Theorem 3.2:

From Eq. (1), we see that P; is a uniformly lower
bounded positive scalar since (); is uniformly lower
bounded. Also noting that —P;[3" ; gi; () (P;+Qi;) '] P; <
—P2/(P; + Qy), we know that P; is uniformly upper
bounded. From Eq. (2), we can see that K;;(t), Vi # j,
is a uniformly lower and upper bounded positive scalar.

Let tg,%1,- - - be an infinite time sequence corresponding
to the times at which graph G(¢) switches topology. Since
the interaction topology cannot switch infinitely fast, we
assume that ¢; — ¢, > tp, Vi = 1,2,---. Note that
each interval [t;_1,t;) can be divided into finite or infi-
nite number of subintervals such that the length of each
subinterval is greater than or equal to ¢ but less than or
equal to ty; = 2t; and the graph on each subinterval is
fixed. Relabel these subintervals as sg, S1,- .

Without transmission or communication noise, Eq. (3)
can be rewritten in matrix form as { = A(t){, where
€ = [&,--,&]7 and A(t) = [N\j(t)]. As men-
tioned above, the solution can be denoted as &(t) =
O(t,5;)P(s5,85-1) - D(s1,50)€(50), where P is the tran-
sition matrix. Noting that \;;(t) = g:;(¢t)K;;(t), Vi # 1,
and }; A;j(t) = 0, we know that A(¢) is continuous and
satisfies the hypothesis of Lemma 3.4 for t € [s;_1,s;].
Noting that K;;(t) is uniformly lower and upper bounded,
we know that each nonzero, that is, positive, entry A;;,
where i # j, satisfies the property that \;; € [Ar, An],
which is a compact set. In addition, \;; = — > . 2i Nig
which is also in a compact set. In the case tlzlat the
interaction topology is switching with time, there are a finite
number of possible interaction topologies. For each possible
interaction topology, note that matrix A(t) has the same
structure in the sense that positive, zero, and negative entries
are in the same places for ¢ € [s;_1, s;]. From Lemma 3.4,
each transition matrix ®(s;,s;_1) is a stochastic matrix,
where t;, < s; — sj_1 < tp, and D(s;,s,-1) is of
constant type over this interval, for each possible interaction
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topology. Combining the above arguments with the fact
that ®(s;,s;-1) is a continuous function of A;;(t) for
t € [sj—1,5;], we see that each nonzero entry of ®(s;,5;_1)
is lower bounded for each possible interaction topology. It
is straightforward to see that there are only finitely many
types for ®(s;, s;—1). We know that there exists a sequence
of unions of the directed interaction graphs across some
time intervals and each union is uniformly bounded and
has a spanning tree. Thus the transition matrix ®*) for each
union is a product of finitely many matrices ®(sy,, Sk,_,)-
From Lemma 3.1, the type of ®*) is uniquely decided by
the order and type of each element in its product. Also, from
Lemma 3.6, we know that each ®*) is SIA. In addition,
noting that the graph associated with each ®*) has a
spanning tree, we see that any number of products of ®(*) is
also SIA according to the second part of Lemma 3.5. Noting
that ®*) can only have finitely many types, we see that for
each type of ®(¥) its nonzero entries are lower bounded.
Let W = ®U0®U2) ... »UnN+1), From the second part of
Lemma 3.7, we know that A\(W) < 1. Note that W can only
have finite many types, denoted as W;. In order to show that
A(W) < d < 1, it is sufficient to show that for each type,
there exists a 0 < d; < 1 such that A(W) < d;. This can be
verified by noting that the nonzero entries of W are lower
bounded for each type. Let d = max{d;y,ds, - ,dw,}. It
is obvious that A(W) < d. From Lemma 3.7, we can show
that £(t) — 1v'£(0), where v is a nonnegative column
vector. |

In previous results on consensus [4], [8], the coefficient
matrix C(t) was assumed to be piecewise constant with
finite dwell time, and elements drawn from a finite set.
The following corollary of Theorem 3.2 shows that these
conditions can be relaxed.

Corollary 3.8: Let £ = C(t)¢, where C(t) = [c;;(t)] €
M, (R) is piecewise continuous, ¢;; > 0, ¢ # j, Zj cij =0,
and each nonzero entry c;;, ¢ # 7, is both uniformly lower
and upper bounded. Under switching interaction topologies,
&, achieves consensus if there exist infinite many consecu-
tive uniformly bounded time intervals such that the union
of the interaction graph across each such interval has a
spanning tree.

C. Discrete-time Consensus

Theorem 3.9: Given switching interaction topologies and
zero transmission or communication noise, the discrete-time
Kalman consensus scheme listed in Eq. (4)—(5) achieves
asymptotic consensus if there exist infinitely many consec-
utive uniformly bounded time intervals such that the union
of the interaction graph across each interval has a spanning

tree.
Proof: Without transmission or communication noise,
Eq. (5) can be written as

Eilk+1]= 1= Pilk+1] ) gij [KI(Ps[F] + Qu5) 7" | &ilK]
i#i
+ Pilk+ 11 [gii[K](P5 k] + Qi) €51k]] - ®
J#i
Note that each weighting factor of &, is less than or equal
to 1 and the sum of the weighting factors of &, is equal to

1, where ¢ € . Letting & = [&1,- -+ ,&,]T, we can rewrite
Eq. (8) as {[k+ 1] = DIk]{[k], where it can be verified that

DIk] is a stochastic matrix with positive diagonal entries.
In addition, for each possible interaction topology, D[k] is
of the same type and its nonzero entries are lower bounded.

We know that there exists a sequence of unions of the
directed interaction graphs across some time intervals and
each union is uniformly bounded and has a spanning tree.
Let D@ be the product of matrices D[k] over the i
union. Note that each D) is SIA from Lemma 3.5. As
a result, the proof follows the same reasoning as the proof
of Theorem 3.2 with D) playing the role of ®(*). |

IV. CONCLUSION

This paper has considered the problem of consensus
seeking with relative uncertainty in distributed multi-agent
systems. We have proposed discrete-time and continuous-
time Kalman filter-like consensus schemes that are appropri-
ate when different agents in the group may have different
confidences about their information state. Sufficient con-
ditions have been shown for consensus seeking using the
proposed consensus schemes under switching interaction
topologies.
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