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Appendix A Mathematical preliminaries

A digraph G = (V, £) contains a finite set of nodes V = {0, 1, ..., N} with node 0 as the leader system and an edge set £ € VxV. The
node i is the neighbor of node j if there exists an edge £ from node i to node j denoted by (i, ). Thus N; = {j|(j,4) € £} denotes
the neighbor set of node ¢. The weighted adjacency matrix A = [a;;], with a;; > 0 if and only if (v;,v;) € € and a;; = 0, otherwise.
The information flow from node % to node j is captured by a subsequence of edges satisfying {(m;, mg), (mg, m;), ..., (my, mj)}. If
information flows from one node to another, then a digraph is said to have a spanning tree. The matrix G = diag{g;} (i=1,...,N)
denotes the influence of the leader received by other nodes, and g; > 0 if agent ¢ can receive information from node 0. The definition
of degree matric A(G) of G is as follows A(G) = diag(a;;), where a;; = Z;le#i aij,t = 1,2, ---, N. The Laplacian matrix
of G is defined as L = A(G) — A. Lg is obtained by removing the 1st row and the 1st column of Laplacian associated with G.
Obviously, we can get such an equation Lg = L + G, where L is the Laplacian of subgraph G that only includes followers and the
matrix G = diag{g;}. The Kronecker product operation is denoted by ®. The n-dimensional Euclidean space is denoted by R™ .
The set of m x n dimensional real matrices is denoted by R”**™ . The set of all unit quaternions is denoted by Q,,. Leader body
and the ith rigid body frames are denoted by By, k = 0,1,..., N. The matrix function (-)* : R3—R3%3 is defined as follows: For
each m = col(m1, ma, m3) € R3,

0 —m3 mo
(m) X = ms3 0 —-mi
—msa ma 0
Euclidean norm of a vector or a matrix is denoted by || - ||. ® denotes the quaternion product, for g;, qj € Qu,

Gid; +@;8; + 4 d;
qi0Ogq; = o AT o
qid5 — 4; 95

In addition, ¢~! denotes quaternion inverse, for ¢ € Qu, ¢~ ' = col(—§,q). The vector function g¢(-) is defined as follows: For
each m = col(mi, m2,m3) € R®, g(m) = col(m,0) € R*. The quaternion function C(-) is defined as: For A € Q,, C()\) =
2XAT — 220X 4+ (A% = AT V) Is.

Appendix B Proof of Theorem 1

First, we need to state some properties for later proof. Under the Lemma 1, Lg(t) must be an invertible matrix. Then, we can
obtain the following inequality

_ Tl
PO | | B B
WS e e ) oy
we can also have
[ p—" L1 A— (B2)
Omin(La(t) ® I3)
where £ = [€],€5,. .. EX] =[] —w(, €3 —wg, .-, 6x —wi 1T, H = (La () ® L)€

Proof. The communication topology of MRBSs is time-varying due to the existence of CLFs. This means that at some times the
system may have a directed spanning tree with the leader as the root node, and at other times the whole system may be divided
into several independent subsystems. In order to include communication topology at each time, we consider two situations. In
Case 1, we study the error variation of state observers when the digraph has a spanning tree. In Case 2, we consider all agents
to be divided into subgraphs under CLFs. We design two Lyapunov candidate functions to obtain the observed error properties in
Case 1 and Case 2.
Case 1: The digraph G contains a spanning tree with the leader as its root.
First, let ag; denotes fot HIH; ds and ag, denotes ||H:||?. From the definition of £;, we have that

5;1' = Si€i — (ag; + agi) H;. (B3)
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From H = (Lg(t) ® I3)€ and (B3), one obtains that
H=(La(®)®In)E+{S—La(t)(Ae+Ac) @13} H, (B4)

where S = block diag{S1, S2,...,Sn}, A¢ =diag(ae;), A¢ =diag(ag;). According to Assumption 3, L (t) = L(t) + G(t) must be
bounded. S is bounded because of Assumption 2.
Consider the following Lyapunov function

N N
Vi = Z(asi + 2a§i)ai(t)HiTHi + Z(asi — OtH)Z, (B5)
i=1 i=1

where a;(t) is defined in (E2), apy is a constant that will be designed later. We can derive the derivative of Vg as

Vir = 2H" (AeQ(t)®I3)H + H" [(A¢ + 24¢)Q: () @131 H
+4HT{(A¢ + A) Q1)@ I3 H{(La(H®Ts)E
+ 15— La(t)(Ac + Ag)@I3]H}
+2HT[(A¢ — axIN)®I3)H.

(B6)

Considering Lemma 1, Lemma 2 and the inequality of matrix norm ( ||A + B| < ||A]| + || B||, where A, B € R™*"), we have that
P < 2)|Q()|IILa(t)]|. So we can further obtain
Vir < — 200 H " [(Age + A¢)’®I3|H + M H" (A ®13)H
A HT [(Ac+A) QI H4+ Ao H [(Ac+2A46)Q13]H
+HAH T [(Ag+A0)Q(1) Lo ()@ Ts|€+2H T (Ac®13) H
—2ayHTH,

(B7)

where Ao = minyi>00min (P(t)), A = mazyiso 2/|Q(1)|IF, A2 = mazvi>o [|Q(t)||F, and Az = maz,; vi>o0 2[SillFA1. Note that
A; (i =0,1,2,3) are positive and bounded constants. Considering Young inequality, and performing identity transformation on
part of inequality, we can obtain

. V2V o T,
MHT(Ae@Is)H = X2\ HY (A ®13)H
‘ VAov2 ‘
; (B8)
A A .
< LHTH+ 22 HT (Alels)H.
Ao 4
Similarly, one has
T A 425 v Ao T, 2
Mo HU[(Ag4+2A)®13]H < }\—H H+ - H (Af®Is)H
0
A0 LT 2 AD
+—H (A{®I3)H+=H H, (B9)
4 o
. A .
MsH (At AQ)®Is|H < T2 H (Ag+A¢)*®I5) H
A§
+—=H H, (B10)
Ao
T Ao T, 2 4
2H (A§®I3)H < IH (A£®13)H+TH H. (B]l)
0
As for AHT[(A¢ + Ae)Q(t) La (t)®I3)€, notice that (Ag+A)? <2(A§ + A?%), and ||€]| < #G‘(‘WW’ we can obtain that
. . ~ A\ .
4H " [(Ag +A0)Q(1) Lo (@ Is)E < H (AL + AD @ Is | H
N 2X2HTH (B12)
Xoo2,,, (La(t)®Is)’
with A4 = mazviso 4[|Q(t)Le(t)||F. Then, we recombine the inequality by extracting common factors
. . A .
Vir <= 200l [(Ae+ A¢) @I + H [(Ag +Ae) © I H
(B13)

3 .
+ A0 H (AL +AD®Is | H A Nsum HT H — 20 H H,

b¥
o2,in(La(H)®I3)
is bounded. Then we can chose the constant apy satisfying ag > %Asum and define a certain constant Apo which satisfies
0 < Ao < Ao. Finally, (B13) changes into

where Agym = (4 + )\f + 5)\3 + )\g + )/Xo. Because of the boundedness of \;, Q(t) and Lc(t), obviously Asum

Vi < —AnoHT[(Ag + A¢)’®I3]H, (B14)
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which illustrates that all the variables in §; including H;, a¢; and ag; are bounded.
To prove the convergence of the leader angular state, we solve (B14) as

t .
Vi (t) — Vi (0) < —/ ApoHT[(As + A¢)’®I3|Hdr
0

, (B15)
< 7/ AoHT (A¢®I3)Hdr.
0
By combining (B5), (B15) is changed to
T tor
aminteminH'H < ~Aioagmin [ HTHdr 4 Via (0), (B16)
0

With amin = minyizo{a;ylli = 1,..., N} and agmin = minvezo{agp)lli=1,..., N}. This means that fot HT Hdr is bounded.

According to Barbalat’s Lemma, we can get that HT H converges to zero. Therefore, by (B1), the leader angular observer globally
converges to the defined angular state wq.

Case 2:
The CLFs cause some edges of the communication network topology G(t) to be disconnected at some time instants, so that the
communication network topology G(t) does not contain a spanning tree. It is easy to get that H(t) = — (L (t) ® I3)€(t) = 0 and

Vi = 0 if Lg(t) = 0, which meets the goal of the first step that H(t) — 0 when ¢t — oo. Therefore, the case that the graph G loses
all its edges at some time instants will not be considered in the following analysis.

First, we divide the communication network topology G(t) into some connected subgraphs, where the no-leader subgraphs contain
zero in-degree nodes. Without loss of generality, suppose that the directed graph G(t) is divided into ¢ connected subgraphs Gy,
where any two subgraphs are disconnected, and there exist m (1 < m < N) zero in-degree nodes. Let Np denote the set of all zero
in-degree nodes, and N}, denote the set of non-zero in-degree nodes in connected subgraph Gy (k= 1,...,c). Then, we reorder the
labels of all followers as follows

No={1,...,No},
Ny ={No+1,...,No+ N1},...,
Ne={N-Nc+1,...,N},

with N} being the cardinality of N3, (k =0,1,...,¢). Then, Lg(t) can be rewritten as

0 0 0 0

Lia(t) Lg, (1) 0 0

La(t) = : ) . (B17)
o - o

Lyc(t) 0 0 Lg, (t)

where Lg-k (t) denotes the Laplacian matrix of the kth connected subgraph except the rows of zero in-degree nodes, and L, (t)
(k =1,...,c) are non-zero matrices with appropriate dimensions. Then, Vi € Nk(k =0,1,...,c), denote the concatenated errors
of 57 and H; as X} and Y}, respectively. In light of the definition of H;, we have H; (i € Ny) of the zero in-degree nodes are zero
vectors, that is Yo = 0, and those of the non-zero in-degree nodes satisfy that Y (t) = —(L:x(t) ® I3) Xo(t) — (Lgk (t) ® Is) X (t),
k =1,...,c. Since the initial graph G contains a spanning tree, without loss of generality, suppose that G(¢) changes at t = t1,
that is for ¢t € [to,t1), Lg(t) is a nonsingular M-matrix, and when ¢ = t1, the graph G(t) changes to Case 2 from Case 1, Lg(t)
is shown as (B17). According to Vi < 0 in the analysis of Case 1 and Xo = 0 at Case 2, it is easy to get that X¢ is bounded
at Case 2. Moreover, under Assumption 5, though some edges will be disconnected after experiencing CLF's, based on the above
Laplacian matrix (B17), Lgk (t) is still a nonsingular M-matrix (k =1,...,¢). Then, we have

Vil + [(Lek (¢) @ 13) Xol|

1X]l < Jk=1,...c (B18)
= omin (Lg, (t) ® I3)
In light of the definitions of X and Yy, k =0,1,...,¢c, we have Yo = 0, and
Yk = — (Lgk (t)(Agg’k —+ Afgk) ® Ig)Yk
(B19)

+ (er(t) ® Is)Xo + (Lg’k (t)® 13>Xk1

where k =1,...,¢, A&‘jk represent the block diagonal matrices of ag; for i € Ni.
To simplify the analysis process, here we consider a new Lyapunov function as follow

N N
Vi, = Z(Qagi + dfi)HiTHi + Z(afi —an)?, (B20)

i=1 i=1

where ay > 0 will be determined later.
The time derivative of Vi, is calculated as follow

N N N
Vi, =4 (agi + ag) HY Hi +2>  aeHY Hi +2> (agi — oom)agi. (B21)
=1 =1 =1
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Then, in light of the definitions of Y) with Yy = Yo = 0, we have

y - T ; . T,
Vi, = > (1Y (Aeg,, + Acg,) @ 1) Ve +2Y) (A, ® Is)Yi
= (B22)
+ 2YkT(A5§k ® I3)Y;, — 2aHYkTYk),

Substituting (B19) into (B22) results that

Vi, = ( — 1Y ((Agg, + Aeg, ) Lo, ()(Agg, + Agg,) ® Is) Vi
k=1

+4Y)" ((Aeg, + Aeg, ) Len(t) ® Is) Xo
+ 4YkT((A§Qk + Afgk)Lgk (t) ® Id)Xk

+2Y ((Acg,, + Acg,) ® I3)Yie — 20m Y, V).

(B23)

Denote that Gar = miny;z¢, {amm(Lgk t) ® Ig)}, F3k = MaXyisy, {Hﬁgk (t)H}, Fak = MaXyisy, {Her(t)H}, based on the
Young inequality, one has

c
VH2 < Z ( — 462kYkT((AE§k —+ Afgk)2 [ Ig)Yk
k=1
+ 454 ||Yk.T((A£g,C + Agg,) © Is) H [1Xol| (B24)
+ 453 ||YkT((A£g—k +Aeg,)® Ig)H 15|
+ 2 "YkT((Aégk —+ A&Gk) 24 13) ” ”YkH — QOLHYkTYk).

Furthermore, according to the inequality (B18) and Young inequality, and denoting that &5 = maxy¢>¢; {||Lrx(t)[|}, we have

c
Vi, < (* 452kYkT((Agg’k + Aggk)Q ® I3) Yy
k=1

+ 4541 HY};T((Agg’k +Agg,) ® Is)H 1 Xoll

+ 40'3k ||Y,C ((Agg, +4¢5,) O Is H 1Yill
M [V (Aes, + Aeg) @ 1) || 1ol
+2 HY,c ((Aegy, + Acg,) ® Ia) || I1ill = 200 Y, Y1) (B25)

c

< ( — 262 Y, ((Aeg, + Acg,)? ® I5)Y;
k=1

+ 4641 HYkT((Ang +Agg,) ® IS)H [1Xoll

40'3k<75k
SNV ((Acg,, + Acgy,) @ Is) | 1ol

4‘73k

+

Iy, + —Yk Yi, — 20 Yy Yk)
CETS

52
. 25
Then, choosing an enough large apy as g > ,33" + ﬁ, we have
a.

Vi, < ; HY,CT((A@,C +Aeg,) ® Is) H
x (*25% ||((Asg’k +Asg’k)®IS)YkH+ﬁ1> )
B26
< g; HYkT((A§Qk +Agg,) © I) H
x (51 = B2 ((Acg,, + Acg,) © Ig)YkH1>,
where the inequality Vil < [Yill, < V3Ne [Yill has been used, and B = max { (28755 44z ) Xl )}, and g2 =

T2k
. 255
min = . Then, we have
k=1,4..,c{x/3Nk} ’

Vi, <Y [V (Acg, + Acg) @ 1) |
k=1 (B27)
x <B1 — B2 > (agi + ag:) \le‘\|1)~

ieNg
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Furthermore, we will prove that Vi € Ni (k= 1,...,¢), ag; +ag; are bounded, and ||H;||1 — 0 as t — co. By contradiction, assume
that there is an agent ¢ such that ag; + ag; — oo and ||H;||1 # 0 as t — oo, that is there exists a sequence {T;} (j =1,2,3,...) of
time-values, T; — oo as j — oo, such that ||H;(T;)|l1 > Hmin, with Hyin being an arbitrary positive constant. Then, according to
the definition of a¢;, we know that ag; is strictly monotonically increasing over time if and only if ||H;|[1 # 0. Then, since 81 and
B2 are positive and bounded, there must be a time instant T > Tj such that for T; > T, 52(a§i + (}L@-)Hmin > c¢f31. However,
according to (B27), one has VH2 (T;) < 0, VT; > T*. Based on the Lyapunov function (B20), this implies that H;, a¢; and ag; are
bounded. Since ag; = fot HiTHidT is bounded, by Barbalat’s Lemma, one can obtain that H; converges to zero, which contradicts
with ag; +ag; — oo and ||H;||1 # 0 as t — co. Thus, we can get that Vi € Ny, (k=1,...,¢), ag; +ag; are bounded, and ||H;||1 — 0
as t — co. Moreover, together with H; = 0, i € Np, one has

Jim H(t) = lim (Le(t) ® I3)€(t) = 0.

At the second step, we will prove that f(t) = 0 when t — oco. According to the definition of &;, we have

Jim (La(t+To) ® I3)€(t) = 0. (B28)
Denote that t = ¢;, and t +To = t;, 45,7 =0,1,..., (ik4+1 — 1 — ix), in light of (B28), one has
Jim (La(tiy+) ® I3)E(ts, ) = 0. (B29)

Let Jy = Eik"flil (La(tq) ® Is). From (B29), one has

q=ip
lim Jy€(t;,) = 0. (B30)
k— o0
Based on the Assumption 5, it is obvious that Vk = 1,2,3, ..., Ji is nonsingular, then we have
lim €(t;,) =0, (B31)
k— o0

that is tlim &i(t) = wo, ¢ € N. This complete the proof of the convergence of leader angular velocity observers.
[ — o0
Then, we are ready to analysis the leader attitude observers. First, let a,; denotes fot F?Fi ds and an; denotes [|T'; ||2, from the

definition of 7;, we have that

. 1 1 ~
ni = 5’77:(961(4#0) — (ani +ani)Ts + 5%‘@‘1(51) (B32)

To obtain a compact form of (B32), define a matrix operator M(-) : R — R4X4, such that for each & = col(&;1,&i2,&i3) € R3

0 &z —&i2 &

=&z 0 & &2
M(&:) = , B33
(&) iz —&1 0 &3 ( )

—&i1 —&iz —&i3 O

then the system (B32) is equivalent to

.1 i . 1
M = §M(w0)7h‘ — (ani + ani)Ti + EM(&)m- (B34)

According to tllm &i(t) — wo, we can have after a long enough time, (B34) can be regarded as
3

. 1
lim 7; = - M(wo)7; — (ani + ani)Ti- (B35)
t— o0 2

It is obvious that the dynamic of (B35) is the same as (B3). Thus, we can obtain the convergence of n; by the same analysis step
of &;.
This completes the proof.

Remark 1. Notice that, as for Sg observers, we do not use the adaptive method, because Sy is a constant matrix and its dynamic
accords with the first order integral model. We chose a simple observer to reduce the computational burden for each agent without
losing performance.

Remark 2. The Sy observer is another form of [5], whose proof can be extracted from the main result of Theorem 3.1 in [5].
Due to the limited space, the detailed proof is omitted. Because S;(t) converges to zero in a finite time, by using the certainty
equivalence principle, S;(t) replaces the So(t) required for observers in [4], so the proposed observers can be called fully distributed
observers.

Appendix C Proof of Theorem 2
Proof. We define the distributed forms of attitude and angular velocity errors between each follower and leader as follows:

e =day " O ai (Cla)
w; =w; — C(ej)wo, t=14,...,N, (C1b)
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with €; = col(€;, &) € Qy and @; € R3, whose kinematics and dynamics are described by
. 1 .
€ =560 q(@), (C2a)
Gt = —w jiws + ji (@] C(ei)wo — Cei)do) + Ti, (C2b)

where 7; is the control protocol. Theorem 1 enables us to use certainty equivalence principle to analysis the control torque ;.
First, let &; and 7; substitute for the error signals €¢; and @; between each agent and leader as defined in (C2). Referring to the
error signals form of [1,2]:

¢i =n; ©qi, (C3a)

(:J,,:u)lfc((ﬁl)f“ i:l,...,N, (CBb)

where ¢; = col(d;i,(z;i) € Q, and ©; € R®. We will construct a control torque T; depending on ¢; and @; for each agent. The

set of 7, (¢ =1,...,N), together with the observers, forms the overall distributed control laws. First, we derive (C3) as following

equations:

S 3

¢i = §¢>z‘ © q(@i) + Poi, (C4a)

Jiwi = —w jiwi + i (@] C(¢:)& — C($:)Si&:) + Joi + Ti, (C4b)

where ¢,; € Q, and j,; € R® are given by
1 *
Poi = 5(¢;T¢L —1)q(&) © ¢i — (ani + ana)T; © g4, (C5a)
Joi = §i(=C(¢i)(aei + agi)Hi + Coi&i), (C5b)
with Coi = 2&1‘&01'[3 — 2(13?(2)01'13 + 2&1"1;3‘1' + 2(;501-({5;_1‘ - 2‘501'(2’; - 2(;51(;;:1

As in [1,2], we introduce a temporary variable to analyze the system (C4). The variable z; is defined as follows, z; = @; + ki1 4371,
where k;1 is a nonnegative constant. Then we have

I 1 - - ~ ~
@i = §(¢>1X + ¢ilz) (i — kiri) + bo, (C6a)
. 1.7 . -
¢i = —5% (i — kirgi) + dois (C6b)
Jids = —w jiwi + i (@i — kirds) C(¢:)€i — C($:)S:€:)
1 L ax - - X (Céc)
+§kilji(¢i +¢ilz)(xi — kirds)+Jo; + Ti,
where j;i = Joi + ki1jiboi-
Now we are ready to give the control torque for each agent i=1,..., N as following form
Ti = W jiwi — Ji((xs — ki1 ) C(p:)€: — C(s)Sis)
(C7)
1 . _ R
- Ekilji(d)ix + ¢ilz)(xi — kingi) — kizxs,
where k;2 is a positive constant.
By the definition of ¢; and ¢;, for each follower ¢ = 1,..., N, we have
¢i —ei =M —q0)" O qi. (C8)
By Theorem 1, tlim (m:(t) — qo(t)) = 0. Thus
— 00
Jim (64(8) — (1)) = 0. (C9)
With the control torque (C7), system (C6c) becomes
Jids = —kiowi + 4. i=1,...,N. (C10)

’
Since tlim Jo; = 0 and j; is positive define, systems (C10) are strictly stable linear systems when t — co. Therefore, we obtain
— 00

that tlim z;(t) =0, i=1,...,N. Then, using the Lemma 4.1 of [1], we can obtain that
— o0
tl;nolo & = tll%ngo ¢; = 0. (C11)

Consequently, the adaptive leader-following attitude consensus of MRBS with resilience to CLFs under time-varying network is
achieved. Furthermore, by the definition of z;, we can obtain

tgrgo w;(t) = 0. (C12)
Combining (C1) and (C3), we have
@i = @; + C(¢i)(& —wo) + (C(i) — C(e;))wo.- (C13)
Thus, by Theorem 1 and (C13),
lim @;(t) =0, (C14)
t— oo

which completes the proof.
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Remark 3. Theorem 2 uses the certainty equivalence principle and pseudo-linear representation of MRBSs to transform the
attitude control problem of MRBSs into the design of stable conventional linear systems (C10). The observer convergence obtained
by Theorem 1 ensures that the nonlinear term of the system (C10) converges to zero as time tends to infinity. Note that Theorem
1 of [6] may not hold under CLFs, so we cannot obtain observer convergence under general switched systems.

Appendix D Simulation Examples

Figure D1 Communication topology

The simulated MRBSs have four followers and a leader subject to a time-varying digraph G(t). Consider a leader-following
network that has the communication topology shown in Fig. D1. Under the Assumption 5, we consider the digraph G(¢) in accord
with a jointly connected condition that is denoted by a piecewise function. Note that changes in function at the segmentation point
can be considered failures caused by CLFs. Next, we design the corrupted weight § as the following form

60 = sin(t 4+ 0.1 + 2 * cos(t + 0.2) + sin(cos(t + 0.3))).

Moreover, we design the communication weights a;;(t) as piecewise functions which have the following forms

1
1+, if sTogtg(s—i-Z)To,
. 1 1
0, if (S+Z)T0<t<(5+5)TO,
ao1(t) = 1 3
0, if (S+§)T0<t<(S+Z)To7
3
0, if (8+Z)T0<t<(5+1)To,
. 1
0, if SToété(SJrz)To,
, 1 1
1+96, if (S+Z)To<t§(8+5)To7
a0z (t) = 1 3
0, if (S+§)T0 <t< (SJrZ)To’
3
0, if (s+ Z)To <t < (s+ )Ty,
. 1
0, if SToétg(SJrz)Toy
. 1 1
1446, if (s+Z)T0<t<(s+5)To,
az;s(t) = 1 3
0, if (S+§)T0 <t< (SJFZ)TO’
3
0, if (s+ Z)TD <t < (s+1)To,
1
0, if 5To<t<(5+1)T07
. 1 1
0, if (S+Z)TO <t (S+5)T07
a14(t) = 1 3
146, if (s+To <t < (s+ )To,
3
0, if (s+ Z)TD <t < (s+ )Ty,
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1
0, if sTo<t< (5+Z)TO’

) 1 1
0, if (s+Z)To<t<(s+5)T07

asa(t) = 1 3
0, if (S+5)To <t<(5+Z)TO’
3
1+6, if (S+Z)T0<t<(s+1)To7
where Ty = 0.2 and s = 0,1,2,.... According to Remark 1 in [3], we can obtain that § can describe capacity constraints, and

transmission noises. Furthermore, we assume that a;;(t) can be zero over a certain period of time. In practice, this condition could
be referred to as packet dropout. The dynamics of the four followers described by

1
4; = 5% 0 q(wi), (D1a)

Jiw; = —w jiwi + 15, i=1,..,N, (D1b)

with the inertial matrices are given by J,, = diag{m,2m, m + 2}, m = 1, 2, 3,4. We define the matrix Sy as

0 10
So=1]-100]- (D2)
000

Then we choose o« = 8 = 10, ks1 = ks2 = 20. All initial adaptive parameter values are designed as a¢;(0) = a,;(0) = 1 to satisfy
the requirement in Theorem 1. The initial attitudes are set to go(0) = [1,0,0,0]T, ¢1(0) =[0,1,0,0]", g2(0) =[0,0, 1,0]T, g4(0) =
[1/2,v3/2,0,0]" to satisfy the requirement that go(t) € Qu (|lgo|| = 1). The initial angular velocity of the leader is set to
wo(0)=1[1,2, 3]T. Other parameters randomly generated initial conditions. The estimation errors of &;,m;, ¢ = 1,2, 3,4 obtained
by observers are shown in Fig. D2. Furthermore, Fig. D3 shows consensus errors of attitude and angular velocities, respectively.
Adaptive parameter trajectories are shown in Fig. D4. For attitude and angular velocities, it is observed that the leader-following
consensus has satisfactory resilience to CLF's.

Components of & — wy,i =1,2,3,4.
Components of 7; — gp, 7 = 1,2, 3,4.

time s

Figure D2 Estimate errors of followers.
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Figure D3 (a) Consensus of attitudes; (b) Consensus of angular velocities.
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Figure D4 Trajectories of adaptive parameters.

Appendix E Proof of Lemmas

Lemma 1. If the digraph G contains a spanning tree with the leader as its root at time ¢, then there exists a positive definition
diagonal matrix Q(t) such that Q(t)Lg(t) + LL(t)Q(t) = P(t), where P(t) is positive-definite, and Lg (t) = L(t) 4+ G(t).

Proof.  Lemma 1 can be extracted from the results of the structural analysis of the directed graph with CLFs in [4].

Lemma 2. If Assumptions 1-5 hold, Lemma 1 is satisfied by a positive definition diagonal matrix Q(t). In the meanwhile, Q(t)
and its derivative are bounded.

Proof. Because the digrpah G contains a spanning tree with leader as its root, Lg(t) must be a nonsingular M-matrix. This
implies that (L (t))_1 exists and is positive. Then we choose Q(t) to be

Q(t) = diag(ai(t),...,an(t)), (E1)

and we choose its diagonal elements as

a(t) = [a1(t), ..., an(B] = (LEE®) 1n. (E2)

According to the definition of Q(t), it satisfies that Q(¢t)Lg(t) + LE(t)Q(t) = P(t), where P(t) is positive-definite. We can
further obtain that det(L%(t)) is nonzero and bounded due to the boundedness of L (t) which is given by Assumption 3 and that
(Lg(t))flexists. This implies that

adj (L5(1))

det(LL (1)) e (E3)

-1
LGN ™ e = I
which shows that all elements of Q(¢) are bounded. Then we take the derivative of (E2),

—1d(LG(t))

TS (LE®) L (B4)

a(t) = —(Lg(1)
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T
% are bounded due to the boundedness of 67, (t) and 67 (t). This

From Assumption 3, we can obtain that all the elements of i

further implies that a(t) is bounded, which completes the proof.
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