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1 Proof of Theorem 1

Consider the Lyapunov function candidate of Theorem 1 as

Vu =
1

2

N∑

i=1

eTi Υe,iei +
1

2

N∑

i=1

τT
i τi +

1

2

N∑

i=1

tr
{
ω̃T

f,iΥ
−1
f,i ω̃f,i

}
+

1

2

N∑

i=1

tr
{
ω̃T

c,iω̃c,i

}
+

1

2

N∑

i=1

tr
{
ω̃T

a,iω̃a,i

}
, (S1)

where Υe,i =

[
ξe,iIn In
In In

]
is a positive-definite matrix if condition (42) of Theorem 1 is held; ξe,i is a

designed parameter of Υe,i; tr{·} is the trace of a matrix; and ω̃f,i = ω̂f,i − ω∗
f,i, ω̃c,i = ω̂c,i − ω∗

V,i, and
ω̃a,i = ω̂a,i − ω∗

V,i are the weight errors of the identifier, critic, and actor, respectively.
The following result is yielded by differentiating Eq. (S1) along Eqs. (21), (30), (37), and (39)–(41):

V̇u =
N∑

i=1

[
ξe,ie

T
p,iev,i + eTv,iev,i + (eTp,i + eTv,i)(−ξp,iep,i − ξv,iev,i − ω̂T

f,iΨf,i(χi)− τi − 1

2βV
ω̂T

a,iΨV,i(χi, τi)

+ fi(χi)− v̇i,r)

]
+

N∑

i=1

τT
i (−ξτ,iτi + uΔ,i) +

N∑

i=1

tr
{
ω̃T

f,i

[
Ψf,i(χi)(e

T
p,i + eTv,i)− νf,iω̂f,i

]}

−
N∑

i=1

tr
{
γc,iω̃

T
c,iΨV,i(χi, τi)Ψ

T
V,i(χi, τi)ω̂c,i

}

−
N∑

i=1

tr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)

[
γa,i(ω̂a,i − ω̂c,i) + γc,iω̂c,i

]}
.

(S2)

According to Property 1 and Eq. (32), Eq. (S2) can be further simplified as

V̇u =−
N∑

i=1

[
ξp,i ‖ep‖2 + (ξv,i − 1) ‖ev‖2 + ξτ,i ‖τi‖2

]−
N∑

i=1

(ξp,i + ξv,i − ξe,i)e
T
p,iev,i −

N∑

i=1

(eTp,i + eTv,i)

·
[
τi +

1

2βV
ω̂T

a,iΨV,i(χi, τi) + v̇i,r − σf,i(χi)

]
+

N∑

i=1

τT
i uΔ,i −

N∑

i=1

tr
{
ω̃T

f,iνf,iω̂f,i

}

−
N∑

i=1

γc,itr
{
ω̃T

c,iΨV,i(χi, τi)Ψ
T
V,i(χ, τi)ω̂c,i

}−
N∑

i=1

γa,itr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}

+
N∑

i=1

(γa,i − γc,i)tr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}
.

(S3)

The following results can be obtained by using Properties 1 and 2:

− (
eTp,i + eTv,i

)
τi ≤ 1

2
‖ep,i‖2 + 1

2
‖ev,i‖2 + ‖τi‖2 , (S4)
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− 1

2βV
(eTp,i + eTv,i)ω̂

T
a,iΨV,i(χi, τi)≤ 1

2
‖ep,i‖2+1

2
‖ev,i‖2+ 1

4β2
V

tr
{
ω̂T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}
, (S5)

−(eTp,i + eTv,i)v̇i,r ≤ 1

2
‖ep,i‖2 + 1

2
‖ev,i‖2 + ‖v̇i,r‖2 , (S6)

(eTp,i + eTv,i)σf,i(χi) ≤ 1

2
‖ep,i‖2 + 1

2
‖ev,i‖2 + ‖σf,i(χi)‖2 ≤ 1

2
‖ep,i‖2 + 1

2
‖ev,i‖2 + ε2f , (S7)

τT
i uΔ,i ≤ 1

2
‖τi‖2 + 1

2
‖uΔ,i‖2 ≤ 1

2
‖τi‖2 + 1

2
ε2Δ. (S8)

Substituting inequalities (S4)–(S8) into Eq. (S3), we obtain

V̇u ≤−
N∑

i=1

[
(ξp,i − 2) ‖ep,i‖2 + (ξv,i − 3) ‖ev,i‖2 +

(
ξτ,i − 3

2

)
‖τi‖2

]
−

N∑

i=1

(ξp,i + ξv,i − ξe,i)e
T
p,iev,i

−
N∑

i=1

tr
{
ω̃T

f,iνf,iω̂f,i

}−
N∑

i=1

γc,itr
{
ω̃T

c,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}−
N∑

i=1

γa,itr
{
ω̃T

a,iΨV,i(χi, τi)

· ΨT
V,i(χi, τi)ω̂a,i

}
+

N∑

i=1

(γa,i − γc,i)tr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}

+
1

4β2
V

N∑

i=1

tr
{
ω̂T

a,iΨV,i(χ, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}
+

N∑

i=1

‖v̇i,r‖2 +Nε2f +
N

2
ε2Δ.

(S9)

The results obtained pursuant to the use of Properties 1–3, and from the fact that ω̃f,i = ω̂f,i − ω∗
f,i,

ω̃c,i = ω̂c,i − ω∗
V,i, and ω̃a,i = ω̂a,i − ω∗

V,i, are the following:

tr{ω̃T
f,iω̂f,i} =

1

2
tr{ω̃T

f,iω̃f,i}+ 1

2
tr{ω̂T

f,iω̂f,i} − 1

2
tr{(ω∗

f,i

)T
ω∗

f,i}, (S10)

tr
{
ω̃T

c,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}
=

1

2
tr

{
ω̃T

c,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̃c,i

}

+
1

2
tr
{
ω̂T

c,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}− 1

2
tr

{(
ω∗

V,i

)T
ΨV,i(χi, τi)Ψ

T
V,i(χi, τi)ω

∗
V,i

}
,

(S11)

tr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}
=

1

2
tr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̃a,i

}

+
1

2
tr

{
ω̂T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}− 1

2
tr
{(

ω∗
V,i

)T
ΨV,i(χi, τi)Ψ

T
V,i(χi, τi)ω

∗
V,i

}
,

(S12)

(γa,i − γc,i)tr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}

≤γa,i − γc,i
2

tr
{
ω̃T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̃a,i

}
+

γa,i − γc,i
2

tr
{
ω̂T

c,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}
.

(S13)

Substituting Eqs. (S10)–(S12) into inequality (S9), we obtain

V̇u ≤−
N∑

i=1

1

2
eTi Υξ,iei −

N∑

i=1

(
ξτ,i − 3

2

)
‖τi‖2 −

N∑

i=1

νf,i

2λf

tr
{
ω̃T

f,iΥ
−1
f,i ω̃f,i

}

−
N∑

i=1

γc,i
2

tr
{
ω̃T

c,iΨV,i(χ, τi)Ψ
T
V,i(χi, τi)ω̃c,i

}−
N∑

i=1

γc,i
2

tr
{
ω̃T

a,iΨV,i(χ, τi)Ψ
T
V,i(χi, τi)ω̃a,i

}

−
N∑

i=1

(
γc,i − γa,i

2

)
tr

{
ω̂T

c,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂c,i

}

−
N∑

i=1

(
γa,i
2

− 1

4β2
V

)
tr
{
ω̂T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}
+ Ξ,

(S14)
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where

Υξ,i =

[
2(ξp,i − 2)In (ξp,i + ξv,i − ξe,i)In

(ξp,i + ξv,i − ξe,i)In 2(ξv,i − 3)In

]
,

Ξ =

N∑

i=1

γa,i + γc,i
2

tr
{(

ω∗
V,i

)T
ΨV,i(χi, τi)Ψ

T
V,i(χi, τi)ω

∗
V,i

}

+
1

2

N∑

i=1

νf,itr
{(

ω∗
f,i

)T
ω∗

f,i

}
+

N∑

i=1

‖v̇i,r‖2 +Nε2f +
N

2
ε2Δ,

since all terms are bounded, Ξ is bounded as |Ξ| ≤ ϑ2, and λf is the maximal eigenvalue of Υ−1
f,i .

Based on condition (42), inequality (S14) can be rewritten in the compact form as

V̇u ≤− 1

2

N∑

i=1

λξ

λe

eTi Υe,iei − 1

2

N∑

i=1

[
2

(
ξτ,i − 3

2

)]
‖τi‖2 − 1

2

N∑

i=1

νf,i

λf

tr
{
ω̃T

f,iΥ
−1
f,i ω̃f,i

}

− 1

2

N∑

i=1

λΨ tr
{
ω̃T

c,iω̃c,i

}− 1

2

N∑

i=1

λΨ tr
{
ω̃T

a,iω̃a,i

}
+ ϑ2,

(S15)

where λξ is the minimal eigenvalue of Υξ,i, λe is the maximal eigenvalue of Υe,i, and λΨ is the minimal
eigenvalue of ΨV,i(χi, τi)Ψ

T
V,i(χi, τi).

Let ϑ1 = min

{
λξ

λe

, 2

(
ξτ,i − 3

2

)
,
νf,i

λf

, λΨ

}
. Then we have

V̇u ≤ −ϑ1Vu + ϑ2. (S16)

The final result is obtained by using Lemma 1 as

Vu ≤ e−ϑ1tVu(0) +
ϑ2

ϑ1
(1− e−ϑ1t). (S17)

Therefore, Theorem 1 is proven completely.

2 Proof of mission stability

Let us consider the Lyapunov function candidate of mission stability as

Vρ =
1

2
ρ̃T
OAκOAρ̃OA +

1

2
ρ̃T
FMκFMρ̃FM +

1

2
ρ̃T
FRκFRρ̃FR, (S18)

where κOA, κFM, and κFR are the designed positive constants.
We assume that the behavior priority satisfies OA>FM>FR; then the differential of Eq. (S18) is

V̇ρ = −1

2
ζ̃TΓρζ̃, (S19)

where

Γρ =

⎡

⎣
Γρ,11 Γρ,12 Γρ,13

Γρ,21 Γρ,22 Γρ,23

Γρ,31 Γρ,32 Γρ,33

⎤

⎦

with Γρ,11 = κOAΛOA, Γρ,21 = ΓT
ρ,12 = 1

2κFMJFMJ†
OAΛOA, Γρ,22 = κFMJFM(In − J†

OAJOA)J
†
FMΛFM,

Γρ,31 = ΓT
ρ,13 = 1

2κFRJFRJ
†
OAΛOA, Γρ,23 = κFRJFR(In − J†

OAJOA)(In − J†
FMJFM)J†

FRΛFR, Γρ,32 =
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κFMJFR(In−J†
OAJOA)J

†
FMΛFM, Γρ,33 = κFRJFR(In−J†

OAJOA)(In−J†
FMJFM)J†

FRΛFR, ζ̃ = [ρ̃T
OA, ρ̃

T
FM, ρ̃T

FR]
T.

Eq. (S19) satisfies the following inequality:

V̇ρ ≤− Γ ρ,11 ‖ρ̃OA‖2 − Γ ρ,22 ‖ρ̃FM‖2 − Γ ρ,33 ‖ρ̃FR‖2 + 2Γ ρ,21 ‖ρ̃OA‖ ‖ρ̃FM‖
+ 2Γ ρ,31 ‖ρ̃OA‖ ‖ρ̃FR‖+ 2Γ ρ,32 ‖ρ̃FM‖ ‖ρ̃FR‖ = −ζ̂TΓ̂ρζ̂,

(S20)

where

Γ̂ρ =

⎡

⎢⎢⎢⎢⎢⎣

κOAΛOA −κFRΛOA

2
−κFRΛOA

2

−κFMΛOA

2
κFMΛFM −κFMΛFM,FR

−κFRΛOA

2
−κFMΛFM,FR κFRΛFR

⎤

⎥⎥⎥⎥⎥⎦
.

Γ ρ,11 = κOAΛOA, Γ ρ,22 = κFMΛFM, and Γ ρ,33 = κFRΛFR are the lower bounds on the induced norms
of Γρ,11, Γρ,22, and Γρ,33, respectively; ΛOA = mini{ΛOA,i}, ΛFM = mini{ΛFM,i} ΛFR = mini{ΛFR,i};
Γ ρ,21 = κFMΛOA, Γ ρ,31 = κFRΛOA, and Γ ρ,32 = 2κFMΛFM,FR are the upper bounds on the induced
norms of Γρ,21, Γρ,31, and Γρ,32, respectively; ΛOA = maxi{ΛOA,i}, ΛFM,FR = maxi{ΛFM,i, ΛFR,i}, ζ̂ =
[‖ρ̃OA‖ , ‖ρ̃FM‖ , ‖ρ̃FR‖

]T
,
∥∥∥In − J†

OAJOA

∥∥∥ ≤ 1,
∥∥∥In − J†

FMJFM

∥∥∥ ≤ 1. When

κOA > max

⎧
⎨

⎩
κFMΛ

2

OA

4ΛOAΛFM

,
κFRΛOA

(
2κFMΛFM,FR + κFRΛFM + κFMΛFR

)

4
(
κFRΛFMΛFR − κFMΛ

2

FM,FR

)

⎫
⎬

⎭ ,

we may infer that Γ̂ρ is a positive-definite symmetric matrix,

V̇ρ ≤ −λΓ̂ ζ̂
Tζ̂ ≤ 0, (S21)

where λΓ̂ is the minimum eigenvalue of Γ̂ρ. Other behavior priority cases are proved by similar ways. Since
Assumption 3 is held, control inputs are not always saturated, and mission errors are converged eventually.

We consider a special case in which the FM and FR behaviors are conflicting, and the OA behavior is
conflict-free. We also assume that the priority is FM>FR. Then, the differential of Eq. (S18) is expressed as

V̇ρ = −κOAρ̃
T
OAJOAJ

†
OAΛOAρ̃OA − ζ̃TΓρζ̃, (S22)

where ζ̃ = [ρ̃T
FM, ρ̃T

FR]
T, Γρ =

[
Γρ,11 Γρ,12

Γρ,21 Γρ,22

]
, Γρ,11 = κFMΛFM, Γρ,21 = ΓT

ρ,12 = 1
2κFRJFRJ

†
FMΛFM, and

Γρ,22 = κFRJFM

(
I − JFMJ†

FM

)
J†
FRΛFR. Eq. (S22) satisfies the following inequality:

V̇ρ ≤ −ΛOA ‖ρ̃OA‖2 − Γ ρ,11 ‖ρ̃FM‖2 − Γ ρ,22 ‖ρ̃FR‖2 + 2Γ ρ,21 ‖ρ̃FM‖ ‖ρ̃FR‖ = −ζ̂TΓ̂ρζ̂, (S23)

where Γ ρ,11 and Γ ρ,22 are the lower bounds on the induced norms of Γρ,11 and Γρ,22 respectively, ΓFM =

mini{ΓFM,i}, ΓFR = mini{ΓFR,i}, Γ ρ,21 is the upper bound on the induced norm of Γρ,12, ΓFM =

maxi{ΓFM,i}, ζ̂ =
[
‖ρ̃FM‖T , ‖ρ̃FR‖T

]T
, Γ̂ρ =

[
Γ̂ρ,11 Γ̂ρ,12

Γ̂ρ,21 Γ̂ρ,22

]
, Γ̂ρ,11 = κFMΛFM, Γ̂ρ,12 = Γ̂ρ,21 = −κFRΛFR/2,

and Γ̂ρ,22 = κFRΛFR. When κFM >
κFRΛ

2

FM

4ΛFMΛFR

, Γ̂ρ is a positive-definite symmetric matrix,

V̇ρ ≤ −ΛOA ‖ρ̃OA‖2 − λΓ̂ ζ̂
Tζ̂ ≤ 0, (S24)

where λΓ̂ is the minimum eigenvalue of Γ̂ρ. The proof is completed.
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3 Proof of boundedness

Since inequality (S17) only gives the total bound of all error signals, the bounds of each error signal

should be further analyzed. Let us define the Lyapunov function candidates as Vτ =
1

2

∑N
i=1 τ

T
i τi, Ve =

1

2

∑N
i=1 e

T
i Υe,iei, Vf =

1

2

∑N
i=1 tr

{
ω̃T

f,iΥ
−1
f,i ω̃f,i

}
, Vc =

1

2

∑N
i=1 tr

{
ω̃T

c,iω̃c,i

}
, and Va =

1

2

∑N
i=1 tr

{
ω̃T

a,iω̃a,i

}
.

Following the above proof, it is easy to yield the results as

V̇τ ≤ −
N∑

i=1

(
ξτ,i − 1

2

)
‖τi‖+ N

2
εΔ. (S25)

Let ϑτ = 2ξτ,i − 1 and ϑΔ =
N

2
εf ; we then have

V̇τ ≤ −ϑτVτ + ϑΔ. (S26)

The inequality is obtained by using Lemma 1 as

Vτ ≤ e−ϑτ tVτ (0) +
ϑΔ

ϑτ
(1 − e−ϑτ t), (S27)

where τi is bounded with ‖τi‖ ≤ ετ =

[
2e−ϑτ tVτ (0) +

2ϑΔ

ϑτ
(1 − e−ϑτ t)

]1/2
.

V̇e + V̇f ≤ −1

2

N∑

i=1

λξ

λe

eTi Υe,iei − 1

2

N∑

i=1

νf,i

λf

tr
{
ω̃T

f,iΥ
−1
f,i ω̃f,i

}
+ Ξξ, (S28)

whereΞξ =
∑N

i=1 ‖v̇i,r‖2+Nε2f+ετ+
1

4β2
V

∑N
i=1 tr

{
ω̂T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}
. Let ϑe =

λξ

λe

, ϑf =
νf,i

λf,i

,

and |Ξξ| ≤ ϑξ; we then have

V̇e ≤ −ϑeVe + ϑξ, (S29)

V̇f ≤ −ϑfVf + ϑξ. (S30)

The inequalities are obtained by using Lemma 1 as

Ve ≤ e−ϑetVe(0) +
ϑξ

ϑe
(1− e−ϑet), (S31)

Vf ≤ e−ϑf,1tVf(0) +
ϑξ

ϑf
(1− e−ϑft), (S32)

where ei is bounded with ‖ei‖ ≤ εe =

[
2e−ϑetVe(0) +

2ϑξ

ϑe
(1 − e−ϑet)

]1/2
, ω̃f,i is bounded with ‖ω̃f,i‖ ≤

εf =

{[
2e−ϑf tVf(0) +

2ϑξ

ϑf
(1− e−ϑf t)

]
/λf

}1/2

, λf is the minimal eigenvalue of Υ−1
f,i .

V̇c + V̇a ≤ −1

2

N∑

i=1

λΨ tr
{
ω̃T

c,iω̃c,i

}− 1

2

N∑

i=1

λΨ tr
{
ω̃T

a,iω̃a,i

}
+ ΞΨ , (S33)

where ΞΨ =
1

4β2
V

∑N
i=1 tr

{
ω̂T

a,iΨV,i(χi, τi)Ψ
T
V,i(χi, τi)ω̂a,i

}
with |ΞΨ | ≤ ϑΨ . Let ϑc,1 = λΨ and ϑa,1 = λΨ ;

we then have

V̇c ≤ −ϑcVc + ϑΨ , (S34)

V̇a ≤ −ϑaVa + ϑΨ . (S35)
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The inequalities are obtained by using Lemma 1 as

Vc ≤ e−ϑctVc(0) +
ϑΨ

ϑc
(1− e−ϑct), (S36)

Va ≤ e−ϑa,1tVa(0) +
ϑΨ

ϑa
(1− e−ϑat), (S37)

where ω̃c,i is bounded with ‖ω̃c,i‖ ≤ εc =

[
2e−ϑctVc(0) +

2ϑΨ

ϑc
(1− e−ϑct)

]1/2
and ω̃a,i is bounded with

‖ω̃a,i‖ ≤ εa =

[
2e−ϑatVq(0) +

2ϑΨ

ϑa
(1− e−ϑat)

]1/2
.

Algorithm S1 MARLMS
Input: total number of training episodes Te, total number of time steps Ts

1: Initialize Q(st, bt;ωQ, ωV, ωB) = V (st;ωQ, ωV) +B(st, bt;ωQ, ωB) with random weights
2: Initialize experience replay buffer D
3: Initialize T̄ (φ(st))-greedy exploration and leniency L(st, bt)

4: For episode=1 : Te do
5: Reset the joint state st to initial value s0
6: For t = 1 : Ts do
7: Q(st+1, bt+1;ω

−
Q , ω

−
V , ω

−
B ) =

1
λ

∑λ
ι=1 Q(st+1, bt+1;ω

−
Qt−ι

, ω−
Vt−ι

, ω−
Bt−ι

)

8: yst,bt = ED[r + γmaxbt+1 Q(st+1, bt+1;ω
−
Q , ω

−
V , ω

−
B )|st, bt]

9:
{

ωQt , ωVt , ωBt ≈ argminωQ,ωV,ωB ED[(yst,bt −Q(st, bt;ωQ, ωV, ωB)]
2, δt > 0 or ϑ > Lt

ωQt , ωVt , ωBt = ωQt , ωVt , ωBt , δt ≤ 0 and ϑ ≤ Lt

10: Update D, T̄ (φ(st)), and Lt

11: End for
12: End for
Output: Q(st, bt;ωQ, ωV, ωB)
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