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Fuzzy operant conditioning probabilistic automaton bionic autonomous
learning system and robot self-balancing control

RUAN Xiao-gang, CAI Jian-xian

(College of Electronic Information and Control Engineering, Beijing University of Technology, Beijing 100124, China)

Abstract: A fuzzy operant conditioning probabilistic automaton(OCPA) bionic autonomous learning system is con-

structed based on Skinner operant conditioning theory and combined with the probabilistic automaton and fuzzy inference

for realizing a two-wheeled robot self-balancing control. The learning system is a stochastic mapping from state sets to

operant action sets. The optimal action for controlling the system is stochastically learned from the operant action set by

adopting operant conditioning learning algorithm; in the same time the orientation value information of the learned oper-

ant action is used to adjust the operant conditioning learning algorithm. In addition, the action entropy is added to verify

the self-learning and self-organizing ability of the learning system. In the simulation, a two-wheeled robot self-balancing

control is realized, demonstrating the feasibility of the fuzzy OCPA learning system.

Key words: operant conditioning; probabilistic automaton; fuzzy inference; bionic autonomous learning system; en-

tropy; self-balancing control
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(probabilistic automaton, PA) [11],
[12], OCPA(operant condition-

ing probabilistic automaton) .
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;
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.
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.

2 OCPA (Fuzzy OCPA learn-

ing system)
PA

, ,

; OC

, ,

. Skinner

OC , PA , ,

OCPA 1 .

1 OCPA

Fig. 1 Structure of fuzzy OCPA learning system

1 ,

,

. PA , OCPA

:

1 OCPA

: OCPA = 〈U,A, s, F, Γ, f, ϕ, L,H〉 ,

:

1) OCPA :

U = {uj | j = 1, 2, · · · ,m}, uj

j , m
;

2) OCPA :

A = {ak | k = 1, 2, · · · , r}, ak OCPA

k ,

;

3) OCPA : s(t),
,

;

4) OCPA :

F = {F j | j = 1, 2, · · · ,m} , F s
, ;

5) OCPA

: {R1(P1), R2(P2), · · ·Rm(Pm)},

, Rj j ; Pj ∈ P = {P1, P2, · · · ,

Pm} j .

, m . ,

:

Rj(Pj) : If s(t) is F j, Then a is a1(t)|pj1,

or a is a2(t)|pj2,

...

or a is ar(t)|pjr.

: pjk ∈ Pj = {pj1, pj2, · · · , pjr}
F j ,

ak , : 0 < pjk < 1,
r∑

k=1

pjk = 1;

6) OCPA :

f : F j(t)×ak(t) → F j(t+1), t+1 F j(t+
1) t F j(t) t ak(t) ∈
A , t ;

7) OCPA : ϕ = {ϕ1,

ϕ2 · · · , ϕm}, ϕj ∈ ϕ F j ,

: 0 < ϕj < 1, Pj .

s(t) s∗(t) :

e(t) = s(t) − s∗(t), :{
ϕ(e(t)) = γe(t) + 1, 0 < e(t) < 1/γ,

ϕ(e(t)) = −γe(t) + 1, − 1/γ < e(t) < 0,

(1)

γe(t) ∈ [−1, 1], γ .

8) OCPA OC : L : Γj(t)
→ Γj(t+1), Skinner OC , ak(t)

, ϕ(e(t+1)
∣∣F j′

(t + 1)) −
ϕ(e(t) |F j(t)) < 0, p(ak(t)|
F j(t)) , , OC

⎧⎪⎨
⎪⎩

If ϕ(e(t + 1)
∣∣F j′

(t + 1)) − ϕ(e(t) |F j(t)) > 0,

Then

{
p

jk
(t + 1) = pjk(t) + Δ1, a(k) = ak,

p
jk′ (t + 1) = pjk′(t) − Δ′

1, a(k) �= ak.

(2)
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:

{
Δ1 = α(t)[1 − pjk(t)]
Δ′

1 = α(t)pjk′(t)
,

α(t) = λϕ
(
e(t + 1)

∣∣F j′
(t + 1)

)
;⎧⎪⎨

⎪⎩
If ϕ(e(t+1)

∣∣F j′
(t + 1))−ϕ(e(t) |F j (t))<0,

Then

{
p

jk′ (t + 1)=pjk′(t)−Δ′
2, a(k)=ak′ ,

p
jk

(t + 1)=pjk(t)+Δ2, a(k) �= ak.

(3)

:

⎧⎨
⎩

Δ′
2 = β(t)pjk′(t),

Δ2 =β(t)[
1

r−1
−pjk(t)],

β(t) = ηϕ(e(t + 1)
∣∣F j′

(t + 1)) .

(2)(3) , α(t),β(t) , :

0 < α(t) < 1, 0 < β(t) < 1 ; λ, η , :

0 < λ < 1, 0 < η < 1.

9) OCPA : H =
{H1,H2, · · · ,Hm}, Hj(t) ∈ H

F j ,

Hj(t) = Hj(A(t)|F j) =

−
r∑

k=1

pjk log2 pjk =

−
r∑

k=1

p(ak|F j) log2 p(ak|F j), (4)

, ak(t)
, .

.

, OCPA :

Step 1 :

, : pjk(0) =
1
r

.

, ,

OCPA .

Step 2 : t
F j , Γj pjk′(t),

ak(t).

Step 3 :

ak(t), t + 1 F j′
(t + 1).

Step 4 : ϕ(e),

F j(t) F j′
(t+1) ,

: 
ϕ(e) = ϕ(e(t + 1)
∣∣F j′

(t + 1))−ϕ(e(t)|
F j(t))

Step 5 : (2) (3) OC

, ak(t) pjk(t +
1).

Step 6 : lim
t→∞

pk(t + 1) ≈

1, lim
t→∞
k �=k′

pk′(t + 1) ≈ 0, t = t + 1,

Step 2, pjk(t+1)
ak′(t + 1). ,

aj
optim, Step 7.

Step 7 .

3 (Convergence proof

of learning algorithm)
1 OCPA=〈U,A, s, F, Γ, f, ϕ, L,H〉

, :⎧⎪⎨
⎪⎩

lim
t→∞

pjk

(
ak(t)

∣∣F j(t)
)

= 1,

lim
t→∞
k �=k′

pjk′
(
ak′(t)

∣∣F j(t)
)

= 0.
(5)

: ak(t) ,

ak′(t) .

t , OCPA

F j ak ∈ A,

1) a(t) = ak(t), (2)

Δpjk(t) = pjk(t + 1) − pjk(t) =

α(t) − α(t)pjk(t) = α(t)(1 − pjk(t), (6)

0 < pjk(t) < 1, 0 < α(t) < 1, : Δpjk(t) � 0.

2) a(t) = ak(t), (3)

Δpjk(t) = pjk(t + 1) − pjk(t) =

β(t) − β(t)pjk(t) = β(t)(1 − pjk(t), (7)

0 < β(t) < 1, Δpjk(t) � 0.

(6)(7), ak(t) Δpjk(t) �
0, t→∞ ak(t) ,

pjk(t) . (6)(7) : Δpjk(t)
� 0 pjk(t) = 1 , pjk(t)

1, pjk(t) pjk(t) = 1 .

, pjk′(t) pjk′(t)=0 .

.

1 OCPA = 〈U,A, s, F, Γ, f, ϕ, L,

H〉 , OCPA

F j Hj({A(t)}|F j) t
: lim

t→∞
Hj(t) = Hj min.

, ak(t)
pjk(t) , .

, ,

. (4)

Hj(t) = −
r∑

k=1

p(ak|F j) log2 p(ak|F j) =

−[p(αk|F j) log2 p(αk|F j)+



7 : 963

r∑
k′=1,k′ �=k

p(ak′ |F j) log2 p(ak′ |F j)]. (8)

1 (5) ,

lim
t→∞

Hj(t) = Hj min ≈ 0, (9)

.

4 (Simulation analysis)

, 2 .

2

Fig. 2 Schematic diagram of two-wheeled robot system

2 : θ , mp

; L .

,

. θ

OCPA F a
, 5 : F = {NB, NS, ZE,

PS, PB}, X = [−2,−1, 0, 1, 2],
.

, : γ =
1
12

; OC

: λ = 0.1, η = 0.2; : [θ θ̇] = [10◦ 0];
A=[−10,−2, 0, 2, 10]; ts =

0.01 s; pjk(ak(0)|F j(0))

=
1
5

; , :

H(0) =
25∑

i=1

(−
5∑

j=1

1
5
× log2

1
5
) = 58.05,

.

120 ,

3 .

3 ,

lim
t→∞

pj3(a3(t))≈0.96, lim
t→∞
k �=3

pjk(ak(t)) ≈ 0.01,

: H(120)≈
5∑

i=1

(−0.96×
log2 0.96) ≈ 0.2, .

3

Fig. 3 Cure of probability change

,

OC ;

OCPA

OC , .

4

5 , OCPA ,

LQR .

4

Fig. 4 Result of dip angle error

5

Fig. 5 Result of angle speed
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, , 1.2 s

; LQR ,

, 2 s .

,

, .

OCPA ,

4 s , ,

OCPA 0.7 s

, LQR 1.5 s

. ,

OCPA ,

.

5 (Conclusion)
Skinner OC , ,

, OCPA

, . OCPA

, OC

.

, OCPA
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