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X

S
X

S = SG ∪ SU ∪ ST

G G ⊂ S

U
U ⊂ S

T T ⊂ S T = S −G− U

A

A (s) s

P P : S×A → S P : S×A×S →
R

R R (s) R : S×A×
S → R R (s, a, s′) R : S ×A → R R (s) R : S → R



|S| S

t

s, st t s ∈ S st ∈ S

s′, st+1 t+ 1 s′ ∈ S st+1 ∈ S

a, at t a ∈ A at ∈ A

r, rt t r ∈ R s ∈ S

V ∗ (s) s ∈ S
V ∗ : S → R

V π (s) s ∈ S π
V π : S → R

V V ∗ (s) V π (s) V :
S → R

Q∗ (s, a) a ∈ A s ∈ S
Q∗ : S ×A → R

Qπ (s, a) a ∈ A s ∈ S
π Qπ : S ×A → R

Q (s, a) Q∗ (s, a) Qπ (s, a)
Q : S ×A → R

π π : S → A π : S ×A → R

π∗

πε (s, a) ε s ∈ S
Q

Q∗

α
0 < α ≤ 1

γ
0 < γ ≤ 1

ε ε
0 ≤ ε ≤ 1
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•

•



•

•





S G
T U G ∪ U ∪ T = S

(G ∩ U) = (G ∩ T ) = (U ∩ T ) =



G = {s | s ∈ S,R (s) > 0} ,
T = {s | s ∈ S,R (s) = 0} ,
U = {s | s ∈ U,R (s) < 0} .

s ∈ G ∪ U
U

G∪T U
S

Pr Pd Pr

Pd

73% 76.000
0.7%

26.3%
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〈S,A, P,R〉 S
A

P : S×A×S →[0, 1] P (s, a, s′)
s′ a s R : S×A×S → R

R (s, a, s′) a s
s′

π : S × A → [0, 1]
a s



s
a s

π
V π (s)

V π (s) = Eπ

{
∞∑

k=0

γkrt+k+1 | st = s

}
,

st rt t Eπ {.}
t

π γ ∈ [0, 1]

π∗

V ∗

V ∗ (s) = max
a∈A

{
∑

s′

P (s, a, s′) [R (s, a, s′) + γV ∗ (s′)]

}
.

a s
Qπ (s, a)

Qπ (s, a) = Eπ

{
∞∑

k=0

γkrt+k+1 | st = s, at = a

}
,

at t

Q∗ (s, a) =
∑

s′

P (s, a, s′)
[
R (s, a, s′) + γmax

a′
Q∗ (s′, a′)

]
.

π

ε− greedy
ε

1− ε

π (s, a) =
eQ(s,a)/τ

∑
a′∈A

eQ(s,a′)/τ
,

τ τ



[Q0(s, a); s ∈ S; a ∈ A]
n

• sn

• an

• rn s′

•

Qn(s, a) = (1− αn)Qn−1(s, a) + αn

[
rn + γmax

b
Qn−1 (s′, b)

]
s =

sn a = an

Qn(s, a) = Qn−1(s, a)

P
R

{Qn (s, a) ;n = 0, 1, 2, ...}
Q∗ (s, a)

Q (s, a)
sn

an rn
s′ Qn(s, a)

Qn−1(s, a) αn

αn

|S ×A| .



ε− greedy

πn
ε−greedy (s, a, ε) =






ε
|A| if a += arg max

a′∈A
Qn (s, a′)

1− ε otherwise
.

N

AN ≡ {a1, . . . , an}
ai ∈ A ith

O (| S ×An |)



ε

r̄
a s Q̄ (s, a)

Qπ
ξ (s, a) = ξQπ (s, a)− Q̄π (s, a) ,

ξ = 0
ξ

ω
< s, a, r, s′ >

N (a) a



P (s, a, s′, N (a)) R (s, a, s′, N (a))

π : S × A → [0, 1] β : S → [0, 1]
I ⊆ T

st+k

st (st, at) , (st+1, at+1) . . . , st+k

π : Ω × A → [0, 1]
β : Ω → [0, 1] Ω

s Os

O = ∪
s∈S

Os

µ : S ×O → [0, 1] .

(S,A, P,R,Ω, O)
(S,A, P,R) Ω

O : S×A → Π (Ω)

O (s′, a, o) o
a s′



S
S = X × Y X = {X1, ..., Xn} Y = {Y1, ..., Ym}
[s]X S X s′ |= [s]X
s′ s X Y

∃a; ∀s′ |= [s]X ; ∀a′;Q∗ (s′, a) ≥ Q∗ (s′, a′)



Q



G = (V,E) V
V ∈ S E (s, s′)

s → s′

O
(
m3

)
m

m
O (1)

m− 1
O
(
th3

)
t h

h 1 m
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m

S S =
×m

i=1Si Si, i=1,...,m ith

Qi(si, a)

π(si) = arg max
a∈A

{
m∑

i=1

Qi(si, a)

}
,

si ∈ Si π : {A,R}m → A
ith ai ∈ A

wi ∈ R

{M0,M1, . . . ,Mm}
Mi =

{
Ti, Ai, R̄i

}
Ti Ti ∈ S

Mi Ai



Mi R̄i (s′)
s′ ∈ Ti

ith

Q (i, s, a)
a V (a, s)

a Mi

Cπ (i, s, a) =
∑

s′,N

Pπ
i (s′, N | s, a) γNQπ (i, s′,π (s′)) ,

Pπ
i (s′, N | s, a) s′

N a s π
Qπ

Qπ (i, s, a) = V π (a, s) + Cπ (i, s, a) ,

V π (i, s)

V π (i, s) =





Qπ (i, s,πi (s)) if Composite (Mi)∑

s′
P (s′ | s, i)R (s′ | s, i) if Primitive (Mi)

.

Q V



< S,A1, . . . , AN

P,R1, . . . ,RN > N S
Ai, i = 1, . . . , N

A = A1× . . .×AN P : S×A×S →[0, 1]
P (s,a, s′)

s′ a ∈ A s R :
S×A×S → R
(s,a, s′)

an = [a1,n, . . . , aN,n]
T ∈ A ai,k ∈ Ai

πi : S × Ai → [0, 1] ith

a s π (s,a) =
{π1 (s, a1) , . . . ,πN (s, aN )}

Qπ
i : S × A → R

a ai A Q P
R a ai A



R1 (s,a, s′) = R2 (s,a, s′) =
. . . = RN (s,a, s′)

a ai = a

Qi (s, a) = max
a=[a1a2...aN ]

ai=a

Q (s,a) ,

Q (s,a) a
Qi (s, a)

ith

Qi
t (s, a) =





Qi

t−1 (s, a) if s += st−1 or a += at−1

max
{
Qi

t−1 (s, a) , rt + γmax
a′

Qi
t−1 (s

′, a′)
}

otherwise.
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CG = {V,E} eij ∈ E
i j n

Qi

Q =
n∑

i=1
Qi (si, ai) {a1, a2, . . . , an}

Qi

si ∈ Si ⊆ S

(a∗1, a
∗
2, a

∗
3) = arg max

(a1,a2,a3)
{Q1 (s1, a1, a2, a3) +Q2 (s2, a1, a2) +Q3 (s3, a1, a3)} .

ai



Qi =
1
2

∑
Qij
eij∈E

(sij , ai, aj)

O (| S ×A |)

| S×An |





T tc
tp

t = t0 t1 = t0+T−tp−Tc

t2 = t1 + tc

t3 = t0 + T



< S′, A′, P ′, R′ >

< S,A, P,R >



< s, a, s′, r >







< S,Ω1, . . . ,ΩN A1 . . . AN , P R1, . . . , RN , δ >

• N

• S X

• Ωi : S → Si ith

Xi ∈ X

S = ×N
i=1Ω(S)

• Ai ith

A = ∪
i=1...N

Ai

• P : S × A × S → [0, 1] , i = 1, . . . , N
P (s, a, s′) s′ i

a Ai



• Ri : S × Ai × S → R
Ai

• δ : N → N ∈ [1, N ]
δ (t) t

∀t ∈ N; δ (t) = δ (t+N)

t i = δ (t)

R1 (s) =
. . . = RN (s)

Ri (s)

ith Si

Ri ith

m jth Si,j

Ri,j

N
m

{
< Si,j , Ai, P,Ri,,j >N,m

}

{
< Si,j , Ai, P,Ri,j >N,m

}

< S,Ω1, . . . ,ΩN A1 . . . AN , P R1, . . . , RNδ >

∀i = 1 . . . N ; Ωi (S) = ×m
j=1Si,j ∀s ∈ S; ∀i = 1 . . . N ;Ri (s) =

m∑
j=1

Ri,j (s)

i =
1 . . . N < SG

i , A, P,RG
i >

m− 1 < SU
i,j , A, P,RU

i,j >

RG
i (s) RU

i,j (s) , i = 1, . . . , N, j = 1 . . .m − 1

• RG
i (s) ≥ 0 s ∈ G



• RU
i,j (s) ≤ 0

R (s) = RG +
m−1∑

i=1

RU
i (s) ,

ith jth

Qi
j (s, a) , s ∈ Si,j , a ∈ Ai

| Si ×Ai |
m∑
j=1

| Si,j × Ai |

Qi
j(s, a) ← Qi

j(s, a) + α

(
r + γ ∗max

a′
Qi

j(s
′, a′)−Qi

j(s, a)

)
,

Qi
j (s, a)

Qi
j (s, a) = Eπ

{
∞∑

k=0

γkrt+k+1 | st = s, at = a

}
,

Qi
j (s, a)

∗ =
∑

s′∈Si,j

P (s, a, s′)
[
Ri,j (s, a, s

′) + γmax
a′

Qi
j (s

′, a′)
∗
]

Qi
j (si, a)

∗

< S,Ω1, . . . ,ΩN

A1 . . . AN , P R1, . . . , RNδ >



j

[
Qi

j,0(s, a) = 0; s ∈ Si,j ; a ∈ Ai; i = 1 . . . N
]

n
t

• δ (t) = i

• st

• at

•

• s′ rt, . . . , rt+N−1

•

Qi
j,n(s, a) = (1− αn)Qi

j,n−1(s, a)+αn

[
N−1∑
k=0

rt+k + γmax
a′

Qi
j,n (s

′, a′)

]

st = s at = a i = δ (t)

Qi
j,n(s, a) = Qi

j,n−1(s, a)

s′
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vt

Avt (s)
vt

Avt (s) = {a | a ∈ A, ∀i = 1 . . .m; Q∗
i (si, a) ≥ vt} ,

s = {s1, s2 . . . sm} , si ∈ Si

Avt (s)
ε−greedy



πvt
ε (s, a) =






0 a /∈ Avt (s) ,

ε
|Avt |−1 (a ∈ Avt (s)) ∧ a += argmax

a′∈Avt

{
m∑
i=1

Qi (si, a′)

}
,

1− ε (a ∈ Avt (s)) ∧ a = argmax
a′∈Avt

{
m∑
i=1

Qi (si, a′)

}
.

s i Qi(si, a)
vt a ε − greedy

Avt (s)

ε

Lhose 16
Ls = Lhose

N
400

vt −10

ith

dgi θgi

N · | Ai | · | dgi | · | θni |

ith

rni rpi



N · | Ai | · | rdi | · | rni |

oupi , odown
i , olefti orighti

N · | Ai | · | oupi |N

ith pi

N · | Ai | · | pi |

N = 2, 3, 4, 5, 6

ε
0.3 100, 000

ε = 1 0.001
10, 000

rni rpi

N · | A |N · | rdi |N

dgi θgi



dgi
θgi
oji
Pi

N = 2 N = 3 N = 4 N = 5 N = 6

rni rpi

Lhose
N

N = 2 N = 3 N = 4 N = 5 N = 6

970, 225 8.8 · 106 3.6 · 109 2 · 1011 1.3 · 1012

393, 220 127, 050 59, 720 49, 750 35, 586

ε− greedy

[0, 1]





P0 P3

ε

N = 5, 6

N > 5

2 4

ε

i gi
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ε





S
G T

U G ∪ U ∪ T = S (G ∩ U) = (G ∩ T ) = (U ∩ T ) =



G = {s | s ∈ S,R (s) > 0} ,
T = {s | s ∈ S,R (s) = 0} ,
U = {s | s ∈ U,R (s) < 0} .

s ∈ G ∪ U
S

U

T U

π < S,A, P,R >
s ∈ U 0

∀s ∈ T ; ∀s′ ∈ U ; ∀a ∈ A; P (s, a, s′) > 0 ⇒ π (s, a) = 0,

T

U

< Si, A, P,Ri >m i = 1, . . . ,m m

S = SX × SY ,
SX SY X =
{x1, x2, x3 . . .} Y = {y1, y2, y3, . . .} [s]SX

s ∈ S SX X
s′ |= [s]SX s′ ∈ SX s ∈ S X

< Si, A, P,Ri >m

< S,A, P,R > S = ×m
i=1Si ∀s ∈ S; R (s) =

m∑
i=1

Ri (s)

<



SG, A, P,RG > m−1 <
SU
i , A, P,RU

i >

XG

SG m−1 XU
i , i, . . . ,m−1

SU
i , i = 1, . . . ,m − 1

X =
{
XG, XU

1 , . . . , XU
m−1

}

S = SG ×
(
×m−1

i=1 SU
i

)

RG (s) RU
i (s) , i = 1, . . . ,m − 1

• RG (s) ≥ 0 s ∈ G

• RU
i (s) ≤ 0, i = 1, . . . ,m − 1

s ∈ U

G ∩ U = /O
(s, a, s′) RG (s) RU

i (s)

R (s) = RG +
m−1∑

i=1

RU
i (s) ,

Ui =
{
s | s ∈ S, RU

i (s) < 0
}

∀i, j =

1, . . . ,m−1; i += j ⇒ Ui∩Uj = /O U = ∪m−1
i=1 Ui

Ui

QG
(
sG, a

)

s
Ae (s)

U i
Ae

i

Ae
i

(
sUi

)
=





a

∣∣∣∣∣∣∣
a ∈ A ∧

∑

s′∈[U ]
SU
i

Pi

(
sUi , a, s

′) = 0





,
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sUi ∈ SU
i

Bi

(
sUi , a

)
= {true, false} , sUi ∈ SU

i false
Bi

(
sUi , a

)
= true RU

i (s′)
(s, a, s′) [s]SU

i
= sUi B

Ae
i

(
sUi

)
=

{
a
∣∣a ∈ A ∧ ¬Bi

(
sUi , a

)}
.

Ae
i

Ae (s) =
⋂

i=1...m

Ae
i

(
[s]SU

i

)
.

V eto(s, a) =

{
true if a /∈ Ae (s)

false otherwise
,

s ∈ S ε− greedy



π′
ε (s, a) =






0 a /∈ Ae (s)
ε

|Ae(s)|−1 (a ∈ Ae (s)) ∧ a += argmax
a′ /∈Ae(s)

{
QG ([s]SG , a′)

}

1− ε (a ∈ Ae (s)) ∧ a = argmax
a′ /∈Ae(s)

{
QG ([s]SG , a′)

} .

s a
π (s, a, ε) = 0

< S,A, P,R >
< SG, A, P,RG > < SU

i , A, P,RU
i >

i = 1, . . . ,m
ε− greedy

< S,Ae (s) , P,R >

R (s) = RG (s)+
m−1∑
i=1

RU
i (s)

RG (s) ≥ 0 RU
i (s) ≤ 0

s ∈ U R (s) < 0 RU
i (s) < 0

(s, a, s′) R (s′) < 0
i RU

i (s′) < 0(
[s]SU

i
, a, [s′]SU

i

)
(s, a)

(s, a)
∑

s′∈U
Pi (s, a, s′) > 0

∀aεAe (s) ; ∀sεS; π′
ε (s, a, ε) = πε (s, a, ε) .

< SG, A, P,RG > < SU
1 , A, P,RU

1 >
< SU

m, A, P,RU
m > < S,Ae (s) , P,R >

< S,Ae (s) , P,R >

< S,A, P,R >



S
X ∪Y X = {x1, x2, . . . , xk1} Y = {y1, y2, . . . , yk2}

Y i

∀s ∈ S; ∀s′ |= [s]SX
; Ri (s, a) = Ri (s

′, a) .

Γ =< s, a,RU
1 (s, a) , . . . , RU

m−1 (s, a) >

relevant (i, j) i = 1 . . . , k j = 1, . . . , |X|
j

xi relevant (i, j)
RU

j (s, a)
xi

(s, a) j s′ ∈ S
s′ |= [s]SU

j

Ae (s)

xi

X − {xi}
Ae (s)

sort (X)
XU

j



j = 1 . . .m− 1
XU

j ← sort (X)

xi XU
j

relevant (i, j) ← false
X ′ ← XU

j − {xi}
(s, a) Γ
s′ |= [s]SX′ Γ

RU
j (s, a) += RU

j (s′, a)
relevant (i, j) ← true

¬relevant (i, j)
XU

j ← XU
j − {xi}

X = {x, y, oup} x
y oup

up
R (s, a) −k

a s 0
Γ

x
X − {x}

(0, 2) (1, 3) (4, 5)
x XU

j

y
(0, 2) (1, 3) (4, 5)

X−{x, y} y
R (s, a) oup



instance x y oup R (s, up)

0 0 1 −k

1 0 0 0

2 0 1 −k

3 0 0 0

2 1 1 −k

3 1 1 −k

Γ

instance y oup R (s, up)

0 1 −k

0 0 0

0 1 −k

0 0 0

1 1 −k

1 1 −k

Γ x

instance oup R (s, up)

1 −k

0 0

1 −k

0 0

1 −k

1 −k

Γ y



!

"

N = 4
A = ∪

i=1...N
Ai Ai = {Upi, Downi, Lefti, Righti}

Rstrecth
i (s) , i = 1, . . . , N ne =

75000
α = 0.25 γ = 0.9
ε = 1 1

ne

Rg
i Rstretch

i

1000

Rstrecth
i rni

rpi

ε
17

ε

38000−40000
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∆ε ε = 0 20

Rcollision
i

oupi , odown
i , olefti orighti

10
∆ε = 0.002 ∆ε =

0.005

∆ε = 0.002 ∆ε = 0.005

ε − greedy

∆ε = 0.002 ∆ε = 0.005

6ε = 0.002
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< S,A1 . . . AN , P,R, δ >

• N

• S

• A A = ∪
i=1...N

Ai

• P : S × A × S → [0, 1] , i = 1, . . . , N
P (s, a, s′) s′ i

a Ai

• R : S × A × S → R
Ai

• δ : N → N ∈ [1, N ]
δ (t)

t
∀t ∈ N; δ (t) = δ (t+N)

V π (s, i) s
i π

π
π

V π (s, i) = Eπ

{
∞∑

k=0

γkrt+k+1 | st = s

}

= Eπ

{
rt +

∞∑

k=1

γkrt+k+1 | st = s

}

=
∑

a∈Ai

πi (s, a, i)
∑

s′

P (s, a, s′)

[
R (s, a, s′) + γEπ

{ ∞∑

k=1

γkrt+k+2 | st+1 = s′
}]

=
∑

a∈Ai

πi (s, a, i)
∑

s′

P (s, a, s′) [R (s, a, s′) + γV (s′, j)] ,



[Q0(s, a, i) = 0; s ∈ S; a ∈ A; i = 1 . . . N ]
n

t

• st

• at

• rt st+1

•

st = s at = a i = δ (t) j = δ (t+ 1)

Qt(s, a, i) = (1− αt)Qt−1(s, a, i) + αt

[
rt + γmax

a′
Qt−1 (st+1, a

′, j)
]

Qt(s, a, i) = Qt−1(s, a, i)

st+1

j i δ (t)
Eπ t π

V ∗ (s, i)

V ∗ (s, i) = max
a∈Ai

{
∑

s′

P (s, a, s′) [R (s, a, s′) + γV ∗ (s′, j)]

}
.

Qπ (s, a, i) =
∑

s′

P (s, a, s′) [R (s, a, s′) + γV π (s′, j)]

i

Q∗ (s, a, i) =
∑

s′

P (s, a, s′)

[
R (s, a, s′) + γmax

a′∈Aj

Q∗ (s′, a′, j)

]
.

Q∗ (s, a, i)



Q∗ (s, a)
(s, a) a ∈ A s ∈ S

αt

i

δ (t)

Q∗ (s, a, i)

π∗

N · | S × ∪
i=1...N

Ai |

Q (s, a, i)
Qi (s, a) i

Q (s, a, i) = Qi (s, a)

j i
max
a′

Qj
t−1 (st+1, a′)

∆Vt (st, i) = α
[
R(N)

t − Vt (st, δ (t))
]
,



i Qi

[
Qi

0(s, a, i) = 0; s ∈ S; a ∈ A; i = 1 . . . N
]

n
t

•

• st

• at

• rt st+1

• max
a′

Qj
t−1 (st+1, a′) j = δ (t+ 1)

•

st = s at = a i = δ (t) j = δ (t+ 1)

Qi
t(s, a) = (1− αt)Q

i
t−1(s, a) + αt

[
rt + γmax

a′
Qj

t−1 (st+1, a
′)
]

Qi
t(s, a) = Qi

t−1(s, a)

•

st+1



i Qi

[
Qi

0(s, a, i) = 0; s ∈ S; a ∈ A; i = 1 . . . N
]

n
t

•

• st

• at

• rt, . . . , rt+N−1

st+N

•

st = s at = a i = δ (t) j = δ (j)

Qi
t(s, a) = (1− αt)Q

i
t−1(s, a)+αt

[
N−1∑

k=0

γkrt+k + γNmax
a′

Qi
t (st+N , a′)

]

Qi
t(s, a) = Qi

t−1(s, a)

st+N



Vt (st, δ (t)) st t R(N)
t =

N−1∑
k=0

γkrt+k+1 + γNVt (st+N , δ (t))

N i
st+N

∆Qi
t (st, a) = α

[
N−1∑

k=0

γkrt+k+1 + γNVt (st+N , δ (t))

]

= α

[
N−1∑

k=0

γkrt+k+1 + γNmax
a′

Qi
t (st+N , a′)

]

Qi
t (s, a) = (1− αt)Q

i
t−N (s, a) + αt

[
N−1∑

k=0

γkrt+k + γNmax
a′

Qi
t (st+N , a′)

]

st = s, at = a, δ (t) = δ (t−N) = i

Qi
t (s, a) → Q∗ (s, a, i) t → ∞ < S,A1 . . . AN , P,R, δ >

V ∗ (s)

max
s

∣∣∣Eπ
{
R(N)

t | st = s
}
− V ∗ (s)

∣∣∣ ≤ γNmax
s

|Vt (st)− V ∗ (s)| ,

Vt (st)

Eπ
{
R(N)

t | st = s
}

γN N



Qi (s, a)
Q∗ (s, a, i)

π (s,a)

< S,A1 . . . AN , P,R, δ >
< S,A1 . . . AN ,P,R >

• ∀s, s′,a, i; P (s,ai, s′) = P (s, ai, s′)

• ∀s, s′,a, i; R (s,ai, s′) = R (s, ai, s′)

ai i
ai = [∅, . . . , ∅, ai, ∅, . . . , ∅]

a = [a1, a2, . . . , aN ] , ai ∈ Ai

δ

• P (s,a, s′) 9 P
(
s, aδ(1), aδ(2) . . . aδ(N), s

′)

• R (s,a, s′) 9 R
(
s, aδ(1), aδ(2) . . . aδ(N), s

′) ,

P
(
s, aδ(1), aδ(2) . . . aδ(N), s

′) R
(
s, aδ(1), aδ(2) . . . aδ(N), s

′)

s′ a
δ

a
ai A a ai A

Q P R
Q P R



R1 R2

Qπ (s0,a) =
∑

s1...sN

(
N−1∏

i=0

P (si, ai+1, si+1)

)

·
{

N−1∑

i=0

γi ·R (si, ai+1, si+1) + γN ·max
a′

Qπ (sN , a′, δ (1))

}
,

a = [a1a2 . . . aN ] , ai ∈ Aδ(i)

A = {left, right, none}

100

a1, a2 δ (1) = 1, δ (2) = 2, δ (3) = 1, . . .
γ 1

{right, none} {none, left}

δ
{right, left}

P̂i (s, a, s′)
R̂i (s) a ∈ Ai

Sr
i = {〈si, ri〉 ; i = 1, . . . , k} k

R (s, a, s′) > 0
〈s′, R (s, a, s′)〉 Sr

i



a1 a2 s′ a = [a1a2] R (s,a, s′)
left left {R1, R2,⊥} 90
left right {R1, R2,⊥} −20
left none {R1, R2,⊥} −10
right left {R1, R2,⊥} {⊥, R1, R2} 90
right right {⊥, R1, R2} 90
right none {⊥, R1, R2} 100
none left {R1, R2,⊥} 100
none right {R1,⊥, R2} −10
none none {R1,⊥, R2} 0

a1 a2 s′ a1, a2 R (s, a1, a2, s′)
left left {R1, R2,⊥} −10 + γ100
left right {R1, R2,⊥} −10− γ10
left none {R1, R2,⊥} −10
right left {⊥, R1, R2} 100− γ10
right right {⊥, R1, R2} 100− γ10
right none {⊥, R1, R2} 100
none left {R1, R2,⊥} 100
none right {R1,⊥, R2} −γ10
none none {R1,⊥, R2} 0



R̂i (s) =

{
ri if ∃i; 1 ≤ i ≤ k ∧ si = s

0 otherwise,
,

si ith Sr

s0 δ (1) a1 = arg max
a

{
Qδ(1) (s0, a)

}

〈
sj1, P̂δ(1)

(
s0, a1, s

j
1

)
; j = 1, . . . , k1

〉
δ (2)

k1 sj1 P̂δ(1)

(
s0, a1, si1

)
> 0

a2 = arg max
a





∑

j=1...k1

P̂δ(1)

(
s0, a1, s

j
1

)(
R̂δ(1)

(
si1
)
+ γ2 ·Qδ(2)

(
sj1, a

))





〈
sj2, P̂

(
s0, a1, , a2s

j
2

)
; j = 1, . . . , k2

〉

P̂
(
s0, a1, a2, s

j
2

)
=

∑

j=1...k1

P̂δ(1)

(
s0, a1, s

j
1

)
· P̂δ(2)

(
sj1, a2, s

j
2

)
,

k2 si2 P̂
(
s0, a1, a2, si2

)
> 0

i
〈
sji−1, P̂

(
s0, a1 . . . ai−1, s

j
i−1

)
; j = 1, . . . , ki−1

〉

ai = arg max
a





∑

j=1...ki−1

P̂
(
s0, a1 . . . ai−1, s

j
i−1

)(
R̂δ(i−1)

(
sji−1

)
+ γi ·Qδ(i)

(
sji−1, a

))





〈
sji , P̂

(
s0, a1 . . . ai, s

j
i

)
; j = 1, . . . , ki

〉
δ (i+ 1)

a = [a1, a2, . . . , aN ]

[a1a2 . . . aN ] = arg max
a1,a2...aN





∑

j=1...kN

P̂
(
s0, a1 . . . aN , sjN

)

·
(
R̂δ(N)

(
sjN

)
+ γNarg max

a
Qδ(N)

(
sjN , a

))}
.



δ

ξi ξ ∈ R



ξ̇i = −
N∑

j=1

aij (t) (ξi − ξj) + v,

aij (t)
v

aij = 1/N T
a ∈ Ā v = 1/T T

ξi

t ξi

ti = ;ξi< ,

;.< ξi
δ (ti)

δ (ti) = i

ξi ξi ← ti + 1
n

r1, . . . , rn ti

ξi

ε−greedy
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• ng

• nf

• sf

• sb

ε = 1
0

26 ∆ε [−0.001,−0.0135]



nf

sf



sb

nf sf sb
ng

6ε < −0.0085

∆ε



ε = 1, 6ε = 0 106

N ∈ {2, 3, 4}
ε 1

∆ε = −0.001 100

107





ng nf sf sb ng nf sf sb



σ η



60%
30% 107

100%
80%

9.58% = 6.86% 1.47
= 0.91

sb

σ =
nD−RR−QL
g

nD−QL
g

η =
nD−RR−QL
f

nD−QL
f

σ 1
η 1

O (1)
0



O (N)





•

•

•

•
Ae (s)

•

•



< Ss, A, Ps, Rs >
< St, A, Pt, Rt >

St = Ss × SY SY

Y

Y

∀s, s′ ∈ St; ∀a ∈ A;
∑

[t]Ss
=[s′]Ss

Pt (s, a, t) = Ps

(
[s]Ss

, a, [s′]Ss

)
,

[t]Ss
t

∀s ∈ S; Rt (s) ≥ 0 ⇒ Rt (s) = Rs

(
[s]Ss

)

∀s ∈ S;Rt (s) < 0 ⇒
([
Rt (s) = Rs

(
[s]Ss

)]
∨
[
Rs

(
[s]Ss

)
= 0

])

a ∈ {a1, a2, a3}

Xs = {x1}
Xt = {x1, x2}



x2



y



y

St += Ss

Ss St

Qt (s, a)
Qs (s, a)

Qt (s, a) = Qs

(
[s]Ss

, a
)
,

Ae
t (s) = Ae

s

(
[s]Ss

)
,

Ae
s Ae

t

< Ss, A, Ps, Rs > < St, A, Pt, Rt >
s ∈ St

Ae
t (s) ⊆ Ae

s

(
[s]Ss

)
.

(s, a) , s ∈ St, a ∈ Ae
t (s)

s′ Pt (s, a, s′) > 0 Rt (s′) ≥ 0
Ps

(
[s]Ss

, a, [t]Ss

)
= 0 t ∈ St, t += s′

Pt (s, a, t) = 0
s



s′ Rt (s′) ≥ 0
Rs

(
[s′]Ss

)
≥ 0

Ps

(
[s]Ss

, a, [s′]Ss

)
≥ 0 Rs

(
[s′]Ss

)
> 0

a ∈ Ae
s (s)

Ae
s (s) − Ae

t (s) Ae
t (s)

< Ss, A, Ps, Rs > < St, A, Pt, Rt >
Q∗

s (s, a) Ae
s (s)

Ae
t (s) πg

t (s) =
arg max

a∈Ae
t (s)

Q∗
s

(
[s]Ss

, a
)

V
πg
t

t (s) ≥ V ∗
t (s)

πg
s (s) =

argmax
a

Q∗
s (s, a) s ∈ Ss V

πg
s

s (s) =

max
π

V π
s (s) πg

t (s) s ∈ St

πg
t (s) = argmax

a
Q∗

s

(
[s]Ss

, a
)

Rt (s) ≤ Rs

(
[s]Ss

)

Q∗
t (s, a) Q∗

t (s, a) ≤ Q∗
s

(
[s]Ss

, a
)

V ∗ (s) = max
a

{Q∗ (s, a)} V
πg
t

t (s) ≥
V ∗
t (s)



N = 2, 3, 4

c (Pi)

10, 000

•
rni rdi , i = 1 . . . N

•
rni rpi

•

oupi , odown
i , olefti orighti

39
(N = 2)



•
pi

oupi , odown
i , olefti orighti

fi,j

N

ε = 0

ε ε = 1











7
N = 2 N = 3

N = 4

1st 2nd 3rd

1st

Ut

50% N = 2 40% N = 3
46.67% N = 4







< xi,1, . . . , xi,k, li >, i = 1, . . . , nt li
(xi,1, . . . , xi,k) nt

k



[0, 1]

c0 c1 c0 c1

ω : R −→ {c0, c1}

ω (r) =

{
c0 if r ≥ 0,

c1 otherwise.

M

•

•

•



•

h (x,Θk) k = 1, ..., n
Θk

•

•

•

•

• Accuracy = TP+TN
TP+TN+FP+FN ,

• Sensitivity = TP
TP+FN ,

• Specificity = TN
FP+TN ,

• NPV = TN
FN+TN ,

TP TN FP
FN

c0 c0



p (s, a)
(s, a)

p (s, a) =
∑

s′∈U
P (s, a, s′)

R (s) s

p (s, a) s
a ∈ A

p (s, a) a ∈ A
s

ε − greedy
0.5 ε − greedy

at t rt
< xt−1,1, . . . , xt−1,|X|, at,ω (rt) > X

S xt,i, i = 1, . . . , | X |

p (s, a)

µ
µa,ω

a ω
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[Q0(s, a); s ∈ S; a ∈ A]
n

• st

• p (s, a) a ∈ A

• at p (st, at) < 0.5

• rt s′

• < st, at,ω (rt) >

•

Qn(s, a) = (1− αn)Qn−1(s, a) + αn

[
rt + γmax

b
Qn−1 (s′, b)

]
s =

st a = at

Qn(s, a) = Qn−1(s, a)

ε

πUSAP
ε (s, a) =






0 if p (s, a) > 0.5
ε

|A| a += arg max
a′∈A

{Q (s, a′)}

1− ε otherwise

(s, a) µa,c0 < µ µa,c1 < µ p (s, a) = 0

δ (t)

p (s, a)
< st, at,ω (rt) >

rt (st, at)



i Qi

[
Qi

0(s, a) = 0; s ∈ S; a ∈ A; i = 1 . . . N
]

n
t

• δ (t) = i

• st

• at p (at, st) < 0.5

•

• rt, . . . , rt+N−1 st+N

• < st, at,ω (rt) >

•

st = s at = a i = δ (t)

Qi
n(s, a) = (1− αn)Q

i
n−1(s, a)+αn

[
N−1∑

k=0

γkrt+k + γNmax
a′

Qi
n (st+N , a′)

]

Qi
n(s, a) = Qi

n−1(s, a)

st+N

11



•

•

•

•

•

•

•

•

•

• ν−SVM

• ν − SVM

10 10

N = 2
1573

2

2002

C4.5



ν−SVM
ν − SVM

ν−SVM
ν − SVM



c0
c1

100

log2 |X|+1

πP
ε (s, a)

•

• Ae (s)

• a p (s, a) < 0.5

ε = 1
ε ∆ε = −0.002

ε = 0 10
α = 0.4 γ = 0.9



ν−SVM
ν − SVM

ν−SVM
ν − SVM
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r(u)
[e1, e2, e3](u)

u u = 0 u = L
L



E(u) = [e1, e2, e3, r](u)

! !

!"#

!"$

%&!
'
(

%&!
)
(



q(u)
pi Ni(u)

u [0, 1)

q(u) =
n∑

i=0
Ni(u)·pi,

Ni(u) pi q(u)
u

u u = 0
u = 1

n+1 {p0, . . . ,pn} U = {u0, . . . , um}
p

U

q(u) =
n∑

i=0
Ni,p(u)·pi,

Ni,p(u) p p = 3

Ni,0 (u) =

{
1 ui ≤ u < ui+1

0 c.c.
,

Ni,p (u) =
u− ui

ui+p − ui
·Ni,p−1 (u) +

ui+p+1 − u

ui+p+1 − ui+1
·Ni+1,p−1 (u) .

t

q(u, t) =
n∑

i=0
Ni,p(u)·pi(t).

c = (x, y, z),
θ

q = (c, θ) = (x, y, z, θ)
θ

t c n
b θ c



U T
F

d

dt

(
∂T
∂ṗi

)
= Fi −

∂U
∂pi

.

F = {F0,F1, . . . ,Fn}

Fi pi.
n+ 1



FU = (Fs,Ft,Fb)
T

Fs

Ft

Fb

F = −kx,

x k
F

L
A

6L =
F

EA
L,

E

F

F = EA
6L

L
.

ε
ε = A&L

L

F = Eε,

FU = Hε =




Es 0 0
0 Et 0
0 0 Eb



 · ε.



ε = (εs, εt, εb)
T

εs εt εb
H Es

Et Eb

U
U = 1

2kx
2

u = 0 u = L

U =
1

2

ˆ L

0
εTFUdu.

FU

U =
1

2

ˆ L

0
εTHεdu

ε
(ε− ε0) ε0

U
u = 0 u = L

U =
1

2

ˆ L

0
(ε− ε0)

TFUdu,

FU = (Fs,Ft,Fb)
T

ε =
(εs, εt, εb)

T

T Tt

Tr

T = Tt + Tr.

Tt =
1

2
µA

ˆ L

0
q̇2du,

Tr =
1

2
µ

ˆ L

0
ΩT IΩdu,

A Ω µ
I



J

J =





µ 0 0 0
0 µ 0 0
0 0 µ 0
0 0 0 I



 .

T

T =
1

2

ˆ L

0

dqT

dt
J
dq

dt
du.

d

dt

(
∂T

∂ṗi

)
=

1

2

ˆ L

0

d

dt

∂
(
q̇TJ q̇

)

∂ṗi
du.

∂U

∂pi
=

1

2

ˆ L

0

∂εTHε

∂pi
du.

q

d

dt

∂T

∂ṗi
=

n∑

j=0

J
d2pj

dt2

ˆ L

0
(Ni(u)Nj(u))du

Mij = J

ˆ L

0
(Ni(u)Nj(u))du

A =

[
d2pj

dt2

]
,



d

dt

∂T

∂ṗi
=

n∑

j=0

Mi,jAj .

MA = F+P,

P =
[
∂U
∂pi

]

ur h

h = {p,U,Ur},

• p

• U

• Ur ⊂ U

Ur = {uri}
u

i ri

q(uri) =
n∑

i=0
Ni(uri )·pi = ri.

τ
(x, y, z)

θ h0

τ

τ
n n+ 1



n = 10

F
Fp Fe

F = Fp + Fe.

Fr

Fp

Fp = Jpr · Fr,

Jpr

Jpr =





∂q(ur1 )
∂p0

· · · ∂q(url
)

∂p0

∂q(ur1 )
∂pn

· · · ∂q(url
)

∂pn



 =




N0(ur1) · · · N0(url)

Nn(ur1) · · · Nn(url)



 ,

Fp = MA− Fe −P.

pi f
fi



pi q(u)
pi

dq(u)

dpi
= Ni(u).

pi fi

fi = f
∂q

∂pi
= f ·Ni.

Jrq

Jpr =





∂q(ur1 )
∂p0

· · · ∂q(url
)

∂p0

∂q(ur1 )
∂pn

· · · ∂q(url
)

∂pn



 =




N0(ur1) · · · N0(url)

Nn(ur1) · · · Nn(url)



 ,

urj rj
Jpr

Fr

Fp

Fp = Jpr · Fr.



N

P1 G
1m× 1m 20× 20

P ∈ R2

c : R2 → Z2 ∈ [20× 20] c (P )
P

•

•



!

"

# $

# %

# &

# '

( $

( & ( '( %

)

•

•

i = 1 . . . N Ai =
{upi, downi, lefti, righti, none} i

Ai

A = ×N
i=1Ai

Fi



! "
! "!#$ " %#"&

$ " %'"#

$ " %("#

$ " %)"&

fi,j
Pi Pi+1

• c (G)

• rni = c (Pi−1) − c (Pi) , i = 1 . . . N ith

rn0 =
(0, 0)

• rpi = c (Pi)−c (Pi+1) , i = 0 . . . N−1 ith

rpN = (0, 0)

• fi,j , i = 1 . . . N, j = 1 . . . k k
Pi Pi+1

k pi,j
fi,j 0 1

Pi Pi+1

pi,j

R (s)

•

•

• P1 = G

•



N
ith Pi, i = 1 . . . N

Pi Pi+1, i = 1 . . . N −
1 (0, 0)

PN P1

Lhose

Ls = Lhose
N

[20, 20] (0, 0)

i = 1 . . . N Ai =
{upi, downi, lefti, righti, none} i

Ai

A = ×N
i=1Ai

• G

• pi, i = 0 . . . N ith

• rgi = G − Pi+1, i = 0 . . . N ith

• dgi =| G−Pi |, i = 0 . . . N ith

• θgi = arctan (G− Pi) , i = 0 . . . N
ith

[0, 7]

• rni = Pi−1 − Pi, i = 1 . . . N ith

rn0 = (0, 0)



• rpi = Pi − Pi+1, i = 0 . . . N − 1 ith

rpN = (0, 0)

• oupi , odown
i , olefti , orighti , i = 0 . . . N

ith

• Gi ith

• pi, dni , d
p
i , o

up
i , odown

i , olefti orighti

• rg∗i = Gi − Pi+1, i = 0 . . . N ith

• dg∗i =| Gi − Pi |, i = 0 . . . N ith

[0, 255]

• θg∗i = arctan (Gi − Pi) , i = 0 . . . N
ith

[0, 7]

• Rg
i (s) :

P0 = G

• Rstretch
i (s) : | Pi − Pi−1 |> Ls | Pi − Pi+1 |> Ls

• Rout
i (s) : | P x

i |> sx | P y
i |> sy

• Rcollision
i (s) : ∃j = 1 . . . N ; i += j ∧ Pi = Pj

Ri (s) = Rg
i (s) +Rstretch

i (s) +Rout
i (s) +Rcollision

i (s) ,

R (s) =
∑

i=1...N

Ri (s) .
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Gi



T1 T2

R B
G Y

Ai =
{upi, righti, downi, lefti, picki, dropi} picki dropi

A = ×2
i=1Ai

•

•

• oupi , odown
i , olefti , orighti , i = 0 . . . N

Ti

dropi
i

Rgoal (s)
Rcollision (s)




























