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Q(s, a) ≡ E[r(s, a)] + γ
∑
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Q′ (s, a) := Q (s, a) + α
(

r + γ max
a′

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

¼�Ä



;<02B); 8 1�;<F 8 :23TB 8 1~BEG¨�Ñ])BEGHF21(=�:SF2Q�p¢1 8 m�4H]E1(: ;<021�P�?�G64HD>IE�V/'021�46:2PYFY;ù;<?�;M021�BEm�1>:S;T4H3'B�PeBE4 8

{SP , R}

 j021 8 1
SP

4H3ù;<021�3a;�B);M1A351(kSF21>:2D(1�BE:2=
R
4H3ù;<021 8 1� ùB 8 =	KlFY:2D>;M46?�:¡�

.ù;iBE:$IÁm�4^]�1(:�;M46QX1� j4H;M0246:Á;M02463 8 1(4H:YKl? 8 D>1(QX1(:$;�G61(B 8 :Y46:2m�D>?�:$;<1ã¥�;(�g;M021�P 8 ?�=2FYD(1 8 0eB)3
G61(B 8 :Y1(=�?�:21	QR?"=21>G{BE:2=�P¢?�GH46D�I��£/'0 8 ?�F2m�0Y?�FY; 4^;<3#GH4HKl1�;<46QX1E�|;<021�P 8 ?"=2F2D>1 8  j4HG6GT3M1~B 8 D�0
;<0 8 ?�F2mE0�351>]E1 8 B)G�QR?"=21(GH3 BE:2=&P�?�G64HD(4H1(3R;M?�fe:2=�;<02?E3M1�;<0eB�;u0eB~]�1�;<021�p�1(3a;�D(F2Q�FYGcB);M4H]�1
8 1� ùB 8 =u]EB)G6F21)�
x{:21�D~BE:u]"461> §;<021A3M1(B 8 D�0	P 8 ?"D(1>3M3j;<0 8 ?�F2m�0 ;M021 n�7 3MPeB)D(1ABE3j3<BEQXP2GH46:2m�P�?�46:$;M3ùK 8 ?�Q

BÁP 8 ?�peBEp24HG64^;JI,=2463a; 8 4Hp2FY;M46?�:�?s]�1 8 ;M021 n�7 3MPeB)D(1E��/'024H3�=2463a; 8 46p2FY;M46?�:�463�;M021�P 8 ?�peBEpY46G64^;JI
;<02B);�;M021OP 8 ?"=2F2D(1 8 D(BE:�P 8 ?�=YF2D(1T;<021TP¢?E46:$;W4H: n	7 35PeBED>1E�9/'021O350eBEP�1O?EK¢;<021[=2463a; 8 46p2FY;M46?�:
PP (MP )

463dG6B 8 m�1>GHIO=21(P�1(:2=Y1(:$;V?�:�;<0Y1|P 8 ?"=2F2D(1 8(ø 3L;<BE3M�C� Z 46:2D>1�1(BED�0�P 8 ?"=2F2D(1 8 0eBE3g4H;<3d?s j:
8 1� ùB 8 =�KlF2:2D�;<4H?�:���4^;L j4HG6G"0eB~]�1'B{F2:Y46kSF21ùP 8 ?�peBEpY46G64^;JI�=24H35; 8 46p2F�;<46?E:��Î. 8 ;M4HfeD>4cBEG���?s]�1 8 :2QX1(:$;
BE353MF2QX1(3W;M0eB);|;<021>3M1 n	7 �Ñ3MPeB)D(1{P 8 ?�peBEpY46G64^;JI�=24H35; 8 46p2F�;<46?E:23� j46G6Ge;M1(:2=#;M?�?s]�1 8 GcB)P#Kl? 8 Q#BE:$I
P 8 ?�=2FYD(1 8 3(�

y�F;c�F�y à�hZQVYDÉ�klKqORY

ºd46�)1�P 8 ?"=2F2D>1 8 3>�ED>?�:23MFYQR1 8 3gB 8 19P 8 ?�p2GH1(Q��J3M?EGH]"46:2mWBEm�1>:S;M3(��p2FY;gD(?E:23MF2QX1 8 3Î0eB~]�1�Bj=Y4H¦¢1 8 1>:$;
P 8 ?�p2G61>Qç;<?j35?�GH]E1E�`/'0Y1�35?�G6FY;M46?�:�;M?j;M021|P 8 ?"=2F2D>1 8(ø 3gP 8 ?�pYG61(Qç463d?�:2G^I�BjPeB 8 ;Î?)KY;<0Y1�35?�G6FY;M46?�:
;<?�;M021�D>?�:23MFYQR1 8(ø 3�P 8 ?�pYG61(Q���/ 8 I"46:2m�;M? 3M?�G^]�1�B�G6B 8 mE1 8 P 8 ?�p2GH1(Q��¢;M021�D(?�:Y3MF2QX1 8 3502?�F2GH=
D(?E:2D(1>:S; 8 B);M1�?�:�;M021#:Y1>  PeB 8 ;<3�?)K';<021RGcB 8 m�1 8 P 8 ?Ep2G61>Q  j4H;<0Y?�FY;�Kl?"D(FY3M46:Ym�?�:�;<021�P2B 8 ;M3
;<02B);j;<021�P 8 ?�=2FYD(1 8 3[02Bs]E1�B)G 8 1(BE=YI#3M?�G^]�1(=¡� 7 B 8 ;M4cBEG�35?�G6F�;<46?E:23ù;<?�;<0Y1AP 8 ?"=2F2D(1 8(ø 3[P 8 ?�p2GH1(Q
D~B):�021>G6P�;<0Y1�D>?�:235F2QR1 8 3M?�G^]�1u4H;M3�P 8 ?�pYG61(Q�����4H]E1(:�B,P2B 8 ;M4cBEG�3M?�GHFY;<4H?�:���;<021uD>?�:23MFYQR1 8

¼�Å



D~B):�1(BE3M4HGHI�;<1(GHG` j021�;<021 8 ;M021�P 8 ?"=2F2D>1 8(ø 3A3M?�GHFY;<4H?�:�021(GHP23(�XUW?E:23MF2QX1 8 3�B)P2P2GHIÁB�;<1(3a;�;<?�B
P 8 ?�=2FYD(1 8>ø 3T3M?EG6FY;M46?�:uBE:Y= 8 1>;MF 8 :u;<021�=21>m 8 1>1A;M?� j0246D�0u;<021�35?�G6FY;M46?�: 0Y1(G6PY3(�
b :X;M02463�=Y463MD>F23M3546?�:¡��;<021jD(?E:23MF2QX1 8 02BE3 8 1(3a; 8 46D>;M1(=�3M1�;|?EK

k
P�?�353M46pYG61ùP 8 ?�p2GH1(QX3V;<?�3M?EGH]�1)�

/'021�D(?E:23MF2QX1 8 =21>3M4 8 1(3�;<?u35?�GH]E1
k
P 8 ?�p2GH1(QX3{ j4H;M02?�FY;�P�1 8 Kl? 8 QX46:2m

k
;M46QX1(3O;M021� W? 8 �Á?EK

?�:21AP 8 ?�=2FYD(1 8 � Û 4H;M02?�FY;T=2?�4H:2m�;<021� �? 8 �u?EK
k
P 8 ?�=YF2D(1 8 3(�¢BRD>?�:235F2QR1 8 D(BE:�1(BE3M4HGHI�;M1(GHGd4HK

B�P¢?);<1(:$;M4cBEG�35?�G6F�;<46?E:�f2;<3jp$IuP¢1 8 Kl? 8 QR4H:2m�B�;<1>35;

C(·) ∈ [0, 1]

 j021 8 1i;M021�B 8 m�F2QX1(:$;[463[BRP 8 ?�=YF2D(1 8(ø 3OQX?�=21>G^�ÑP¢?�GH46D�I#P�?�46:$;(�ù.�])BEGHF21A?EK ¹ 4H:2=24HD~B);M1(3';<0eB�;
;<0Y1AD>?�:235F2QR1 8 4H3jD(?�QXP2G61�;<1>GHIR3<B);M4635f21(=	 j4^;<0u;<021�P�?�G64HD>IE�eBE:2=	B�])BEGHF21�?EKVvX4H:2=246D(B);<1>3ù;<0eB�;
;<0Y1ùD(?�:Y3MF2QX1 8 4H3`:2?);9B);�B)G6G"3<B);M4635f21(=��L.�])BEG6F21�p¢1�;J W1>1(:Xv�BE:2= ¹ 46:2=24HD~B);M1(3g;<021ùD>?�:235F2QR1 8(ø 3
=21>m 8 1>1i?EK`3<B);M463aKËBED>;M46?�:  j4H;M0�;M021AP¢?�4H:$;~�9/'021iKlFY:2D>;M46?�:u=24^¦¡1 8 3jK 8 ?�QôB�P 8 ?�=2FYD(1 8>ø 3 8 1� ùB 8 =
KlF2:2D�;<4H?�:up¢1>D~BEF2351i4^;'?�P�1 8 B);<1>3T?E:�;M021�1(:$;<4 8 1�P�?�G64HD>I 8 B);M021 8 ;<02BE:	4H:2=24^]�4H=2FeBEG�35;<B);<1>3(�
.OGH3M?ÁGH46�E1X;<021RP 8 ?"=2F2D>1 8 3(��;<021#D(?�:235F2QX1 8 3�3<BEQXP2G61�K 8 ?EQ�B�P 8 ?�peB)p246GH4H;JI�=24H35; 8 46pYFY;<4H?�:��

/'021�=24H35; 8 46p2F�;<46?E:

PC(MP ) = P (C(MP ) = 1)
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;<0Y1iB)m�1(:$;<3 ø 3M1~B 8 D�0�P 8 ?"D(1(353M1>3T j4^;<024H:u;M021 n�7 3MP2BED(1iBE:2= ;<0Y1im�?s]E1 8 :YQR1>:S; ø 3T46:DCeF21(:YD(1�?EK
;<0Y1 n�7 h 3MP2BED(1)��/'021�Kl?EG6G6?s j4H:2m	=Y1>fe:24^;<4H?�:-?EKj;<0Y1�P 8 ?Ep2G61>Q m 8 ?�F2P�F2351(3�;M02463�=Y4635;<BE:2D>1
KlF2:2D�;<4H?�:��
Ã È$ÕV±g¸l²s¸Ë´�± ºd1>;

d
p¢1XB QX?�=21>G^�ÑP¢?�GH46D�Iu=2463a;�BE:2D>1�KlF2:2D>;M46?�:�BE:Y=

O
p�1�;<021�351>;i?EKùB)G6G n	7

P�?�46:$;M3(��/'021�3M1�;
G = {G1, . . . , Gk}

4H3�B�3M1�;�?EK|P 8 ?�pYG61(Q m 8 ?�F2P23{ j4^;<0�P 8 ?E;<?E;JI"P�1
ḡi

4HK`BE:2=u?�:2G^I�4^KW}

¹ �
o ∈ Gi → ḡi = arg minḡj

d(o, ḡj)

t��j@e? 8 B)G6G�m 8 ?�F2P23
Gi

BE:2=
Gj

 j021 8 1
i 6= j

�
Gi ∩ Gj = ∅

¼Y� ⋃k

i=1 Gi = O

z9BED�0�D(G6FY35;<1 8 0eBE3TB�P 8 ?E;M?E;JI"P¢1�35F2D�0�;M0eB);[BEGHG¢;<0Y1AP�?�4H:S;M3'46:�;M021�m 8 ?�FYP	B 8 1�D(GH?�3M1>35;';<?�;<0Y1
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;<4H?�:23WBEQR?E:2m�P 8 ?�p2GH1(Q��J3M?EGH]"46:2miBEm�1>:$;<3(� \ 3M46:Ym�D(?�:Y3MF2QX1 8 Kl1>1(=2p2BED��#?�:�;M021{P 8 ?E;<?);JI�P�1(3>�24H;
8 1>3M0eB)P¢1>39;M021'm 8 ?�F2P23V;M?AQRBE�)1ù;<021'P 8 ?�=YF2D(1 8 m 8 ?�FYP23�p¢1�;M;M1 8 Q#B�;<D�0�;<0Y1'D(?�:235F2QX1 8 m 8 ?EF2P23(�

D(?E:2=24H;M46?�:�?EK�;<021�=Y1>fe:24^;<4H?�:�� o I	D(?�:$]E1(:$;<4H?�:��gB�P 8 ?"=2F2D>1 8 4H3�B�QX1(Q�p�1 8 ?EK9;<021�P 8 ?�p2GH1(Q
 j021>:�4H;M3 n�7 P�?�46:$;j4H3jB�QX1(Q�p¢1 8 ?EKL;M0eB);jm 8 ?�F2P��
/'021�QR1>=24cB�;<? 8 QRBE4H:S;<BE46:Y3{B 3M1�;i?)KWP 8 ?�p2GH1(Q m 8 ?�F2PY3�?�]E1 8 ;<021 n	7 3MPeB)D(1E�X@ 8 ?EQð;<0Y1

P 8 ?�=2FYD(1 8 3 ø P¢1 8 3MP�1(D�;<4^]�1E�9P 8 ?E;<?);JI�P�1(3�B 8 1Rm�?$BEGH3A;M?�p�1 BED�024H1>]�1>=���@ 8 ?EQ ;<021�D>?�:235F2QR1 8 3 ø
P�1 8 35P¢1>D>;M4H]�1)�d;<021�I,B 8 1�P�?E;M1(:$;<46BEG`35?�G6FY;M46?�:Y3O;<?�BE:2?);<021 8 P 8 ?�pYG61(Q��A.O:�BEm�1(:$;�D(BE:�]�4H1> �B
P 8 ?E;<?E;JI"P�1�BE:2=�F23M1�;M021�=24H35;�B):2D(1AKlF2:2D>;M46?�:	;<?�1>35;<4HQ#B�;<1i;M021�BEQX?�F2:$;[?EK91>¦¢? 8 ;�:21(D>1(353<B 8 I
;<? 8 1(BED�0 4H;(�`/'021{:Y1> �P 8 ?);<?E;JI"P�1OQRBsI�? 8 QRB~IR:Y?E;WGH1~BE=X;<?�QX? 8 1 8 1> WB 8 =#Kl? 8 B�P2B 8 ;M46D(FYGcB 8
P 8 ?�=2FYD(1 8 �ep2FY;T4H;WKËBED(4HG64H;<B);<1>3ùD(?EG6GcB)p¢? 8 B);<4H?�:RBEQR?E:2m�;<021>Q	�
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Û 4H;M0i;M021W4H:S; 8 ?"=2F2D�;<46?E:i?EK2P 8 ?�pYG61(Q�m 8 ?�F2PY3(�E;M021Wm�?�BEGS?EK2;<0Y1WQX1(=246B);<? 8 4H3L:2?s �;M?OQX46:24HQR4a^(1
;<0Y1�=24H35;<BE:2D(1|p�1>;J �1(1(:�;M021|P 8 ?�pYG61(QX3Îm 8 ?EF2P23g?EKY;M021�P 8 ?"=2F2D(1 8 3`BE:2=AD(?�:235F2QX1 8 3>�V.O3L@`4Hm�F 8 1
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¼Y�Â¼�4HG6GHF235; 8 B);M1(3(�d;M021R;J �?�351>;<3i?EK'm 8 ?�F2P23iB 8 1X]E1 8 I�D>G6?�351X j021>:�;<0Y1RP 8 ?�=YF2D(1 8 3 ø 3M?EG6FY;M46?�:23
p�1(35;W3<B);M463aKrIX;M021OD>?�:235F2QR1 8 3>��/L?�B)D�02461�]�1O;M02463|m�?$BEGà�$;<021[QR1>=24cB);M? 8 P¢1 8 Kl? 8 QR39;J �?��S46:2=23�?EK
G61(B 8 :Y46:2m�BE3j4^;ùKl?�G6GH?s j3W;<021>3M1�f2]�1A35;M1(P23>}

¹ �j.TKr;<1 8 ;<021 P 8 ?�=YF2D(1 8 3�; 8 461(=-;M?�3M?�G^]�1�;M021(4 8 P 8 ?Ep2G61>QR3�Kl? 8 B�fY¥�1(=�P¢1 8 4H?�=-?)KT;M46QX1E�
;M021>I� j46GHG�3M1(:Y=-;<021�QX1(=Y4cB);M? 8 ;<021>4 8 D(F 858 1(:$; n	7 P�?�46:$;M3(��/'021�QX1(=246B);<? 8 D>G6F23a;<1 8 3
;M021�P¢?�4H:$;<3ù;<?�fe:Y=�;M021�P 8 ?�pYG61(Q¤m 8 ?EF2P23TBE:2=�P 8 ?);<?E;JI"P�1(3(�

t��[UW?�:Y3MF2QX1 8 3[P�1 8 Kl? 8 Q¾B�;<1>35;{?E:�;M021i35?�G6F�;<46?E:23j?EK`;M021iP 8 ?"=2F2D(1 8 3j j02?�351 n�7 P�?�46:$;M3
B 8 1�D(GH?�3M1>35;{;M?#;<0Y1�P 8 ?);<?E;JI"P�1E�ANOF 8 46:2m#;M021�;M1(35;(�¡;<0Y1�D(?�:Y3MF2QX1 8 0eB)3�BED(D>1(353{;<?�;<0Y1
GH1~B 8 :21(=�QX?�=Y1(G2B):2=�P¢?�GH46D�I��EpYFY;�;<021'P 8 ?"=2F2D(1 8 =2?�1>3�:2?E;�=Y?iB):SI�G61(B 8 :24H:2m2�g.[Kr;M1 8 ;<0Y1
;M1(35;(�2;<021�D>?�:23MFYQR1 8T8 1>;MF 8 :23[BE:u46:Y=246D(B);<4H?�:�?EKL4H;M3'3<B);M4635KËB)D>;<4H?�:� j4H;M0 ;<021�3M?EG6FY;M46?�:��

¼Y�j/'021OQR1>=24cB);M? 8|8 1(D>? 8 =Y3W;<021[Kl1(1(=YpeBED��RKl? 8 ;<0Y1{P 8 ?);<?E;JI"P�1(3(� b ;W1(35;M46QRB);<1>3�;M021 8 1� ùB 8 =
;M0eB);TBEGHG¡;<021�D>?�:23MFYQR1 8 3jm�4H]E1�;<?�;<021 n�7 P¢?�4H:$;

Ĉ(MP ) =
1

N

N
∑

i

n
∑

j

Ci(MPj)K (MP − MPj)

 j021 8 1
N
463A;<021R:SF2Q�p�1 8 ?)KjD(?�:235F2QX1 8 3>�

K
463�BÁ��BEF2353M4cB):-�E1 8 :21>G�KlF2:2D�;<4H?�: �
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K(·) ≤ 1
�ã�

Ci(MPj)
4H3T;M021�1�])BEG6FeB�;<46?E:	?EKVD(?�:235F2QX1 8
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MPj
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n
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Ĉ
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¿�¿



¼Y�Â¼2�ã��/'021�?�p q 1(D�;<4^]�1�KlF2:2D>;M46?�:

F (G) =
∑

ḡ∈G

Ĉ(ḡ)

D>?�QRPYFY;<1>3j;M021 8 1� ùB 8 =	Kl? 8 ;M021�1(:$;<4 8 1�3M1�;O?)K`P 8 ?�p2GH1(Q m 8 ?�F2P23
G
BE3';<021A3MF2Q ?EK`;M021

1>35;<4HQ#B�;<1(=uD>?�:23MFYQR1 8 3MB);<4H35KËBED�;<4H?�:�Kl? 8 1~B)D�0	?EKg;<0Y1AP 8 ?E;M?E;JI"P¢1>3
ḡ
?EKg;<021�m 8 ?�F2P��

w��j/'021AQX1(=246B);<? 8 351(:2=Y3[;<0Y1AKlF2:YD>;<4H?�:u1(3a;<46QRB);M1
Ĉ
;M?X;M021AP 8 ?"=2F2D>1 8 3>�'z9BED�0�P 8 ?"=2F2D(1 8

F2351(3j;<024H3ùKlF2:2D�;<46?E:u;M?�D 8 1(B);<1AB�:21>  8 1� ùB 8 =�KlFY:2D>;M46?�:

R′ = αR + (1 − α)Ĉ(MP ′)

 j021 8 1
R
463ù;<0Y1�P 8 ?"=2F2D>1 8(ø 3j? 8 4Hm�46:2BEG 8 1> WB 8 =uKlF2:YD>;<4H?�:��

MP ′
463ù;M021�P 8 ?�=2FYD(1 8 3jD(F 8 �

8 1(:$; n�7 P�?�4H:S;�B)Kr;M1 8 4H;M3�G6B);<1>35;|3M4H:2m�G61j3a;<1(P#46:�;<021[1(:$]"4 8 ?E:2QR1>:$;~��BE:2=
α ∈ [0, 1]

463|B
P 8 1(=21�;<1 8 QX46:21>=� W1>46m�0$;<4H:2mOKËBED�;<? 8 ;<0eB�;V46:Y=246D(B);<1>3L;<0Y1ù=21(m 8 1(1ù;M?O j024HD�0�;<021ùP 8 ?"=2F2D(1 8
8 1(G64H1(3'?�: ;M021�QR1>=24cB);M? 8(ø 3 8 1> WB 8 =�KlF2:2D>;M46?�:¡�

b :�35F2QRQRB 8 I��S;<021[QR1>=24cB);M? 8 P¢1 8 Kl? 8 QR39;J �?��S46:2=23�?EKdGH1~B 8 :246:2mY�V@`4 8 35;(�S4H;|; 8 4H1(39;<?�QRBE�)1[;<0Y1
P 8 ?�=2FYD(1 8 3 ø P 8 ?�p2GH1(Q m 8 ?�F2PY3'p¢1�;M;<1 8 Q#B�;<D�0 ;<02?E3M1�;<0eB�;';<021�D>?�:23MFYQR1 8  ùBE:$;M3[p$I GH1~B 8 :246:2m
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P 8 ?�=2FYD(1 8 3�;<?s ùB 8 =�p¢1�;M;M1 8Rn�7 P�?�4H:S;M3(� b :�;M02463��S46:Y=�?EKOGH1~B 8 :246:Ym2�V;<021 P 8 ?E;M?E;JI"P¢1>3RB):2=
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x = x + τ ẋ

ẋ = ẋ + τ ẍ

Θ = Θ + τ Θ̇

Θ̇ = Θ̇ + τΘ̈
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