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BHRER, XE—ERELRFATHXELARARROLA. ETH, AXHARTAETRAEER
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BEMHREETR, ERAREN AT, HENTANS5H a4 TN 7 — KT 88 o iz By A
h (BIT ), AR T H ResAF b KA ME (BUIREE ). H A AXE REABE R AE
WA R AR BB, BTk TIREEH RIAT S, A5 o IR A & By R 5K 5 AL o] A 7
BHAME KA RLEREA AXEBARBEIFASENELN, ETHSAXNEZRSHRRE
SR 1% RS AL A6 3T & Stackelberg H##r Kk, EH U HFH A AR EAE . BT EE, AX
B —METHATE - N5 (actor-critic) EHH Q ¥ T H i, Bk T R AN FER KR HERLT
%M Z 0k = A Stackelberg 1825 358 S KA 19 FL. Mo Ah, ASCEIIEHE T TREEGGRIERSRE.
PATHEFIFNNEREF T RZ—RELRR, AR KEFTEZRBHAET Q FIHEMEFE
SR B R R A AR, BT R R SR T MY R AR R Bl S T SR T R AR R B R E BN
XA &M K= A Stackelberg H7F, bz, MA Kk, PATHE - IFNELEM, Q ¥
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25 AT IRT N Stackelberg HZEIH GORME: —Hh Q 221771k

AT NPT R HARANMA = R TE 4, AT AR i O 25 4 2 B8O s, 1ZR 20 B 43z F ok
W FE AT AN A TRIR 5 v R B AE ATy, Bt DU ST i 2 00, stz D01 28 5940l TSR A
PRI J 5y TAFAEZE 5, MR 2 FLIE AR b T 2 AR AR 4r 2 SR 1947 9 12180 Lhdn, 7 )T 3%
eh G R RE YRV BE ORGP T II A HRAT 9 R 0 A S AT L E FAY, BEJS F P R H S LR
g (4l AR JRAATER 2 v R H 2 M B 73 J2 R SEAT BT, Stackelberg 2R AER 5T 2 A4
AT R T —ME 8 TH. FEMXH A, @RS S EENMERR AR E S S 55 B

Stackelberg 1825 I L AR IR T E 50 400k, F -0t UL AN BRI R 2 I 3 4 [, AR
[¥) Stackelberg EZE M — A S WA 5#: S MEREEE B, H S8 BA AU AL, fe
o OO PR T RE (AR B, SRR — P AT B O RE TR bR E R SRR, T ERBE R BRI, AR A T
(R S AE H B g 2 (8], ZE 2 sl AT, BT 0 24 B 1K Stackelberg T ZR 5] NBEHI KRG HITFRE T —
RYNFFT 1215101 X UERfE T p ) 8 A — MR Z A R R (R B I BE S AR (H
FRONIRESTTAR), MRS R P F s dl AN B ok B TAF 2 5 & sl s 20, R T3ha
R4 Stackelberg 2% (WFKNBNZS Stackelberg fH4E) [l @A L& —MHE L) B UIKEENZ 7
(g I o) et 21, — ke i, SR IR AR 9T H R I8 S BT &AL S 5 R I I g, fETRIE R R
e PEI AL 5281 Stackelberg 7 SN (15

BEX AR R LA TTIE . A BB — O AN 2l — Ik Stackelberg 2%, SCHR [2] #2
7 AR AR R R T, JRNR T A AR AE R AR 0 . R T AR IR A, AR, BEAT
BAVEE X BNAS Stackelberg TR G & T F & W SCIR [16) BREMEMILRZE 2 A (—4
M3, 2N ERRER) Stackelberg TZEH A, 31T T 1A RAEHAI (Pareto optimality) FIG441 324 (Nash
equilibrium) B Stackelberg ¥ kmg, it — bl s MR A BB AR T R % ) T ST I 1
(R B2 A, SCHR (17, 18] WTFE T BRFE# A& T o 95 1 00 T 2P X Stackelberg FEHLIN /T T ZE,

AL RSO, FRHR PP T A Zh ST R HR 1) Stackelberg YT SRBE fliTH 7%, 7]
DAWEE 3], Bk TAE 32 MNS 5 E R EE M SO R I 5 5 45 F B 34 Stackelberg 1 ZE A 7T
R, FTSS5 1 S MO T R Gi 3 ) ARG B, X B85 B S Br S A s 6 e DURS iR .
A[1E RBL BN J7 2R 58 A R M B L R SRR Stackelberg Y77 SEME & — IR %G 2 S H B A etk 1)
T TR,

LSRR, R BIENBIARR] 2 Jrikd G hlas 5 ) 22280 Bk, TERM R 58 11515 BT
BT 38 S Hb 27 > dp e 48 i) Zd il g 4 1) AU IR it 9 R R 2 —, TR R B T B A ) I s I 2
Bz o0y a2 ek 27, 28] FRH — AT HATAR - VEINER - PHIRES (actor-critic-identifier) 2544
O 732, R A Al T RS E, BRI A T AT I AN PR 9 45 o o ST B AL ) g . S
R [20] 3 H — bk T H i ) SRS, ZSE A TR BV A R 2 I 2% B AT RGHHR, Tl
ik H AT A5 P A R T DX T PSR 1) 2R 0 i N o s, E 2 v B e v — R 5 ) R e pAe s 1) 26
Wk [30] FERLELR 1 f 1 — Rl AL TR off-policy R 36 5% ST Sk Al T g A K i Sms, A
M fif e 2 B Refk R G IR R . 5 RTIA T VAN, SCER [31) it TOBrmin) Q ik, JFas& HiE N3
BRRIESRE T —Fi&E H TIELDIRS TSN (] [/ Y Q 2% S B0E, MR 7 2k Rt dE T AR
o) . % S FIZNAS Stackelberg % n] AT b — M 22 77 Sl #2 il in) @, SCHR [32, 33] J T RTRBNA
RN T 45 G oAl 7 1 B AR, 4R H T — P E MBS AL T804 Stackelberg 14153
Wfi; SR, T2 58 Z AL AR AT R S ARG R R, P B RE OB T 307> R G
RUEE. 48 T, H TR TR AE RGi5) ) AR S8 R AN L T KRAEBNAS Stackelberg ¥7
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HEB FEEREE B 528 6

FEME.

FRRAE TR FNNE DL N34S Stackelberg A7 U SRR o) @, AR SCEFXF 2 — R — A\ Stackelberg
IR, W T AN T RGBT (38 R AR 778 32000k [15,19]) Ja R, A XG5 E ARG (|,
AT R 08 TIUIU R B T B AR R, L TR B A RS, MR i 40T (1 SR, 25 A B
AR FEHAE T TR T RG080 1 S50 Stackelberg Y87 SIS, Sk, ASCHEH T — T
1) Q % EE, AIE RSB 1B 58 AR A BAE DL R AG T B 5 34 SR, IR T B A
AL FEE TR RS

(1) RECHIRZ TIEFENA Stackelberg W45, {HFTHE 1) 51 SN KA TTI2A4K08 T R 4250 /)
SRR (Hean, SCHR [2,15~19] M T 5B M RGHAUE S, STk [32,33] M T 5 i AUE R). %
FERITESERR N FH R, RGiEN ) 2RSS0 DUORE BRI, A SCHFA T AT RGUEAD (12—
RN Stackelberg 8283547 f K fif 1] 7.

(2) ARSCHESCHR [31) R I Tk 2 N FIRHEZE R BT Q 2% 2] Svkd R 21 4y J2 U 3R (1 AE 42
AR T M T HAT RS - TR SR AR Q S K, AR SR A AR A R GRS BN Al
Tt Stackelberg S5 HEHg, H 708 KRS AL B IR 1R 220 28 Gt BR A 520,

(3) ARSCHEIRUEW] T RGUIRA . AT WEEFIPPAr I 28 BLE i i 22 — Bl & A Ft. L, 53¢
Bk [32,33] $& RO T30 B AUE B R A EVEANE], AR Q % ) EEAMUE A
TERGHE S, T H IS G R A BT B FRIE.

FFSUHAA. —MNIEE (CRIEE) B M BN M = 0 (M = 0). WHRHERE M = c'C, N
it C = vM. FH XM) FXNM) 53 BRRFERE M PR/ INFIEE. Te(M) RoRFRE M . ||z
FoRFE o 2 W58 2 X |23, = o' Ma, Horb o/ FoRfE « MEE.

XFFHRE M € R™*", vech(M) Zos HEERE M ) n ANXF LT R A % MR ALITER M;;
B R, BT vech(M) = [Miy, ..., Mun, Mi2, ..., Min, Mas, ..., Moy, ..., M, 1))/ 23 M AR
RS, vees(M) FoRHMEFE M [ n AXALITEAM 2D ASHFRIIER AL TR Z M (M; + M;;)
RIIFA R, B vees(M) = [Mi1, ..., Myn, 2Mia, ..., 2M1,,2Mos, ..., 2Map, ..., 2M(,_1y,]".

2 (o)A

FRREANZEH LN IR Stackelberg 3%, 5 1 NS 5&F (FOVSTH) &1 1T
fr, 28 2 NS5 (FRONIREER) &b THahsbhr. 053 R80T BRI 2 AT 66 i R 82 0 e R I T
2y, T BRFE I BT HO 5, BE A O B ey R R TG B A2 e\ R R i
(AR AE I ANAE R G iR 5 A5 R S A

T = Az + Blul + BQUQ, (1)

Hif o e R FRRFZRRPRE R, w; € Uy CRP i = 1,2, RN S 58 FEH0. R A
M By ARG ERIFRE, HARARFW. BN TN 5% i = 1,2, XY (A, B;) BEREE.
RAIEFNZSH5H 0,0 = 1,2 KRR, BCE AT A R 2L

Ji(l'(to)vulaua):/ ri(z,ur, ug)dr, 2)
to

1) AT ARG AR PRSI 2 a8 R R G RE, Bl (1) 1 A, B, i = 1,2, HZHE [
HZRIR A I A A
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A T IR TN Stackelberg T ZEIIM SR —F Q H Ik

Information structure

Predicted by follower

| |

| | | |
: : : Given u,(u,), optimize J, Observe u,, optimize J, :
| : —> | I
I Observed i | — !
| —— I I |
| ! [ |
| by leader : | |
|

g g |

S

Bl 1 (MERFE) &5FNESEMRIERE

Figure 1 (Color online) Information structure and equilibrium strategies of players

b, ri(z,ur,uz) = Hx||22 + ||Ui+9iuj||?%i, to NVITEIZ]. SFEE i = 1,2 H Q; = 0, R; > 0,
0; € (0,1) BOL. i (A, v/Qi) HEML.

EMX1 (478 [30]) WIS w(0) = 0, wi(x(t) N x(t) FRESLREHBRSEAE RS (1) F20E, M
H g AR, B J; < +oo, WIFSHIHEE w(2(2)), i = 1,2 BERRAR T HOARREL (2) MInTiT#MH].

TR, AR MRS Rz h Fems, B, 20 SR RS o AR s. A TR S s, T
HEEE AR 2, B HIRIE LN w, i = 1,2.

FE X2 (Stackelberg Y7 [33])  AIIRAFAE — M MATTT 5 SN 7 171 3] Bl 5 g 10 i 7 42 gk 2 1) F ke
S g 2 Uy — Uy (BRI REBRE), AN TAE R E uy € Un, AR ug € U Wi 2 Ja(z(to), ur, ti2(ur))
Ja((to), u1, uz), FH I RAAERE 0, € U, FEX TR u € Uy Wid: Ji(z(to), 41, u2(dy))
Ji(x(to), ur, ta(uy)), A, 2ty = Go(t1), KIEHE {u1,us} RIA Stackelberg FIMi MG 4E.

1 J7R T ARSI R IBNAS Stackelberg 18245 H 4515 & M ERBE 5 (1045 S 4544 S S5 i skems . FLAk
iy, AT BA e TR SRAL, A 42 58 2 (045 S5 ELRE 0% T PR Bt o mT e FX) ) S SRS s SR 5 A6 UL 4% 31 40
G35 RS JE R BT B S R i . 35T s B A5, B8 1R R IR A SR L an (uy ) P DL
NRAL E TR RSAS R EL Ty, 1S BITENE s PREEE T EEIN y, AR Jo, 133SI Gs(dy).
FHEEE {1, un} NG HRIGERE. AT T H bR 2 B — A% HI 5R0E, — 7 MR R4 (1) Wiita
5E, A — M Stackelberg 2757,

EREL AR MR IR D, AT REAEAE R B de e AN ME— S . TS R R SR
PR = 0 P 7 SRS ) R, 2 B A A 2 e 2 I, 80T 25 30 5 S T SR I 2 SR B —
Wi J87. X ASAS- 403 5 2 T A 0] AR A5 BN 2. SR, CEASCT % R 2P — X Stackelberg 7%
e R, R AN AR E 2 PR U B, BAR R RS AESS 3 g .

<
<

3 IIERERIRIT

ARG IR 17 5 FE N Stackelberg HZFHES T B S ALIEH M, & %6456 Stackelberg 4R H S
SHEWMER, FMhEMREEHES D2 55 MRt s (Ao ETCha ), SREIE
W e B DIE 22 1) SHE s B D ST 58 ) B4 1 s

FET R BREL (2), R ATAT P SRS R HME B BUE SN

Vi(z(t)) = /too ri(x,uy,uz)dr, i=1,2. (3)

IR i (2, wn, up) HIRE SCATRL: Vi(2(t) RS IR BRI S A IR 2RI ¢ IR 20 21776 55 15 21 RO AR
Ir, R R AR SR wy A g INBER A RIHA. 5 0 NS 5FRIIGE /KK (Hamiltonian)
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HEB FEEREE B 528 6

Hi(z,VV;,u1,u2) = ri(x,u1,us) + VV] (Ax + Buy + Bua), (4)
Hoh, vV, = 2% e R, i = 1, 2. AREREE Ol

Vi (2(t)) = min /too ri(T, u1, ug)dr. (5)

X AL R4 2 BT SRSy, PR F) S5 I ) L SR e i A

us(u1) = argmin Ho(x, VVa, u, us), (6)
U

Hrb Vo RIS wy, us(u) FHMEREL BT Hy 2RT up MR EREL, BRI SRR s (ug)
ME—2) W4 — B A A i 2H2 = 0, Al {5 2Rs(ug + O2u1) + B4VVa =0, e

8’[1,2

1
uh(uy) = —fu; — §R2’IB§VV2. (7)
7 8 BT B8 TN b3 e DIe o N SN, AT 1Y) e DI SR G A2
uy = argmin Hy (x, VY, uq, ub(uq)). (8)

BN Hy KT wy BRI R, G AR PSRN uf ME—. MRGE — B it 2 2 = 0, W45 2(1 -
0102)R1[(1 — 0102)us — SRy BYVVE] + (By — 02B)'VV5 = 0, i

—2(1—6016,)

*

u} R;'ByVVy + 5 02By — B1)'VV. (9)

-1

(1- 0192)2R1 (

a3l (7) A (9) RSB /RITR L (4) AIA5 00 N ARG IR 2RI - vt — K2 (Hamilton-
Jacobi-Bellman, HIB) 75 #2:

Hi(x, VVi",ul, ug) = ri(z,ui, ug) + (VV") (Az + Buj + Buj) = 0, (10)

Horb ul = uj(uy) RoNERBEE EO0T 5 0SB e B SRl . 452 Tk, IEBA SR Hik HIB 7
FEFTIS AR IR H RS EERE A RSt (1) Whifase, HARUF N Stackelberg S54SR HE .

EI1 % Li(z(t) A La(x(t)) mlAsKAR HIB 2 (10) 75200405 35 A0 ERBE 2 148 B 3L,
L1(0) = 0 H Ly(0) = 0. 508 ui Al ub 43l (9) Al (7) Fiow. W4,

(1) IE RS (1) Hrikfase;

(2) {ul,u3} I Stackelberg T HRIEHE, Higi /2 Ji(x(to), ui,ul) = Li(x(t)), i = 1,2.

WEER  UBUERISR APIER 7. B 4G, B L1, Lo FONZEHE % K R 2L (Lyapunov function), JF6 HE
ARE (1) R, IS Li(z) = VL,(Az 4 Byu} + Bou}). MBI &AM (7), (9), & HIB HFE (10) 7
9 Lo = —|l2liy, — lus + 0]y, - BIF Qi = 0 H R - 0, Ly < 0 BOL. 44 LaSalle AAEHEJEH B4,
o WEHENH AL Li(z) = 0 MIXIRA, BRI 2: vQiz =0 H w; + 0wy = 0. T w; A1y AHE IS, B
FEXT (A, v/Q,) AT, #4 AANY « = 0 B L; = 0. [RIUk, FHI5E0E o), up REMZE RS (1) #iafse.

2) T EVER AR, ARSI AL SR G R R B A5 AL 9T O R, S LSRG A RETS BIME— A T RAS AR T A
B RE I R RE R H, TR R S KRR A Hy WO w BRI, XA IR 9% AR ORIE T e DL SRS A E— .
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25 AT IRT N Stackelberg HZEIH GORME: —Hh Q 221771k

FROR, AEBBE BN S 2 a5t TSRS (1) BnEfesE, AR (2) FTLIE
Ji(x(to),ul,UQ) :/OO Ti(l‘7U17U2)dT +L1(I(t0)) —+ /Oo deT
:/Oo Hi(aj,Li,ul,u2)dT+ Ll(l‘(to)) (11)

AR SR [30] HHEIRAER] AR, X T i = 1,2, j #1,

Hi(x,VLi,ul,ug) = HUZ +91uj||?%l —

* *

v+ VLB (un — u) + VL Ba(us — u3).  (12)
Rl (12) AN (11), W
to

I, 2wy = ul, ug = ub B i DMSH5EWRARECN J;(x(to), ul,us) = Li(z(to)).
803 KRN vy # uy, HIERBEE R EOHE B 1 e e S SRS vy (uy) B, AR3E S (12), A4

Ji(z(to), u1, uz(u1)) =/t [llur + s (un) |, — i + Ovus (uh) |7,

+ VL By (ur — u}) + VL Bo(ub(w1) — ub(u}))]dr + Ly (z(to)).

HEX (8) AT EH, X TR MBI SEIE wy # uf, W2 Hy(z, VL, uf,ub(u})) < Hy(z, VL1, up,ub(uy)),
ST (lwy + Orug (up) I, + VLY B +V L Bous (u}) < [lug + 01w (ur) |5, + VLG Brus+V L By (ub(ur)),
BRI 1 (2 (to), uf, ub(uf)) < Ji(2(to), ur, uj(ur)).

7T, 24 BRI S IR AR W, B o £ ug I, BREE R A B %

Jo(z(to), ui, ug) =La(x(to)) +/ [uz + 92u’1‘||?_;,12 — |Jub + ng’{HiQ + VL4Bs(uy — u3)]dr.
to

T Xo = |lug + Ooufl| 5, — |Jub + O2uflly, + VLYBs (ug — uj). B (7) WA VLLBy = —2(ub) Ry —
205(u3) R, WA Xo = |lus — u§||§;¢2 > 0. B, X TAERIEHIRIE ua, Jo(x(to), ui, ul) < Ja(x(to), uf, uz).
L5 AT, SRMSEE {uf, ui} N Stackelberg TSI IE 45 .
HT RS (1) ALMERS, EHBLEIERGHSH RIS BT, RIRERE V() RRT ZGR
& K REEL, HBERRN Vi (2) = /P, i = 1,2, Hir, Py e R JyxdFRIE B R ME. MR, 455
5 FU PR BE 7 (1 25187 SR T LA R N

91 —1 1 -1 I
Y= _Ry'BiPyx+ ————R7Y(0:By — By) P, 13
T g0y T BT (g g i (BB B 19)
uhy = — Oou} — Ry ' By Py (14)

4T RN PR R A SR I AT S Stackelberg ¥4 ST, IR SRS KR T RSHFE B A Bo.
ARGV, MG ELAR Y _E 3 2 ST SR T Smg;.
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Critic NNs

Actor NNs

2 (MEEMFE) MITEHR - TN ERIER
Figure 2 (Color online) Actor-critic structure

4 BRSO

4.1 ETHITE - IFNHIERN Q FIEXE
AN H— B EE T AT 8 - PPN ERAELE (WA 2 PoR) 1 Q 2 /K, 12 R G 8) J1 A sE
Bl 58 A R N R IR 0 A v RT3k S5 187 SRS
HaEHMNENZEE o F XM TFRAR Q RE: Qi(z,ui,u) = Vi*(z) + Hi(z, VVi*, u1, us).
LU = [2,u),uh), Bk Q BT LS Rk
0. 9. o,
Qi(z,ur,u2) =U" | Q1 Qi Qi U=U'Q,U,
Qe Qjus Ly,
Qi =(9Q.,) =PB;, Qi, =(Q,,) =0R;
M, s (RIHETHRIG) TH Q BT LLERIRA
Qi(z,uf,uy) = (U*) QU* = [vecs(Q;)]'vech(U*(U*)'),
Hrb, U =12/, (uy), (u3)). AW Al Q BR%
Q,(z, u1,uz) = Wivech(UU"), (15)
o W BRIV AR, f = vech(UU') PN ML LR EL. 4 W = vees(Q;) FoR

BARRIVEA PSR, EIR PP M 2% S5/ I & 3(a) P,
SR nR Al 2 o 1331 JUAE K 2 3 (5) MR (B B B0 et T DUR & T R KT =K

Vi(2(t)) = Vit (a(t = T)) - /th ri(@, u, uz)dr,
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3 (MEIRRE) Mt

Figure 3 (Color online) Network architecture. (a) Critic network; (b) actor network

Hrp, T e Roo AR EMRHX A, ZREE] H(x, VV*, uf,ul) =0, 40 VRS TR
t
Qi(x(t),uy,us) = Qi(x(t — T),ui,us) —/ ri(x,ul, ul)dr.
t—T

XFTAE R AT A FHEHI RN wy, ug, E X

ep, = W/;(vech[U(t — T)U(t — T)'] — vech[U(t)U(t)"]) — / ri(T, u, ug)dr.

t—T
FHE SC 1 ATEN, FERTAT A RGN uy, ue 1, RSP (1) HF. Kk, 721E eB, (ur, u2) € Rxo
1515 |les, || < B, (u1,us). HH ep, M TFEHIRIE wi, g, HY uy = uf, ug = ub B, &5, = 0.
TR Q sR%l, 20 (13) F (14) s (1351 56 w28 A%,
UT :a1R51Q22mx - a2Rf1Q71¢1xw + a3R;1Q71¢2z1'7 (16)
uy =—0ouf — Ry Q1w (17)

K, ay = (1,991192), az = (1,91192)2, az = Ozaz.

xSRI H RGNS o WERMERE, 2 uf = Wiz, uy = Wihr. R (16) 1 (17), 7T
'?%I‘ Wal = a1 QiugRQ_I - GQQalcul fil_1 + a3Q;u2R1_17 Wa2 = _92Wa1 - Qiquz_l

FHARR AT 6 Al T2 5 2 s 1 SR

ﬁl(x) = Wéixv (18)

Hor, W, € RYv N THIHAT MERUE, o MOATAT IS I B0E s R IR AT 4% (1 45 4 tn
Kl 3(b) Fias.

Ktk rg Q B% (15) MMk THAFE RSN (18) AN LIRKT Q BB NURET7 M, /320
PAT LR A TH IR 2

¢
eei = Qy(x(t), iin, tia) — Qi(w(t — T), i, tia) +/ ri(, iy, dg)d.
t—T

S5 BIFR W, 08 veos() HUIIE BUATAEMEAL I BIAERE O, OF) F% O, HUMIRLIHIERE. ¥
BT I 0 5 0T V40 TR 24 O S SR 2, T8 R AT I 2 5%

R -1 A2 ~1A1 -1A1
ea1 =Wyx —a1Ry " Qv+ a2 Ry Q,, v —azR{ " Q, .,
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Car =Wiot + 0. Wihx + Ry 102 .
JE XN Z B iR 2
1 1
K. = ) Hecinv Ko = 5 ||eaiH2- (19)

F R BE T B B AR BT PPAN I 28 R T 9 288 A T H R R SE BT %, DL M fliTHiR 72 (19).

i TH A PEAT ) 28 B [ B B R Ry
8Kci _ ) g r
Wm BT oW, B (1+ 0’0)2ew 20)

Hh, ap € Rog NHEBIEE, RE T Wo FWSGER, o = vech[U (1)U (t)'] — vech[U(t — T)U(t — T)'],
U=z, (), (42)], (14 0'c)? KIGINZA T SEBARAEAL BL 35T (MU AE S o0 e 3.

B At BT R 2B A BB 3T N

aKai

Wi = i = —QgiTel;. (21)
alr

PPN IR E AR IERIRN Wy = W — Wes, WABBLHIRZEB) 122 A

B oo’ -

o
We = —acimwci - acim53”

SIS TE 4.2 /N5 P T 20 BT VT4 009 2% AU i B ARSI L. BT I LB TR ZE R IR N Wy =
Wai — Wai, HHZU (21) R W, 158 SCRTARBAAT A A TR 22 80 ) 243 53 K

(22)

z i 132 p-1 1AL p—1 1AL p—1
W = —aq ' Wa — araq122' Qy,, Ry~ + avagiza’ Qy, Ry — azaa1w2’ Qp,, Ry, (23)
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Seeking equilibrium for linear-quadratic two-player Stackelberg
game: a Q-learning approach
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Abstract In recent years, Stackelberg game has contributed a lot to security control of cyber-physical systems
and to energy management in smart grids. The existing methods for seeking Stackelberg equilibrium rely heavily
upon complete information of the system dynamics; however, exact system dynamics is difficult to get in real
applications, which restricts the applications of the theoretical research results to some extent. In view of this,
this paper proposes to seek the equilibrium for Stackelberg game in a model-free way. Specifically, we investigate
the linear-quadratic two-player Stackelberg game, in which the game state is evolved along with a linear system
and the cost functions are quadratic. The two players in this game are called leader and follower, where the leader
makes its decision preferentially with consideration of the reaction functions of the follower, while the follower
reacts optimally to the leader’s strategy. Due to the consideration of linear state dynamics and quadratic cost
functions, as well as the fact that the leader takes actions prior to the follower, the decision-making problem for
the leader and the follower can be formulated as a two-level linear-quadratic optimal control problem. According
to the principle “from the follower to the leader”, this paper derives a pair of optimal control strategies through
dynamic programming. The resulting strategies are shown exactly to be the Stackelberg equilibria, but they
depend on the information of system dynamics. Then a new actor-critic based Q-learning algorithm, which could
approximate the resulting equilibrium strategies without any information of system dynamics, is proposed. It is
shown that under the proposed Q-learning algorithm, the system state as well as the approximation errors of the
parameters for actor and critic neural networks are uniformly ultimately bounded. The simulation results show
that the control strategies obtained from the proposed Q-learning algorithm could make the system state stable,
and the cost functions under the estimated control strategies have only a small deviation from the optimal ones.

Keywords linear-quadratic two-player Stackelberg game, optimal control, model-free, actor-critic structure,
Q-learning
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