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Abstract

With the rapid development of quantum computing technology, Noisy Intermediate-Scale
Quantum (NISQ) computing has become the mainstream form of current quantum hardware.
NISQ-era quantum computers possess dozens to hundreds of qubits, but their actual available
computing capacity is severely limited by finite qubit numbers, imperfect gate operations,
and extremely short coherence times. How to achieve maximum reliability, throughput, and
fairness through efficient scheduling under constrained quantum resources has become a focal
point of common concern in both academia and industry. Addressing these challenges, this
dissertation conducts systematic research on quantum task scheduling and qubit mapping in
NISQ computing environments.

The main research work of this dissertation includes two aspects:

The first aspect is the construction of a reinforcement learning simulation platform and
performance comparison system for quantum task scheduling. To address the lack of unified
evaluation benchmarks in existing research, this dissertation designs and implements a fully
functional quantum task scheduling simulation platform. This platform provides a system-
atic modeling of the distributed quantum computing environment, introducing a two-level
topology structure at the system level and node level to accurately represent the connec-
tivity constraints in quantum computing. Combined with the heterogeneous characteristics
of quantum hardware, key attributes such as coherence time, gate error rates, readout fi-
delity, and operating frequency are modeled at the qubit level. Based on this, the quantum
task scheduling problem is formalized as an optimization problem with multiple constraints,
and further transformed into a Markov Decision Process (MDP). A multi-objective reward
function integrating execution time, deadline constraints, resource conflicts, and topological
mapping overhead is designed. Based on this unified modeling framework, various classical
reinforcement learning agents based on DQN (Deep Q-Network), A2C (Advantage Actor-
Critic), A3C (Asynchronous Advantage Actor-Critic), and PPO (Proximal Policy Optimiza-
tion) are constructed and implemented. Systematic performance comparison and analysis
are conducted on the built simulation platform, verifying the applicability and characteristics

of different reinforcement learning strategies in complex quantum scheduling scenarios, and
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providing a reliable evaluation benchmark for subsequent research.

The second aspect explores quantum-classical hybrid reinforcement learning scheduling
methods, further expanding the application boundary of reinforcement learning in quantum
computing domains. This dissertation introduces Variational Quantum Circuits (VQCs) as
feature transformation and function approximation modules to construct a hybrid quantum-
classical reinforcement learning model. By mapping classical state features to quantum state
space and transforming them using parameterized quantum circuits, the model’s feature ex-
pression capability in high-dimensional Hilbert space is enhanced. Based on this concept,
this dissertation designs and implements various quantum-enhanced agents including VQC-
DQN, VQC-A2C, VQC-A3C, and VQC-PPO, exploring the feasibility of deep integration
between quantum computing and reinforcement learning.

Experimental results demonstrate that the simulation platform designed in this paper can
effectively compare the performance of various reinforcement learning agents under different
resource and reward function configurations. Specifically, DQN achieves a high success rate,
and PPO exhibits a more controlled convergence path under complex constraints despite a
longer average execution time, whereas A2C and A3C generally face significant bottlenecks
in success rates. Furthermore, the integration of variational quantum layers significantly
enhances the model’s high-dimensional feature mapping capabilities in certain scenarios.
Experimental data shows that the VQC-PPO architecture achieves a reduction in scheduling
latency of approximately 60% compared to the classic PPO framework. By substantially
compressing execution overhead while maintaining a high success rate, this validates the
energy-efficiency advantages of quantum enhancement mechanisms within specific policy
gradient frameworks. The research findings of this dissertation provide theoretical support
and technical pathways for intelligent resource scheduling in quantum computing environ-
ments, offering significant reference value for promoting the deep integration of quantum
computing and reinforcement learning, while laying a solid foundation for the future deploy-

ment of intelligent scheduling systems on actual quantum hardware.

Key words: Reinforcement Learning, Quantum Computing, Quantum Resource Scheduling,

Variational Quantum Circuit
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FAEPE 5P R . AL =7 G AR A TR A CHAL, ARG
) PR 5 TR R BRSRGE RPN T T . E O, AEME TR AL S AL
%, BT NISQ BEATEA FRANTISTa] . 1B SRR R 2225 5 1 B2 2 1)
MR, H, S8 RS R, ARER TSR B2 PR T
it 2 P AR , T T TSRS MO B ORI R R, FFRIE T
R P DR A . BES, ANFETRA /A GIAE o BT F B A AR 5 8 12
AU, FIHGEE SE R T A S s AR R A R . RS, AR
Xt A > A AL AN By R Al KPS RE DB AT U, e S AT 55 1 )
B R B BB VA5 PR S LI B DR SR ) B P Bl

21 EFitEEHERSYESHE

BTERE AR T a2 B, SRMAGAR, BT IR REARE
ST R AR . FEAIES (Pure State) ik K, B MIE T RGNS T HE A
JRAAFEAE ] (Hilbert Space) A EAA [ RFA . B T HURFPARES |w) 2T 5K 10)
5 1) BZEEN:

) = al0) + Bl1), 2.1

Hrb o M B REEARENE, B EH— &M o + 1817 = 1. BRGEMZ R R
i, HORE 23 TR A AE R 2 A8 BRI, X [ S AL P 5 R BT SR 55 S it 17 kil
{UEZBEIFSS

B MR T RGPPSR SIS AR, 75 B U E T SRR R I — &
F|P52% e (Unitary Transformation), 45 MR o) SHE d MR TTTHAE
IR B, ARSI -

d
[T
k=1

XA E A UPRAE TSR AR R B AT, [ S AR AR R 2 R ] A
JRAR Sk 1 2414 (Quantum Entanglement) 3. SR, RGEM AWM T 7T

[Wa) = UgUqy -+ - Urlpo) = o), (2.2)
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| & (Quantum Measurement), Il 45 VE 2> 5 350 oR B BRI 108 1) 77 BEA LR 46 22
WETER 2 LTS

TESEER I PR E T, IR 2 — R T %48 (Open Quantum System) . &
TR AL S WS AR P OR T e 2 S5 AN B A EAE N, SEGRM T (De-
coherence) H#EAERH . BT A L2 &1 RGN ERH T WA A5 B ) 2 W5
PR AR, BT R AT R A SR A A R G TR I 2 SR
A3 (Mixed State), A 5iX — P HEL 3 B FRNAZ O848 A AH T[] (Coherence Time),
HARAL S i mE e RN I ) it R 1) T DA B A A S8 25 2 A 1) AR 1 B i)
To o AHTEFEAE BT B3R A P Bk L, AR AT & 2 48 T S S PU TR
WAAE/INT LERF AR TR, 5 & AR R AR B BT S5 R S Wi i /= 58
. TR L (Density Matrix)p PEUFRIAHEZE T, X Fh a2 2| FREEME A TP
- E A AR e 55 5 1~ (Kraus Operator) FEF R A -

&(0) = Y EwE] + | Lip))ar. @3
k 0

Ho By SRR B AR SR HAR ST T O LS R MR R S EJE = 1, TR
AR T IR S TR Y /K ] R MEFS AR AL (B 22 INRIS T 5 T E3Rya 8ot
Ao P BEZ I e BANEEBIR TR TR T k. Rl AE S
KARECFR 57T, AR B AR A A S 080, (Crosstalk) 5 #AG Bd 7 & dE—
A U R 48 S B A AH T I TR 78 10 9 S s o B R R AR Y Ak . PRI, AR GERIE
MR AR, JRJZ B AR 22 53 AT SRAT 55 O SR T A i 1 B p) 1530 o 30
TRHE, DA AT AR Ry X BT AR PR B B S T A

22 EFEAE=FERBERM

LT H Al NISQ a2 2B AT A IRE . B2 122 Mo MEE BR i i 3L ) 52
W, BT a PRSI E R C AR AL T B T CPU. GPU MY
SRR D E . BHR V-G AT AKFIRZE g A 8 E Bl AR
WITTREEIC, & T = FG P ROSLR RN b B Yy B A B T IR A A 1
REFFIEAY BT HURR R, I, B IE SRR 25 BAE 55 BAS1 . BT AR
FTIEIRSF 2R EN R, it — AR T e . & TR ERE . PR
ZEVASAEAEAR M K 2R 25 TR 200
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MNRGHE ARG, BT EFHERFE AR S 2. &t
J2 . PR AIEAL 2 AL R S S B ARG . Ho, 552 T iR A ) B
TATRAESS, W T HRECE . BTSRRI ed. BUk a2y
HEPITIRE SR B2 28 73 SR T R, BT
R RA A RE T AR RrEh bR P RES R A SR Boe.
8 B8 2 AR 24 B AR GO SE AR 55 88 . 1 i BORI T FU R 2 AR 55« PRS2
WRHEAE S5 58 UG O . BRI 38 L AT SE AR IR 2 U1 D0 25 8 bk 0] JE2 SR 04T e
Tt

P B SR SR AL S5 W P TR BB T 2w T
PHE H R SRV E W) BT HUR L () B I TOUR T EURR T4, 2R T IR
[ 1) K2 T 9 AR A AU IR 105 2 BEE  EE 2R PR W) BE U S £ b AT 55 L B 45 A
SIRZEEFR ML, BRGSO A By sl E A, A
SR BB EE AT IS (R R R A AR . PRI, A S5 TR BN RE AU 7T T 2 1
AR RCR UEA T OR[N SE Y RS A b L Y R E A R b A B B A Y
WSS I8 -

23 EHEFHRERAIIE

T EARIFE T ARG R B AT 5507 g e R &, RS S KR
MR IE B T IETE L AT RE (T XE AR AR R . X AR VQC 8 ML F iy B
AR GIRETTEERA . VQC ld 2By ¥ Z 5 1 L% -5 2 LA iy R L
PR, TR X P AR P B AR B

VQC W5 AL AE B RS A . i I -5 2 S A i P
Wz .\, TEALPLERR S~ SR IKEE S5 I, B L m B (i ARAAIE 1]
o) b EE T X ARl Al i LB (Data Encoding) S8, RIA)
AASHERN [wo) = S(x)]0)®", Hirp [0)" N RGELS, S(x) bl E 1 4 HEL % (Ul
0 24 B 2 2 20 D) o

Wie, ARSI VQC %Ly, — MK T2l 2 8m 7 0 S B R T8 A%
VQC W ALTE T U(0) Hhi— Z 5[5 5 i A 281 -5 m] ] 1Y) B AR e 1) SR B 4 1 i
SRR BTSN

Y (6)) = U(0)|vo) =

L
[ U,<91>W1) o), (2.4)
=1
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Hp Lo r)2 80, W REARSSEE b g8 1E (sZ453E1] CNOT 4
), Ui(0) RFEMSE 6, T TEFERAE GEE R Ry, Ry, R 1]).

TEMEEA T, PR eSS ] SRR B ORI A KRR A (), T [
2 G B R L A AR PETE LR AR B AR B, MM AR Fe i RS A= 4R
Rz [ G B bR R E 3R R IR BB J) (Expressibility). HRIEITEH, 2%
(Ansatz) FEAT 4 RIS 1 — 22 EF X0 P B sl 4H A 0 Ak A R i) e ¢ =Cabise (n
B 2EP I L ER AR UCC); 3 —2 e DARE 4525 #h 15 (Hardware-Efficient
Ansatz,HEA) SRR ZEN , HE BRI TR Z0E (AR SRR T 14 SR e, &
R 2 P B VR B DA AR T . TR 43 T e s A M IR U %
o B AR SR 5 B R A 2 ) SR HES T LA 2 4544

o — o— m
o — ) e
K21 SRk

Figure 2.1 Quantum Circuit Diagram

1E VQC WHEZR , FroR A S 2T SAL 55 BB — MR p al i &, BJe
KAF (Hermitian) Wil H. SJIARNHRA Hipddud FRRSHAE 0°, KMl
BRI EIE S E T NI, MRS T 2R, Bk R 8oE X
o
C(0) = (W (0)|H|y () = (WolU (0)HU(8) o). (2.5
TESEPR T, ARG R H Ol O BB &, R g o ik sk AR
AEE AP (Pauli Strings) FUZRIEA &, B H = Xy cPr, Hob Py e {1, X, Y, Z}%",
M8 T SRERGRE, C(0) Jolkidid By AR, BB R SO0 S A 15
PEAT R B i 45 B B (RIRAE Shot), DA HGET-FIOMHE, RIG1EL M5
AL IS SR A Y f5 28 B B ML
XSEEZIE T VQC WY& -4 4R & T AR (Hybrid Loop): &P BiLds 11 5¢
RS A B R RS A S S B PR, T 20 M = U ) G e g R SR I
WBE N T M GRS GBI FeBk) AU 220 0, /RN 2k s AR
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AL (T 852 % BRSSO SR
KTBBHIEE . TR T RS R ICIR B A 2 g, R SR

I TAFUE] T SRR N (Parameter-Shift Rule) & B, X oy 6 RIS AF AL i
¥l U(0) = exp(=i0P/2), HAGHRE TR I8 :

G 3lolo+5e) - lo-5)

=5 (H), = ()., 26)

Hote; S5 i NSO BRI ) . %08 B R R TR S RS
FRATAG B P DA R H AR SEOE SO — A [ 200 A B 5 AR AR R It 1148 3
ThEE RN ZE(E R AR, MR T &5 2 MR A Ak Hh e R SR fuf

R VQC HAWm ) TAEN FHE, (HHAEHIE 25| BP(Barren Plateaus, 71
R R IR E I AR 129, BP IR AR, 4 BSOS K, S8k %
P — AL P 2- 71 (Unitary 2-design) B, $i8 BHE I BB T, HHTy
ZEWl R G (B LURREL n) GRG0 05 0128 5 26 T F Aof Y s Ul 2

KFERN:
acO 1\ _ (!
) el e

Horpr o 5 BRI FMH Y IE T 4. BP BG5S 1 SCHRE M2 14 U 2 A - H A e 7 e ] £
A BEASAE R BT R 58 B VQC AL 55 1R S B AN SR 9 RS . R, i
B BB VR SR T AR (1 S AR RB PEH 2%, E— 2P T B - 2R & R AR
1A 2 A S SR B L

Var [GC(H)] =E

aC(0)\’
90, ( )

00,

24 BEFIBREGRUXRRKIRE

WAk 2 3T TS B O AT 5 BRI 50 T3 A o e a2 S SR DA J K
BB S . 5 BB S R 2 A AE T 3L > RT3 b 2 e A e
S, TR PR R BRI K 5 S A BRI Ak o 1 b B T B R G e U
e R, VR SR IR A, T BT IR AS 5 1T 45 AT S [ M B 7 B 2
(IEhASERBS . it PR R RE I S EREE ) O PRI ER A2 WL, e H B e
i R.2 Bz

B AL ) BB B G 2 TR AT e A B, Sl 3 AT TAL (S, AL P, R, y)
K L. Hoh S FRIRSEI, B8 T REA AT RSHHE. A £7
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e ————y
. \3

«— 2R —
(HERIFE

B «— ns

Pl 2.2 gifbsy ) 5 B H s R Pl

Figure 2.2 Reinforcement Learning Diagram

MPEZSE], REBEFRATEAE RS T PITREISEE . P ARESEBME,
E T HEEZ RS TS SEAE. R AREIBAIREEE. v € [0,1] AT
1A 7~ (Discount Factor), FH T4y B} 15122 il 55 38 191 22l oot 4 Rl SR e . 248 R
AR A D ¢ W BPRES s, € S FH™ M PATENNE a; € AWy, FEHRBGZRE S
] R —RES s IATHRS , H AR LR R
Pe, =P[S;11=5"|S; =5,A; = a]
=P[S;1 =5 | S1,Al..., S, =54, =al. (2.8)

A AAUE LT RS TR B S AL, R EABE T SR mT K pk, Bl
A GRS T ACAHE T 21 AT 2RSS 304, 5 0 A Bl e 4 e K
PERCIRS R — IR e, PR 1 B BEIAR S — RIS S o = R(sr ar)

T VAR o (RIESS RS T e s AR R 111) IR
B, A I TAIRSHMERREL Ve (s) . BB SO R RERAMARTS s &I R
2 LG R SR e BT RERAT U B A1 R B 4R -

V() = Ex

> YRkt 18, = s] . (2.9)
k=0

RN E R EORE B O T 42 RS K S0 RE . B2, RASHME R AT DAIE
i DR & ¥ 58 (Bellman Expectation Equation) I A IS TE R . XFFAEER
s, HIURSFRERN:

Va(s) = ) w(als)

aceA
e B ARSI R, T 2 4R 55 BAA i 22 25 3] 3k DA SR S A 4 M s
SRR, REEBEHRSEN S SEifERE A A 20 A ) S 4

R(s,a) +y Z Pgs/v,,(s')) . (2.10)

s’eS
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SR ARG RFAR SR AL~ ) SRIETTIA (M Q-Learning 53%) 7EARBRIR R A 0%
IR 2 T ™ SR R AR EEICHE o PRI, 5 I TR A 2 ) 255 DAy SR sl R S e 2 30
DL B TR BE SR AL 27 ) SRR T B T A MRS S IR R RAE M,  IEAE SO R G & T
R G IR GTIRA FE M A L e T

2.5 AEING

ARFERIA ST I K% O PE BRI T T R GRS ik . |, A&
MR T R TITR BRI B, R IAE A TR T ARG NIRRT 5 S e s
Xt T ASEREERSEIE , AT EIRA T G I Se AT 55 A BE SR AE i T A P i
KA B, ARER TR HESRED-FEEE S SR, 2 T 2 2%
AR S AU R E R MR R, AR RN T A R TN B
T-Z IR AT RE A AL SR BEORARYLEE, T E—2P a7 1 il B e R 42
fRRECFR PSRBT S BIALS T TR . R, AFE ARGV A Tl 2] 5 SRl R
PRI R R HESE, AR RSO E R RS VR 27 REA I 2 . AR IR
PR JREEE TP HESR S RGBT LA SRR SE BRI 1 RS BE ST 5 R K
B o
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$IE EFEFHEZEEBESERMMMLATE

HF P PR A SR, AN AR B E, RENS
R IR T I 45U 58T LA . A% NISQ W Bl TR A
B TR B Y SRR A2 A B AT 55 AT ) SR R B IR S, A
B ST ARSI 2 T G R R B TR, WIRE 45 )2 . BT IBERE .
2 SR AR T X R . AR |, A 20 BT A BT
TR 55 S R R BVEARAE . 3 10 40 230 MR 1 1) 59 i e T b
B T AR TS, AT A 45 8 e S A o 030 B SR PR ) R B0
it

WIS, AT TSRS R T R R s R % BT AR
PRACIEVEE, ST S5 A TR ) 260 o I 0 . R ME . NS P DA Bk
1P PSR 5 R S B .l T AR B A AT 45 T A AV BLIRAS T 1 B
W, AT SR SIHERE, S SR B e, BT B AR
HEREE, WA RS AR . B IRV R A R A e A AL . YRR
Rl b, NSO BB R AL S B R IR S B T 2R Rk S SRR, RS
1] DQN, A2C. A3C. PPO J I VQC s A i 1r Bt 74T 45 8 BE b 5 vh 1 Ty ot
SALIEES G5 ER G S BUR SL0 HT 2 PR L

3.1 REHR

P4 HL G R GE R4 M B T FBRBEHEAT T, B BTR , A AR
EZR DU ZE R S AR DA BT R, B B RS . BIREA LT
FhRLER,

X BRI [F] Sy NISQ B #% H i1 B¢ RIS IR S PR RE AL 4R i T — > iy HE
Mo g TR SE T REATERE TREHZ T, SRR i 8 2 i 2 2558
ez I B RER R B

T R R G R R BT BT HORRRR R A S A I ] L PR
B B R A S TARSUR SR PR . LRI T 24 B 1R (R 1 57
Fa) 5 S WA O B S WA L A ] SAT I L S DR A BRI B ] St BT
TR AR FRECRE R 7 LR & AL B AT, BT R IR E — S R
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35 BTESFHES TG EESE Rk AR A A A S

=B
........
BFES ETES
[ ]
ESMR SREE Rk RSEFIBER SRR FBPIRRET
T
R’X
v
EFEHE
I #fF
m {} L
E?—Tﬁﬁ i?—Tﬁﬁ wl
BT BT BER — s — @
HEIFR
[ |
EEE 1BFELE B IRBEIRE
. SRBRBREN o oo [ #waE
HARS (CLOPS) FIRHI AR

EXE (emramn |
Bl 3.1 RS EE 2o PR e e -2 M AT 55 VP Sk i A

Figure3.1 Framework of Cloud-based Quantum Task Scheduling and Optimization for Quantum-
Classical Hybrid Scheduling Algorithms

b (Internal topology), HJF5E SCE1717 sl N AR EE 1~ FUARAY IR PE, AKR—4Ridhdh
(Global topology), FH T S i zUss v i -7 s () e

B R ATIE RGBT P T SRR T I AT 55 T DA R 9 A
FHRAEEFERGRS. BT RRUZ N @RI R R e r 42
WL, I SCHRFFEAST N S BT R S5

RS RIS 2 RGN EAN, Kb MES h— s ocdokfing, aF
e vy OO =S5 SN 1w A A D A LI - = i A N E AN s e e AT
BT ZFREAL . B TAES AU GRAS T & RS, 456 T a5 55 HY
W TEPEEHIR], RESVEAEST IR0 SR DA SRR, AT e i
5 R LT %

R EHESRAE BEFE TP A T Z2Fhag 2z 2] 700, DQN B Ref4 R H & T M am)
TR ] A TSR ) S 2 AR gl , TR ShASEREE b S 2 R SEX T AL
=M% 5, 25K M T Advantage Actor-Critic (A2C) K HAR AR A Advantage Actor-
Critic (Asynchronous Advantage Actor-Critic, A3C), PAF|HFHAT TAES SR Il 2k
HHUGERR AR . 1EX LRIE AR 7 YA =il B, PPO B g i i £2 E Hgad 5
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A SEHTIL IR LA AR 55 20T, AL PR s 2k HEAT BNV AR EAT 55 I 228 1o 1 &
e S REAE . HL T S A A 45 BE T P DA M R 2 P B 2

RER
(- g
DQN VQC-DQN
(- (|
A2C o VQC-A2C
; @. EREFHEE ; ‘!”'
A3C VQC-A3C
(| (|
PPO VQC-PPO

Pl 3.2 2Rl AR 55 T Sk IRk
Figure 3.2 Optimization for Quantum-Classical Hybrid Scheduling Algorithms

D B 3T Gymnasium RESRAEE. %05 BLFRES J b2 > S BB IR O I 26 5 17
MR T — AR A T . SEREEFE24 T 2 e TR R 5 2 A e e
ZIRIHRR, A LR TAT 450 TR T SRS RS, TR Haa B
BTATS AL E W . 78 5B AR T3t Bk, (RS WA E LA S 4
B2 T TR 25 6], SRR T s RAE , A 455 A S S5 e 2R BB (R R 1 ki
A JRRAE AT P AR A T IR A IR

HET BRI R GEIPIRTS: B REIRTE B AE 23 1] P AR I AR LR 2, D
B AR 45 WU 2 B A e T R A TIE A . ( ELER B 0 BRS04 A 0 e
M AT RO ZE R AR, PUTRGOIRASEEAS , I B SE & 1E i
Al 5 A ML 1 52 5 B 1 5 B A S ot A A 8 P 2

PR B T 2 A, AUREAE S S . VERR R, AP DA S
Vho 0K AT R4S . AMICSI. AR b I DA B 25 DR Sh VS s B AT A 5T .
flerRr s B R

32 fitimESHFERE

BT L O 408 VR TSRS SESHAEE T = {t.h... . 1.}, &
AT 45 V8 BE 5 5 T ORI B 0 g 5 AR A Bk R, G i
RS2 LB A R -
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R E R EER LA R S

2631 R BeP IR BT b g

fivbs filiid BOR

%EY‘E (Wcompletion) ﬁ%)ﬁ%ﬁkﬁféﬁ%ﬂ@%ﬂﬂ?@@] o %%géﬁiﬁ‘:%ﬁ[ﬂ:%o
&ﬁ% (Wefﬁciency) %:J:j:)hf/ﬁ: ETJ‘ I‘lﬂ 5 g‘f%?ﬁ *% H:% B/:J ég;};j:' ° 1%4%15%%5_@ EI/:J EHL%I‘@ °
/A\y‘@ (Wfairness) ﬁ%ﬁ%ﬁ1ﬁﬁﬁ%@f*§§EQ§gﬁo ijﬂ:ﬁ‘/ﬁjj’z:%ﬁa ig@]:ﬁ\lﬁo

éﬁﬂ: EH‘ I\ETJ /@é‘iﬁ (Wdeadline)
ﬁ%}ﬁjﬁﬁ % (Wutilization)

'ff%ﬁt%ﬁ (Wpriorily)

ﬁj\gagilj\& /@é‘iﬁ (Wfailure)

’TE é@ ?’&E'Elfﬁ (Wrejeclion)

AT 55 S 1o TSCAR L I ) P 25

5 RGN LR A DURH 5 1 220 -
AR AT: 95 AN Fi ol o AR P AR ) 2D o
B AN B B A e P 2 A AT
TR EL PR = A AT 55 B A i A4

T PR AT: 95 AL R K IR o

J SRR T B 2R

Pedt B S B DA S5 W I e AT
513 SRR R B U0 USRS

B ICREELS, S THIRSS A .

%632 ARSI ECE AT S 5]

VKR S LS L &1

n B E% R T =A{t,..., tn}

1 i RS eT

D; 1E55 1 TG R TRESE R ] T 1152 2% B SR et
Si 1155 1 109 S ] B - Uy sk ] HRAS R, S € Ry

d; 1% t; W#k1E H 3 (Deadline) SLO fifif: 4515

Vi 155 52 R AR yi €{0,1}

qi 5% 1 IrRmZ i T IR TS5 REFR

1% YR T U A B 1 A B I

M; i R e SR AR M; i € {0, 1}

M KRTEMHEEL (Big-M) FHTF i SE R4 AT 55 i 2R
1[] EEAN Ak ARG 1L, BN 0
pi HZIFTARENL P AT 55 B B w47
Active(t) WZ ¢ {EERINAE S L6 H T oh gl

E TSRS UE S TR LR () ) B &
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minimize Z D; -y, (02}
i=1
subject to
S,'+D,' Sdi+M(1—yi), Vl, t; GT, (Cl)
Z My=qi, Vi, €T, (C2)
keV

n g
ZM,k 1[S,<t<S;+D;] <1, Vv, eV, Vs, (C3)

i=1 j=1
pPi = 0= |ACthe(t)| < 1, Vt € [Sl',Si + Di], (C4)

M;, -M;, <1[(u,v) € E], Vu,v €V interacting via two-qubit gates in #;,Vt; € T (C5)

v €{0,1}, M, €{0,1}, S;eRsy Vi k. (C6)

HAr (O1) BIEm/ MER G P TR C AT 50 RRRATI ] . X T8 7T
% ti, HEAEHATHIE D; IR AR ¢ SAREE R (B4 CLOPSy,) 15 .
yi € {0, 1} FR—A TR &, ATHRES 6 R Bt TR E . it
H/MEERT Y D; - yi, THEERS PT AT SR T ZRGEMA Y B 5 S~ 35 ] A s ] - 1
PRI . SRR T I ) B 18 R A B ELRE R 2 o ™ ) NISQ A 1A BR2S
REE, K A AT AR £ R A T S A R AL R A XU

ZY3E (C1) R SLO #2293, @aL5 | AK M T (Big-M) K FE R A 48455 1
PR, SREIEERICA 2RSS (v = 1) WATERSHR AR H W 4 B 3se s, A
TTZE ™47 P AR L B () 55 5K B ORI Tl 3 B R ] A7 1k

LY (C2) Jyi 1 HURRL 2o, HSR BTS00 A2 551 HURRRE B
B HAMFE Y IERE T HORE , DAORIE B AR S B M S Tonh 98

TESLE b, 203 (C3) B HE R 293, #— 2Pt B E W E R B R 2R
BTSSRI S, A0 1k 1 B R 2 A B 4R TR T HE A
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35 BTESFHES TG EESE Rk AR A A A S

EIOA E B AT RORFEAL ST, 2R (C4) BT A SR 29 R ML e 4 e TRA T 7 11
WNERZ AL — M55 A TE BRIRES

A (CS) VAT MR 295, B ORI B0 1 FUART T3 WU 2 R iy PR
R HURA B, BAERCORIREID SWAP TR H- 4R 1A SR

i, AR (C6) RIS & SUMATHRALE T T A oA A SO EEE ,  DARA
PRAC AR B — B A 26 A B AT

33 ETRMAFIVNEFERZTEAESEFILIFHRGEE

5 PeHiE R B AR R — 2, AT R T 55 S T LR Ip i
WA /R AT RS e, 5| A ur s I ESR R 2 ) B SR, JF AR e E
D&

M=(S, A P,R,y). (3.1

S FRRZEN, PR R 5 € S ik T 25624 i 0 V6 B 5 R PV IR
&5, OIS PIIRRG BIS . T, 5280, PR T ARy & it s =
(51,52, syl G s, € {0, 1) $7R B T HOA v, SR i ). 49 M 1 LA
REPREYE. TR AL 5 ORI 4 SLO W, DARURIE I 1o ARASTT 25N

s, = (TaskQueue,, QubitOccupancy,, HardwareAttr,, Remaining SLO,). (3.2)

A FoRFEER], HAPWENNE o € A RFEWFAAE S E S &7 HR
MRS ERE, E SN

a, = (ti, {vj...., Vi }, StartTime, y;, p;), (3.3)

Hort; FORPRATSS . {v;} C V BRI R T IURF SR & . StartTime F/R AT
FHGIHE] . v € {0, 1} FRILFEZART . pi € {0, 1} Fon It EArbfr G5 fuifr
KIET)

P (101180, ar) FoRFRLRRE PAEIARIGH REA R B/ AT 7 A R GRS
HKME, BMEF RS SPOER, WRBHAEEZ . IR s oL, [,
Py T HRR Y 5 AR DL BB, DA PR B 20 BE ORI B . 244 iy 4 SRy s 1] 1) i
HEDE, I ELIGBRAT 55 BSR4 AT IR ) AT Y D2

22



atis e i U e A8 3E BTEFHESTEEES Rk

R(s;, a,) Frn R eREL. %32l e RS TE fre/ M AT I ] 1 ) e 3 A2 MR 5 2405
BRIV TR AT TR AT E SCh

Rexee = =D - Yi» (34)

M TSR AL SR B . SLO FR5T 25 B2 75 1 A A Lk sf[a]

0 if S; + D; < d;,
SLO = { (3.5)

—’A(S,- + D; —d;). otherwise,
HpZE &7 SLO ZORIATST, BEALER IR APt s . A Tk
BRI SE (CQnm it S Bld M ), AT I AP SR AR

Reontiict = — - #Conflicts. (3.6)
N TR HRR RN S SWAP BAERY A, AN RFah 4 METT E SOR -
Runapping = —@ - #SWAPs. (3.7)
SRR T A X e
R; = Rexee + Rsi.o + Reonfiict + Rmapping- (3.8)

y FORITIIAE T U1 T 2D -

H Ay, Ba RATTAMEST R, HT-PAr AT E] . AR RIS O P2
R R DA B L AR

AT LA PO REIAT, DABOR A S RS -5 40 BEAE 1 B 1) B i JEE 20K
PRI —2

34 BEFHRNSERIMNER

AP SR PAT B TR S A D W A . AT BT AL Y
BN BA R A F R TBUZ M R A BT BRI, BAEAITER NISQ QU -fif
PFEAEPRAS AR L DA R 20 A U T B P Al . B8 R PIR S N S AL 55
T F ], 25N ADLE), g (BUSY). 4% (ERROR) i 4E$" (MAINTENANCE)
SRUIAN U SN bk AL 27,57 e DB S T SR

AHFFEGIA T BUZ RN SR At iR B A5 BRSS9 i A Fh I E LT
SRR BT FURR IR O MR A5, AR S AR IR RS Ay, EARPUE T ORI AR
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35 BTESFHES TG EESE Rk AR A A A S

AR PATPE o AT 244 55 55 K B2 B TR S0 I (2 Y PR SR P I, 1 7 P LR IR
AR T] A WRE v I JC IR A BT 5 AU {5 AR KU, . 119 i8]
PFE LT A M 2% BT R AR B G . % E AL B S E
A B 119 R RS UM L e A F VT SR Y A SRR R AR S, AT
{r B H T AR S A IR o

B R AT BT Y PR O 5 RS . ARG BT EURR
SREALH LB BT PRI HE, A AL e RO F B 08 T RA T PR TR . LY
PATIS TR AR 23 7 811 SRS R B EAL BT, il 2t A o 55k
B

35 EFLRMREFINEREEE
351 {EMH DON HEEFHEFESEE

DON $ ik 7 —ANiE A s B/ 25 R B T U E A s A 2 AR AR50 H
TR TSRS 1 LA I ) R

BARES s, € S Hf T U R RGRES, QFEFRLIE S5 RHE I AR A (AN
ML, TR BULITR S FIFATHE) . FEos B 1 HORR 24 0 o A5 D0 ) — k1) )
. BAE T HORA BRI CRHE (ST R (R S IR MR RE) . FEARAT
15533 S H M 55 200 H AR (SLO) Z BRI ARAA TN TE], DA R 24 R 4 Jm it Ta) . #A>
WEIELAE Mt ABRIEZE Q M2, %M 484 th BT A Al AT sl ERY A Q .

1 85 BT HURPIUR DR SR B O — A BRI, Gl AR 4R 55
JEF- o B3R

a, = (ti,n;), a, €A, |A|l=|T|x|N|, (3.9)

Ho o FoRFAE SRS, ny FoRr R 7 IR SRS R EUE -

R, =-D; - 1-max(0,S; + D; — d;) — v - #Conflicts — a - #SWAPs, (3.10)
—D; NETPRATEER , —A-max(0, S;+D;—d;) Fnidi ;L SLO 2 ST, —y -#Contlicts
R FRH K o A AL, 1T —a - #SWAPSs FE51 i 1 e MWL 5 | 2 A 2 M
I

N T RGENGRERR, BG4 T — MM BARM LS Qo-, AR fiarges = 1,000
MNGREE EMEF L. T bR ZE, A0SR i 73 E DQN(Double
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R i N2 T we AT e ¥3% BRTESEER TSR
DQN) ##::
L(g) =E [(rt + VQH- (Sl+l’ argmaxa’QQ(st+la a,)) - QQ(SZ’ at))z] . (311)

FE R G h R EE S 1,000 ARESHAL SR SR . ATROAERER Adam A4
(2£275R 0.001) 2 Hi B BR BETERESY 5 [ 1, 1] BB BE LT - hAEIRER T e-3%
LSRN, RRR e RS 0.995 BHEECE A T €vare = 1.0 IR €na = 0.01,
PAP R R S A

X AT IR DQN B RER NS <7~ BIA ROWA E -5 I SR, 1 2236 [l i
X AL, AERECELR T DA BT B R/ MERE R

3.5.2 {#EH Actor-Critic HEgEFNIEFEZAE

P T AR THE B A I T IR 0V R e 5 e R, A4 R
Actor-Critic 3 {2 3 HE LR & AL B TAE 45 VB 5 0 T WOt . 5B 4y oo it
FHr{ER DQN FiE A, Actor-Critic ZRA4 18 118 K SR HE 8 2% (Actor) S5 E 1A (Critic)
FRGE A, BN S Rl A s 2 B B R 2 ) P P R

AT SEAE %/Jﬂ?P R 26 T [l Advantage Actor-Critic(A2C) #HEJ;
% AL ABT, SO T ARG e 5 A I A, I AR
TESAL ) AT B B2 T 0 T4 T o HEAESB.5.2. /N hd i T 545 R &Y Advantage
Actor-Critic(A3C) 25 {k . 3Eit 7| AFEAFE AE R AL TEEEME RBE LR AL DA
BRI LE T 245 SRR 25 5 S (T e A, M T AR 5 7T 47
VEVR A RIS R R AL 25 5T O XT L AL
3.5.2.1 [a]# A2C #fi

A2C BRI B TR A Rl PRSP A em 5 (2 >, il G 2)iK/Z (shared-
bottom ) ZEA4 [l IR HIE A B SR S5 IRAS B PR

BARE s € S PPN —PDPHEN— LMK E . REFRETRNA
Nyodes X 4 HITT RGRRFAEAE RS (FESR BT AAMBTEIRES ) . KU Noases X 4 BYAE
FOAFAN (FAPTT & T, g, RRESERE), AREEH—fbk
FAR BT S RS 1247 PR B R SR e Rk ) & . Frg AR IS 1R
SR 255 B E M 45 I G2 — A

ShflE=slE] A R Z B (Multi-Discrete) 73f#EAE, ShEE SN ar = (tiax, niax) -
HRRY BRI AT, ARG ASHER LS, XA AT AL 5519 ROAER B LR
(Logits) MY —oo KT, KRERAFKR HIAEAT ROEHC BTG N o
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90 265 2R P SRR SR BUZ AN = A 1SRG AR55 Actor Skt HAT 55 e %
R, 1A Actor SKERA Y R B, Critic SKIASTTARERIRSHHE V(s . 41
PSR = AL Adam (RS UEATANRLEE AL o

OSBRI A, FIRT 0 2B R TS

n—1

R, = Z '}’krt+k + ¥V (St4n)- (3.12)
k=0
SR R BUE SN -
L(Q) = Lactor + WvLcritic - WeH(ﬂ-O)- (313)

Horpal il e KA H (o) ZERFRIS IR ZNE . L IEAL 2 n PRLEHE, 78
PRUEAEASZCR TR, AH B B SRS 7 YRRy 1 BN A
3522 lad A3C B RRIRM AR

A3C B REIATE A2C B REIRRYBEAE F5IA T X Bkdt. A3C BB R Z A H1T
BRSSP Y LRSI A L, I B AT A S TR T U SR Y e )
FHRAE

ARWFFEAE A3C BB S T 2= AL ARG, I M4k 5% LR T
AR 2T Z(1r acror = 0.0003, Ireyirie = 0.001), {55 4% ) B BR £K FE B 52 fcHbu i | #1355
NS IR R E M, BUELEI T AT EEERFEL o (0) = exp(log mg—log moia) ,
H Actor 12 € SLH -

Locior = =B, [p:(0) - A,] . (3.14)

ZEEBR BRSNS (max_grad_norm = 0.5) , LBV T 5720 BB N T fE H BA
SRS (i £ JXLE

BEAh, R AR KGR E Ny 0.0 M5 T IR ML 2, S lah B R ATE B 1 EL sk
ENRS N D (W02 sl wosi i R P = 04 7 O Vi | L 6 E R I e

G REIHTIA T 2R SEEP R ITY, HIZSSm ik 7 EE T A2CH
RERI N GRAT It . SLASKNE HLR o, (0) SRR I AUE I T AR T ST64, *F
TAE R TAL S IR ORI E P 2 R

3.53 (€ PPO EReBHEFESZHAE

PPO i 1 35 i A H Ay 1k 2 BE It i) s TR, ke ol T A SR 2 Kl
F o mAER S B TR SR 5
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atis e i U e A8 3E BTEFHESTEEES Rk

AR s € S Il TURIMRGRCE, B4F: (FOEBEUESFHER&E (B, 7
R BURIME . FIIFATHE) o AR P T HORR G IRAS Y R e B R R
P (IR REEE. EHEMAERE) PAK SLO RN . SEBARERIR I 4E
PARTREL, VR SRS R 45 P A o

shfEasia) A R TR SRR BGOSR, E SOR

a; = (ti’{vj}’yi’pi)9 (315)

Hot RS ERG], v,y BB R AR, v W PUBITIGITE], pi It AR
6t RINRE R, 56 T PATIER G Revee+ BT HULISAIAY SLO £E51 Rsio .
%?ﬁ#%fgﬁ Rconﬂict E%Tl\%gﬂ‘?gﬁ Rmapping:

0, if Sl' + Dl‘ < di,
Rs10 = . (3.16)
-A(S; + D; — d;), otherwise.
SR NRIR A
Rz = Rexec + RSLO + Rconﬂict + Rmapping' (317)
AR gRARE M, PPO SR E B AR H ARk %k :
L@Ww):E,hﬂnﬁgm-A“dmoxexl—g1+e)u&ﬂ, (3.18)

HA R b 7 (0) BERRMIAE [1— €, 1+ €] UM XPhSTHLHITES 2 R 07 222K e
5 (WEEH SLO SMAETT) I, BEA R 1 5Rms ) BLad BE (B s s 15t A 1 D

BT IR B RE PR REAS 2 ) B R BT HE SR, R ST ) B2 S [ RO Ak
BURGRIRMEM . EHERPrE, PPO AL SRIZ R Actor-Critic 2844 H i id FLIK
iy 1) 478 B e 282 R B SR

3.6 EF-SHRSESAEEEMRE
361 FHARF-ZHBEADONBHRENEFESEE

AR BB, 5. I i S 2 B R S B - 2 IR A R .
BB T T UM 2 SIAESE (A% O BGHAE TR VQC B T (5 M2
RIS RO B P 3 B AR R 2 ) P B R E R 3 1R A 7 A 25 P
B pesfs 54885 1M B BEAL T4l 1 BRI, IR AR B T U AR 40 0 4 SR AR
BOLH: RGOIRAS s, 56 =4S (9 2 R OLIEAT AL B, 4 SRS A
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35 BTESFHES TG EESE Rk AR A A A S

FECRERE . (45 DATIARAS ] 45 B ARME A (Latent Embeddings). 35 #E A ] it
P AN BIUEGIR AW R AL ngupies = 10 FRARERI I, M
T 249 5 5 5 A B 2% B A«

AT A 1 MO (D8 4% 02 1 T PennyLane (— ST 05 i T4 R
HES B TR S5 L 32 T P T T O T IR PR ) 9B VQC Fa iy . 3T
BRI T 5O S8 A A AW B St £ B iR (Angle Embedding) 54
WURRAE A5 TR T-20070%, IR Ry A1 Ry BERs ] TERCIRmU Sk hiek . BJG, 7
SALPEH L = 3ANTS RN, 45205 T I 5 HRR e 1 DA T Ak B 2 17
321 4iTf) CNOT [ T, 2, RGMEAE T HASE Pauli-Z 57 F IR (o),
T phy 2 U 2 TR 1 B WSl R P B P25 1) A R Q M. SR IAAT
i, SRR SE T 45B.5 MY 1 e- 20 o MR KR ) O FS MR I B, R AL B
o [ i P 25 B MLP R 15 VQC [ITERE I 0. K T FEIR AR T 4 v B
AATICHIR A T ARiE DQN B4R Ak 5585 M A0 DQN 254, BIVECHEAI A H A
% 0y KK Q AT J71%9% (Mean Squared Error, MSE) 1% :

L(6) = B[ (ri + y max 0y (s1:1,") = Qo (s1,@))?|. (3.19)

FEGHL A 1,000 25— S BRI DA B A 1.0 HOB8 RE TG KGR DT B 11 44
.
WS BEF BEAM T, VQC-DQN 5 B MR 1 P B ph 07 B 15 2 B 2 ol
TERHIEIE 24 R ThT, SRR B 3R F BT VQC Wi 4& i L A2, il
I B K T 2 FE N O(B - Thge) e T HRIE DQN BRI/ T A5 19 45 1 1]
i, AR G T I R T, eSS AR b, AR A
%5100, 000 {28 8 ] Hc it X 25 U1 20 5 DU 25K [ o i 20 SR 3645 B T
Bl , MBHER 02 P). RAEETSHRMILF SN SR 28OS H, 1
3P AL e T R DR A 2 1T 1 (1 B8 50 (B e 2 T
3.62 FHEF-ZKHMERES Actor-Critic BFEFNEFESEE

FEB.5. 25 5 LI 3 Actor-Critic EZEELR L, AFB45 1A VQC A B EGIE U
2R T T2 IR A Actor-Critic B , R 576 R it T2k BRAE AL LA 15
Y ) R PR B I 2 T B KR AE R /7, HE— 2 AL B T AT 45 VB T i B 2 1
B . 5 KRR B I 2 R4 R ], TR S o B GRS S B T
SRAC 2], R T O SR e 5 S P M ST SR 5 1 (L B B s e
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atis e i U e A8 3E BTEFHESTEEES Rk

T T A9 S8R B LR 4 5 4E 55 7R 2 WO TR 2 e
A AR SB.6.2 N i T RET VQC iy A2C BB . Wi , 9B.6.2.2/

RN BIR T XI5 B 5 AL«

3.6.2.1 fififf] VQC Him7 A2C

AN A2C BV R R - AR AHESE, DASCIRMS AL S A TR
BETE . WL T A2C FY I BRI B LA, E 0 A 8 0 Y 2 3y
8 VQC R AR L. S8BS2INELL, REMRE s € S KR LS
T (Noodes X 4)o AT GRAFT (Noasks X 4) DA A HRFE [ REDEETT AL, TEIGE 1055
LI A P R A

IR B R R SR AT, SOBL T AL TFUAL B T 43 &b
FRAT L I . A R e — N R IUE 4R (input layer), YR 4E I (R 5
Ngupirs = 100 BEJF , FIFF BE A R4 5 R 450 2 0 T-29 7728 % VQC
L =3 EMAMIREN, T 772 p AT 20 A B . M 31
Pauli-Z IR {HE G 4 S0 =4 1 T IS AR5 Actor SRR & Actor 354
HIHTFATSS 545 MR BULER, T Critic S AR SRR M V(s) o
PRBE PR T AT 0, BRGGRIRERT Actor S By PG DML, £ Categorical 4
113 R T A HO XU LRy —oo.

TEMRALRTEL, 25/ NI T 48B.5 2 Vg = s Adam (EAL2S5MS , 43 H16F
T4 Actor, 455 Actor 5 Critic JEFFAIRLIE 2. > REHE . Mg B HFEL T 0906 114
W, HRIER R, EA YRR, R E X A, = R - V(s,) H&EHMk
MDA ERERE . MBVR RS L(0) Bt ThIERE . Ik S R 1E DAL 091

L(Q) = Laczar + WvLcritic - WeH(ﬂ'O)’ (320)

HH Locror = —Ellogma(asls)A]. R TRSHEAIGIEREE MR E TS, Fra s
23 2R FH 1B A2 #1464k (Orthogonal Initialization) .

MILZRBE M EE /AT, VQC-A2C B REMRAEHESL T B E IR F 2B T VQC Hij ]
RIEH Tyge TS FENZRTT B, BRIREHIEAEN O(n-Tyye), Hh n RFEIEHLE
HH . BT HE46)Z input layer 5 quantum layer 76 =/ MUALAR RIS, BAETHGIAT
O (3Psharea + Pheaas) WESMTES . TEZS BT, WNHERTKAUIH n BB v X
FF, BARFEEHN O(n - Dops) o VQC-A2C B REMAERF YR B R GIHEZZp X, TH
PER I 255 [ml AL, PR ORISR TS/ N e 5 o AT R SR IR T 2 IAUE S
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35 BTESFHES TG EESE Rk AR A A A S

VQC EP 3% Rqubits X3 /l\ﬁfﬁll%ﬁl/fi?% ) z%\ﬁ%gﬂ‘j O(Pclassical + quc) ) E%Eﬁ?ﬁ
52 RIS T 445 e AU (E PR EOI DR AL 1 PRI
3.62.2 i VQC 34585 A3C i

TE45B.6.2. /NI R B 1 VQC-A2C S REMRILRE I, VQC-A3C 75 14 1 5] AR 25
HATHUR], 35— 25 7 S IR A 2 5 R T RS AE . % BIBLR F AN TF4T DALk
7 (Worker) 5 3 S U SFBESL GIMEAT R T, S P RRE AL i 2 T 7 VI 25 550 1 e
IR Ve, A TR b, ply TR A B R T Bl S B o 0508 7 A f
%, BRI I B At 2

A3C-VQC TESZHUANYT FAKEER I 74— Adam (AL28 F M5 AL ALk . R
[T A2C FEE AR TS O AL 285, A3C-VQC & fl M 1o Ay 3 521 28 L 4
J Input Layer. 774543 Quantum Layer P4 % | Ji# i Sk 40 BE R 7] 12 51 %6,
SR T AR G R4 G BT, M BB S BN Dracror =
0.0003, A B TSI ST AR [rerinie = 0.001 . BXFHBE IS4 R E BRI 5K
A H SHE B AR LA b 7 B B B A 254k

KT I RER A RIS EYE, A3C-VQC BREIRT| A T BB R
Lt p:(0) = exp(log g — log o) HeTHHA Actor i 25 :

Lactor = =By [p:(0) - A,] . (3.21)

S567 0.5 BB BB AR SR E R IE R Ik, E AR T2 M Ef
BB 4 R R0 n] HE LAY SO R SRI IiRe KU . BEAL, R R K E S 0.01,
B GIA T R IR AL 2T, Sl B B AR 1 EU RS B SR _E R T 2 B R
2R, AN BT Lk RS S 2 B S I v PR LB P U DL B A

ML I R A, FI IR A2 2R BERE AT TAR AR R N AT 4070 &
IR S AREIREF N O(n - Toge) , BRI 2[R SRR IS B IR S AT
O(N,, - P) WJTHS, Hh P s 7 2MAE S VQC fighkf. XA Lileair 1l
Gt B RF ST A2C, ART A2C Ry =7 ALas 45, ASC-VQC did 747
> R B Adam (AL, RRERERR L HDRTRCRIIE R O(P). BUAh, &SR HL
R p,(0) 5 0.01 WAL RAE T SR HT BB T —An] ZW 0 LU e 2 AR, 1 0.5
FRBR T R O T 5 e 4 R AT AR SE T TESS IR RS TTTHT , AR G0 B
SN ESMIIC O (P) HIZSIARAF e R B A A, DASEBL T AR R Y[R 22
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MG (e 3 3% B TESEA T AL H R
3.6.3 HAEF-ZMREA PPO EEESHEFESAE

AN P S 43 Lk B S IR S - B AR 23 I F24ERE 7, 1B PPO-Clip
B O AR A 2 B PR DS PRI SRR . 598B.5. 3N Bk iy Z it PPO
KA, VQC-PPO jiliitt it T2 Ab BG4 25, RS SR B bR S 0 L4 VA R 0
HE .

REURAS ) S W MG L EHAE - S T — Sk e, B T
BB RS R . RS PR S 4 R R GG . FEREAT R TALBEY BT, KSR 4
FFAE T Sl At — M A AR 5 ReLU 0% b6 5010 2R 462 Tnput Layer [E 4 %
Rgupirs = 10 4. CFHTRALTIHL I 5 S0 A T-7 AR5 25 18 (0 SR SR IR 7 A
HEAL RIS -

W S5 U A% 02— A Actor-Critic VQC [N % . FE4H 5 1) 2 HUEHAESE 1 £
FEAIEFIE Ry HERE T ToI0 AR T4 MABRI L = 3 ZmAE, hT %
LR IERE ]S ONOT A4 84U, 4 3B G 40 SO S T TSR ik
PR AT TAT 45 0TS Actor S 400 B BRIERT 104 4 Actor 33, DA
BTG AR BRI V(s,) 1 Critic 3k, Sh1EZSIE] A BB £ B8, JL
PEIHE ar = (g, nrax) [ BEAE 55 68 SMURET A SR BATIBEELI R, RGLE
M Categorical 43 RAE R X} Actor XU LS FIFERHLE, B TLRAT 457 UL
FYH —co,

BT IR AR, SR AE S AR B IMUE SR B

Liotar = L7 (0) + ¢1 - Lyr(0) — 2 - S[mol(s0), (3.22)

o LCLP B e = 0.2 RSB E AR, Lyr 2RECH v, = 0.5 HHERIR,
i S FREECN eon = 0.01 [URIT. PEHMETE A, B UESMHTE, S50k
HA=0955y=0.99, 1BEEHKINHN ngeps = 2048 ) On-policy Rollout 2
K esE, H 2T 2% 0.0003 BIEA Adam (RALRSHEFTEERAAL, (RIS I7 1 M
0.5 [R5 BE BT

M ZEEFBEAMHT, VQC-PPO Y REPRTESEREY B 2 IR RS, 15
PEPRI ) 240 O (Thge), M MBULIZE S VQC (¥ L = 3 241401
MR E . TERACI B, A E R RN R 2l O(E - M . 1), i
E =10, /MEEFI/N B = 64, HERA Tqe W35 T 1T 2L 5750 T4
T 7 S 1596 o 23 RIS 2R )7 THT . N 7E955K S22ty PPO Rollout Buffer 425,
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35 BTESFHES TG EESE Rk AR A A A S

IR O(Ngreps - Dobs), FoH Dopy SRS ] S HERE (AN podes + 4Nrasks +3)o
VER—FhIFSRmS ik, B REARTE AR R G S X, #iRNa S A2
B a] R AN . BIAS RS [E]  2UAES VQC JZ2H 3 X ngupis x 3 AT Zfiels f 21
B, SN O(Perassicar + Puge) , TERTE & THRFN T RFHEE .

3.7 AREING

ARBE BT IH RS N TS RE S &7 R 8, RS R T M
TS JZ IR AR DAk I R 22 v ) B A B VA B ST AR, N2 ARG S S 5L
IR REE T e ELA S vk ST HE

e, R T IEAER T, AN A= E A ST T 2 e
B, R8T SO HA B AR 2 SORDBZ B 450 i A B e ilad s A
REPARING T S HARTS, AT % T BT A Z RIS S TR T Ay
ZIRIMEE R RN, 58RI . TR B AT IRRA AR
A JE M, B T ARSI AT . TR G 5 R B B DA S R AR
R 5 1 PR PAE TR R A SRS DT ol 908 2 5 A R % s 3 B S
NISQ &= Fhfi 43R5 .

HWR, AE A SR, ARFDRAT SRS & ORI R S i AR e —
AN AR IR AR 8, AR T DA/ ME R GE BT AT I 1] R A%
ORI E AR TEMCERE |, ARF 2P | AR RIS R AESE, B AT 55
TENSENE . FEIRRAS LA AR (4 240 R 2 il & 5, BT T iR AT 45 BASI
BT HUER S RS 1 AR R RN R G 4R S B R B AR RAS 25 T, IF
BTG PATIER . SEEM S AR5 BUE . BRI 2R SRR R S i
TH SRR S E AR EE, W5 TR AR R 08, AT 54
PEZ TR A T 25 A AUA o

TR, TR BRI B A T, AR T LIRS — @ RHERL, /T I
T DQN. A2C. A3C fl PPO % £ fh 4 Ui fh 27 > B RE IR TE B FAT 55 B 3 S P A I
AJr. Hrr, DQN 38 4B pR B S5 B B HOR s fE R s sfi2% 2], Actor-Critic
T Y T A B D) 24 5 A1 (LI 245 P ] AR T SR, PPO U 3 36 B 5 s o
BN R N Zrad RE g ReoE M o LRSS AR () ) o T 1o A 55 R0 I A ) 28 . i
2 2] FE B

IeAh, AREHE—HHN TR -SSR EE ST, R



atis e i U e A8 3E BTEFHESTEEES Rk

A T BT AR B T AL TR O R R TR DT R AEZRMIBOTT B, ARERRSL 1 2
Z 2 BAWILEATRAAE AL L . VQC PuUATR UFIE BT 5 S A AR Wyt R R . @
A PERASA , T ECARSFHAERIM 2 81A /RAFe S, AR E &S 2128
R S SRR 2R T A2 ZR R A A SRR e RS 2 (M R AE RE ) o AR, AT T
VQC-DQN. VQC-A2C. VQC-A3C A K VQC-PPO FZfifi -2 MR &/ BB, I
Bl GEAE55 0ed . i Ie- 5 81 HURRIR G 52 B 1 22 AR S AL -

), ARl R o) RS VQC MR B RE R AR AR . 45H
FHEATH RS BT 04, B T 8-S O A E S BOREL . FHIEFRIARE
FHEBLRCR T MR AR o ST, ANEESE AL T A TAT S5 U8 B ) AE 3 2 it
SRAERERIEROT S BEIe I, hagE TRE RGN TARSEH, %
P B BT DA RN R SRR PR RERT FUAR Bt 1A% DB AR 5 S AR A o
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atis e i U e A8 B4 E ARG

F4E R

T 0 AR S5 P T G B 5 4 2 R A2 3 D T2 IR A0
RS BB, ASTEVRANAA T R TR R R R G TR, AT
W IE R ST BT AR 4% 26 20 BB A2 518 RE PR 50 F- 20 SR A5 3 A2 S0 8 RE PR i 5L 2
PRI R, A5 SCFE Linux SRBE T T — SR Se 800 B T VR R 0 EL R
4. BRGIHR Python VERNBLLIFRIE, BHAERT 7000 17, 2580 (k2
)R R I BB SR WS ) 26 55T PyTorch YRIEF22 3 REQUMI 2, i T~ 2 UIR &5 0 R 1
thity VQC MIFI i PennyLane PESEFTEE T Lo BIAOMIALIIG . FHAEIR [0 16458 Kobh
PR R 1 PyTorch () 1 3hok SHLGIEL MR S8, 9000 T 7240 5 20U &
I A AL

AT LGS « S50 45 SO 7 TV A e 0 ELREE A B |
YR T HT Gymnasium (— MEALRHE APTRFFIE Python Ji, FIT-IF &I A
BAL2E SISV, S OpenAl Gym HEN 46943 52 ) (OARUEALEE It , DA BRI 48
T3 1o S A R 0 5 BV VB 5 5 TR A . 4.2 A T R TR Y
BB, AT ETIRSHIES A . ShIWmRAG 7T
25 SR AL ST A BB ST BN, PEAIAMIT T 4% 20 B P E AL TR M S B0 0 %5 i)
[RFA P 25 BT 5 2 R L. S8R4T IR T T VQC TR ATl LA >) B RETK
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TERR R RETE BT b, PRI T 25 FAu i TR AAR SR - A2C S B IAAE S
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PPO &REMA  RAI RIS HLN], A RIEN G e e R AL R 240 3 R TR L EE -

44 EBF-ZHRBREBILFIITMEMEHH
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PyTorch ZiZSITHEI . X — & HTFER B A 250 WS ShaS S ERE S 55 S L H iy
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Figure 6.1 Training reward curve of the DQN,A2C,A3C and PPO agent under medium density in
Configuration 1
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Figure 6.2 Task success rate and execution time of the DQN and A2C agent under medium density
in Configuration 1
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Figure 6.3 Task success rate and execution time of the A3C and PPO agent under medium density
in Configuration 1
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Figure 6.4 Training reward curve of the DQN,A2C,A3C and PPO agent under medium density in
Configuration 2
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Figure 6.5 Task success rate and execution time of the DQN and A2C agent under medium density
in Configuration 2
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Figure 6.6 Task success rate and execution time of the A3C and PPO agent under medium density
in Configuration 2
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Figure 6.7 Training reward curve of the DQN,A2C,A3C and PPO agent under medium density in
Configuration 3
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Figure 6.8 Task success rate and execution time of the DQN and A2C agent under medium density
in Configuration 3
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Figure 6.9 Task success rate and execution time of the A3C and PPO agent under medium density
in Configuration 3

TEIESRCHE R IR ORI, A% 0 Pl KRR T | & O RE B2 D 30

el I T I TR R T PPO AR AAETL 3 s R T AT 45 BN 3 5T
ST IO RIS R . 7 T T RITT L, T4 B 2R I 1 28 7 R i 3 )5 2 0
BUBEETI TS, TR T 96% KT, T MLE ETFHG K.

TR (FFTRE), SHE 1 &R 2 PR REe, PPO
BBl VR TV I S0 A B IR 0 R R O AL . R B S T B 1
e 5E % e Bt LR 0 52 2R A 1ot 00 32 K B R e Bk AT OV Oy 2.
B 2 T — S T R R AU 22 RGBT PPO Y R IR 7ESE
YIBRRIT, BRSSO S DAL B, T4 ) T (GBI DR A
&

65



556 B SURESRS 0T AR A A e S

Episode Rewards Episode Rewards

—— 100-episode MA —— 100-episode MA
2001

M i l
T -

H
“ 100

-200

[ 200 400 600 800 1000 0 200 400 600 800 1000
Episode Episode

Episode Rewards Episode Rewards

200 —— 100-episode MA 250 1 —— 100-episode MA

175
200
150
125 150

100

Rew:

100
75

50 50

25
0

=50 T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Episode Episode

Kl 6.10 DQN, A2C, A3C 5 PPO HHEMRAEMLE 4 vh & fvhs PR32k
Figure 6.10 Training reward curve of the DQN,A2C,A3C and PPO agent under medium density
in Configuration 4
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Figure 6.11 Task success rate and execution time of the DQN and A2C agent under medium density
in Configuration 4
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Figure 6.12 Task success rate and execution time of the A3C and PPO agent under medium density
in Configuration 4
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Figure 6.13 Training reward curve of the DQN and PPO agent under low density
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Figure 6.14 Task success rate and execution time of the DQN and PPO agent under low density
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Figure 6.15 Training reward curve of the DQN,A2C,A3C and PPO agent under high density
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Figure 6.16 Task success rate and execution time of the DQN and A2C agent under high density
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Figure 6.17 Task success rate and execution time of the A3C and PPO agent under high density
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