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Abstract Errors occur due to noise when quantum programs are running on a quantum computer,
Previous quantum program mapping solutions map a specific quantum program onto the most reliable
region on a quantum computer for higher fidelity. Mapping multiple quantum programs onto a specific
quantum computer simultaneously improves the throughput and resource utilization of the quantum
computer. However, due to the scarcity of robust resources and resource allocation conflict, multi-
programming on quantum computers leads to a decline in overall fidelity. We introduce quantum
program mapping. classify the related studies, and analyze their characteristics and differences.
Furthermore, we propose a new mapping solution for mapping concurrent quantum programs,
including three key designs. 1) We propose a community detection assisted qubit partition (CDAQP)
algorithm, which partitions physical qubits for concurrent quantum programs according to both
physical topology and the error rates, improving the reliability of initial mapping and avoiding the
waste of robust resources. 2) We introduce inter-program SWAPs, reducing the mapping overheads of
concurrent quantum programs. 3) A framework for scheduling quantum program mapping tasks is
proposed, which dynamically selects concurrent quantum programs to be executed, improving the
throughput while ensuring the fidelity of the quantum computers. Our approach improves the fidelity
by 8.6 % compared with the previous solution while reducing the mapping overheads by 11.6%. Our

system is a prototype of the OS for quantum computers—QuOS,
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ARSI R G — 120 B T W NISQ # ¥
R ML EAE R 5 JR A (quantum operating system,
QuOS).
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Fig. 1 The Bloch representation of a single qubit
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Fig. 3 The quantum circuit and DAG of decomposed Toffoli gate
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Fig. 6 Qubit mapping framework by using CDAQP algorithm
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33 NESHEE

EX (DL E KR it 707 2 18] % 3 19 m] SE 1k,
VRN i 0T R 0 AT SR R RE Y B AE
B YA fF B (UM % ARG A R R
AL AT IF B — AR A D R AT R Y
AV S A A T B A DX AT T 4 D
i, CDAQP A JIE [a] b 48 2R J2 WA, A $ 4] 4R 73 e 1)
i e DSl AN RS Y B T B R B v TR A
A HETE.

ffij] CDAQP IR FBUMBCA — D TR T
() BT AL A R T TR Y HOE TR A 4
AR H I — S BT 4 R T AL R T
TP BB BN 6 rp i s 19 & 00 bk — AT g
(149 73 Fie DX IR 2 Z ORI AR Y 5 { Q0. Q15 Q25 Q5
Q). EERH AT OIICR.N T HERIR T, KB
BI04 100 2 WbR i - B AT AT LB S i ) AR
AR A D, T T H Al B AR A9 4 46 S

Xof 2 OB ) — 9 i AR SCE R ORITAR
s REY A T ES (DR
KO BT 45 — > i 7R PP 04T W0 40 WA I, W] fig
IR RGBT EH. — AR R
TR node XF ML B R IU AR B F AL 3R
node.n _qubits — (1 + max (node.left.n _qubits,
node.right.n_qubits)).

RINRE [ H R E S o MRS FEZ
TR IR AL o BIZ OO Y B 5 IR R b AU — A
A — DY R AL A TR AR XL X
o A XX 7 14 J2 AR 3 8 e R TU AR i 6 4
N0 @ B8 R TT LS P 2 B R TT A 1 L 5K
A/ AT S 21 KR T IBM-Q16 Y iR H
T 5 B 0T T K 1% 3R E B AIE L 4% 0.05 1Y)
RN 0~2.5 AL o BIMH. ATHE 1.9FEFZ
U T A o 1 1P ) Bk i 81 7 Fivas . 18 7
WA R AR R IR ESEZAE ORI
JREBIEI Y 0 =0.95. 7EX A &L T . CDAQP 53 1%
BEE TE T W BRSO T R R R
TUAR T LB X A B0 T 28 0.29. 78 TBM-Q50 I
HEAT T AH ] B9 5255 0 = 0.40. 0 4h , CDAQP A ALF]

AR I B A i 3t T 5 0400 46 i S [R] R T LA
Ab BT — A S R A Y ) L

0.45 .
0.40 — P
' @ %
:§ 035 2EEEEECCARREAROR I CCCO00)
Mo 030k 1 00000000000q
i [ eineoscnsesse : ’
K025F oo $9EeeEEEOECC0NNNNINNNO0000000
2 020} l
. | COO0000000000000 11
0.15 |
|
O.IO 1 11 1 1
0 0.5 1.0 1.5 2.0 2.5

Fig. 7 Select the knee solution as w
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EPST M Co _EPST it 5 B A 52 5 il 2y & 46 2k
EPST violation. 1N EPST violation /N T [81H ¢,
3% 7 A 20 G T LA R AT 1% 0 g SR
1 B 7L B R AT 2 DU R T
PR 8] 32 25 B R A B A 2 - A3 AT 55 B
HETET N AT 55 GBRIA N =10) , BRI JF & 72 )7 4%
HARB A MBI M =3). 50 240175 WAk 4.

Bk 4. PROHME S R

WA VAR5 BAS T

@ while J TS AE 55 R WL 2

@  WHRAL cur_job _ser RANELE J thEE 1 Wi

155 1y 91 3
idr<1;
while idx<<J .length H. idx<<N H
cur_job_set .length<<M

® @

cur_job_set.append (J[idx]);
for job in cur_job_set
TT8& job 1 Sep EPST.Co EPST;
it&E job B EPST _wiolation =1—
(Co_EPST/[Sep EPST);

® 0 e e



P
m
Eu

S5 TH DE R T SEAL B AR M SR BE S

1869

if EPST wviolation>e
cur_job_set.remove (J idx]);
break;
end if
end for
idr<—idx+1;
end while
PASRE 3 B cur _job _set PR S5,
P& ST 5
@ N J PEEE cur_job_set TIIAESS
® end while

®6 606666

6 SR

6.1 T E

IDIR 2RI E RN

@ £ 8 % 3 & (probability of a successful
trial, PST).PST H TP 1 1 7 04T PR
PST Bl o S5 50 BB A% 7 AE 1E #f 45 3L (9 PAT IR
b ST OB He . B AT AR B TSR L X A

S LO G
S5 GR5. 558

A TAE AT S, B4 T 8024 WK, 41t PST.

@ Wit e T R FRATTAE T S F CNOT
I T4 A 1 2500 R DAy RS 5 W 7 WS O i it R )y
IS 44 U8 S AR 1Y) T

Q@ W5 5 1 2 B R B IR AT FH B 5 i 2
J A2 6 TR T2 DAk RS S0 s 2 el DR R M 2 1)

@ AT IR B /N [ 8L (trial reduction factor,
TRF).TRF T VA I A 2 2 7 W 559 5 Al ok
()38 i Y FE. TRF 858 SCR S BT 2418 7 B
It B AT RS e T & R B S i R T
PATI B Z L.

2) mFI A

FATLE IBM-Q16 FI IBM-Q50" | 3 17 F
fli BT & F AL NG o3 s 2 AL 13 B
~. Hod IBM-Q16 A3 i IBM #1035 [, i
IBM-Q50 Jf A FF, FATHAAL T IBM-Q50 ot i H
T S AR VT AL AP0 A 45 3 FME SRR R R
Bt FATAE FH ¥ &) 43 A BE LA AL, 7E IBM-Q16
A B KA RN B /IME B S R AR BT IBM-Q50
R RV S €/

el
OO0
SR

Fig. 13 Qubit topology of IBM-Q50
Bl 13 IBM-Q50 iy T #i $h 4 i

3) BdEk

FAT R T S wr BF T b Al Y A R, A4
SABRE™!, QASM-Bench™', RevLib™* Fi 3 it
(50 ] il i A Bl 4. 2% 3 fir o, T L/ A i P
PP KRAA 5 A8 AL AEA CNOT 175 KR
JPRZ44 10 A5 FA A E A CNOT .

4) X LS

@ B AT A Qiskit™) i 1k 2% ) B v Y
Sy WS AR AR b B B AR B AT
AR T RE RN 00, B I R B2 7 22 8] 1 T 4.

Table 3 Benchmarks Used in the Evaluation

x3 LETFMNHAANIES

bS] T AR

(&) bv_n3.bv_n4,peres_3.toffoli_3,fredkin_3

3_17_13,decod24-v2_43,4mod5-vl_22,mod5mils_65,

JNHY

M alu-v0_27
aj-el1_165,4gt4-v0_72,alu-bdd_288,ex2_227,

S ham7_104,bv_nl10,ising_model_10,qft_10,

sys6-v0_111,rd53_311.qft_16,alu-v2_31,
C17_204,cnt3-5_180,sf_276,sym9_146

@ I S e R I SCHRL21 ] 1 Hh A SR s,
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FRP 5w A= 8 & 1 8 7 19 0 4 e 59, 1 51k 3
THERFIAL 1) SABRE HEAT e 5 6 46

@ SABREM® SABRE J& —fl LI SWAP #: 1/
B RAL B bR 09 5 A 2w 5 T 50 R g B R T
St 20 K TP A T B R T

AR ST W B A 43 Sy AU T CDAQP AR A
H X-SWAP, L) K [r] i} {fi Ff CDAQP F1 X-SWAP.
H AU CDAQP 1975k 75 SABRE A [A]
FRy e S5 2 4y ik AN P X-SWAP Y ki 17 5
SABRE A [6] (4] i bl 555 5 gt .
6.2 BEFPITREEITFN

AR S R AR /N B TR R AL A AT R
PRI, 4 /R T 78 IBM-Q16 LHATIAL & 2 4 F2
JF 0 TAE S PST MR R PG T S8 ¥ 7

IBM-Q16 1 —~H5 15 3245 2 T W A o8 B, B & 31
AL 8 R R A o B A TR A R 0 T 4 G
AL DA S AL A 3 o R — A R TR R
SRR, iR T AT AT AT AR S BE AR AR
REBCRE BT, I & & 7R )7 s 19735 PST X
TR PATIE LT B9 ¥ PST AHAR SCH) 5 kAT 8
T AW I K AR Y S SR X TR Y
A S0 )7 (CDAQP + X-SWAP) ., 5l 4 17 .
SABRE FJf & B HER) 34 PST 4334 58.2% ,69.
890,44 8 Y0 FN 45.3 %6 5 X F /N T AR £ 2%, 4 7 149 °F-
Y] PST 43510 16.8%,23.8% ,10.3% Fl 12.4% .7
SCOT I B PAT AR B [ SABRE F1If: R JE o 43 5] F
Byt 9.9 %0 8.6 %0 3X e B A SC I Jr gk R T
EECEE S IER YN R U= N A:E P

Table 4 PST Comparison Between Multiple Strategies on IBM-Q16

#F 4 IBM-Q16 L& #RREE PST M3ttt %
A BT SABRE o K& AL CDAQP+X-SWAP {1 CDAQP {7 X-SWAP
w1 w2 PST, PST, ¥# PST, PST, ¥ PST, PST, ¥ PST, PST, ¥ PST, PST, ¥¥ PST, PST, F¥
bv_n3 bv_n3 83.4 84.0 83.7 50.8 75.4 63.1 57.5 61.4 59.5 69.7 66.2 68.0 68.7 67.1 67.9 19.3 54.9 37.1
bv_n3 bv_nd 83.4 63.6 73.5 52.6 34.5 43.5 35.9 25.0 30.4 52.5 17.7 35.1 27.2 12.8 20.0 37.4 53.7 45.5
bv_n3 peres_3 83.9 81.2 82.5 56.3 51.2 53.8 49.3 61.0 55.2 63.9 71.1 67.5 65.1 70.8 67.9 67.9 76.8 72.4
bv_n3 toffoli_3 83.1 82.0 82.5 59.0 49.5 54.3 65.7 41.9 53.8 65.3 81.7 73.5 63.8 70.5 67.1 48.5 76.5 62.5
bv_n3 fredkin_3 83.2 46.2 64.7 40.9 56.1 48.5 69.7 39.1 54.4 66.1 81.9 74.0 64.9 82.1 73.5 46.4 64.1 55.2
bv_nd bv_n4 50.7 51.3 51.0 30.4 51.8 41.1 49.2 28.7 39.0 51.1 52.8 52.0 48.5 37.7 43.1 49.6 41.6 45.6
peres_3 peres_3 63.1 59.0 61.1 41.4 20.3 30.9 45.7 46.9 46.3 51.2 54.4 52.8 51.1 52.9 52.0 44.0 13.2 28.6
toffoli_3 toffoli_3 64.3 65.5 64.9 21.9 33.7 27.8 22.8 33.6 28.2 50.2 51.0 50.6 52.4 41.3 46.9 39.1 51.2 45.2
fredkin_3 fredkin_3 65.4 63.0 64.2 39.6 40.0 39.8 40.9 41.3 41.1 52.0 48.1 50.1 48.5 22.1 35.3 52.3 42.0 47.1
Ty 69.8 44.8 45.3 58.2 52.6 48.8
3.17_13 3.17_13 43.1 44.6 43.8 12,9 10.8 11.9 14.0 11.6 12.8 33.3 11.3 22.3 7.0 22.2 14.6 23.0 15.6 19.3
3.17_13 4mod5-vl_22 45.0 28.3 36.7 10.4 18.7 14.5 12.0 21.3 16.7 33.5 17.3 25.4 13.7 29.6 21.7 16.8 25.4 21.1
3.17_13 mod5mils_65 22.4 29.2 25.8 9.3 3.6 6.5 18.5 19.1 18.8 32.0 16.9 24.5 13.7 7.6 10.7 13.2 16.7 15.0
3.17_13 alu-vo_27 44.0 14.1 29.0 9.0 7.3 8.1 140 7.4 10.7 18.3 15.2 16.8 20.9 21.9 21.4 9.3 6.3 7.8
3.17_13 decod24-v2_43 43.6 6.2 24.9 18.2 7.8 13.0 11.5 9.3 10.4 14.7 11.2 13.0 27.2 6.6 16.9 7.6 19.1 13.4
4mod5-vl_22  4mod5-vl_22 29.2 26.0 27.6 13.4 21.0 17.2 17.8 20.3 19.1 16.4 22.3 19.4 18.9 21.3 20.1 19.5 16.2 17.8
mod5mils_65  mod5mils_65 11.6 8.6 10.1 6.8 9.3 8.1 4.1 14.7 9.4 87 12,0 10.4 7.5 7.7 7.6 7.8 10.2 9.0
alu-v0_27 alu-v0_27 9.1 10.0 9.6 9.9 3.4 67 88 6.6 7.7 88 129 108 7.7 10.5 9.1 51 50 5.0
decod24-v2_43  decod24-v2_43 6.0 6.8 6.4 6.9 6.1 6.5 7.7 53 6.5 7.5 9.4 84 10.1 6.2 81 7.2 7.6 7.4
- 23.8 10.3 12.4 16.8 14.5 12.9

AR T FEZ 55 T CDAQP % 1%.CDAQP
PEUE T G ) G e B R 4R v R L, X AR T &
AR ST I Y R R R T B O 5 r o AT

BUF AR E . a0 4 BT/ . 7€ bv_n3 Ml fredkin_3
A AU CDAQP 1 55 W 38 o £2 (it 57 47 (1 )
U B S A PR LR LG O A SRR R R S T 19,1 %,
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CDAQP X T K =M Hk B 2 A J .
D e S 00 M s fr i FIr R RN
B 2) B 1Y W0 46 43 TC R AR T B SR A A B 1Y
SWAP H44. Sk b AUE A CDAQP 15 wg 3 /> T
I A8 P S A R B R L RE TR R L R L BE A AR
TIERHEME R I 4.7%.

AUE ] X-SWAP (1) 5 B 76 5 T+ 08 2L EE J7 11 %
A R R R s D BN R
T EAR 1 SWAP #:4E, b X-SWAP 7E 31X Fii 1§
LT ARMETT 4 SWAP.2) 7E IBM-Q16 3 Fft 2% #4) fiaj 5
() 28 T B 0 G I B /N AR T R T AT
AARK G . 3) & -y WL o7 B ] BE S AH <, X LA
PATES P SWAPHJE . X-SWAP fE H A H £ &
T R B A RE A A i R L.

6.3  BELET R ASTF

X-SWAP 75 K 1 i & 48 R 25 | h R L

WA E R e FRIFERAEEZE T

) T i B IF &R E 17 X-SWAP BRS04
(0P B AR SCKE WS St 1T 45 A 100 Bl i 0 4k B TR
AR PR AR E L SRR IBM-Q50 | 4 R TAE 4%
BT FE A, TAE L. BAEE SRR T2
() 1E 38 B2y a1 A 6 T A T AR G 380R B A SR, A
SCR A 5 WS TP B A A R CGE R SCERC16 D).
SEEGEERANGR 5 TR,

SABRE" i Ff J5z ] it [ £ AR F1 s & X R
% e/MESR A SWAP B9 %R 81 . I SABRE 18
%ﬂtﬁﬂﬂ%ﬁ%ﬂ#ﬁﬂi%;ﬁ%%ﬁ MR, FE LSO & R

¥ TAE ST, IF & 727 1) SWAP BEARAEAE
xﬂ,JlﬁiTﬁzé’J SWAP #4E , Jo ik 4k 19 fe p ke
7 58 T B FHEAE R oy i T I 2 25 R R R L 1
IR R TFRIFZE ST AREWR, FEOURM
SWAP #:1E. 52 50 45 R 3R W, I & 5 i 0y i 5 )5
CNOT [T A/EXOF- 4 H SABRE & 4.0 % . W5t 5 2%
PEIRE -4 1 SABRE 7 6.8 %.

Table S Mapping Overheads Comparison of 4-program Workloads on IBM-Q50

#5 IBM-Q50 b 4 BF TIESEME R AL

SABRE JEEHME  CDAQP+HX-SWAP X CDAQP ¥ X-SWAP

HA TAEG P& TR
CNOTs % CNOTs WE CNOTs HE CNOTs HE CNOTs HE
Mix_1 aj-e11_165,alu-v2_31,4gtd-v0_72,sf_276 1386 768 1303 847 1167 586 1141 530 1177 629
Mix_2 alu-bdd_288,ex2_227 ,ham7_104,C17_204 1222 596 1266 717 1236 671 1225 581 1242 717
Mix_3 bv_nl0,ising_model_10,qft_10,sys6-v0_111 387 189 382 178 351 160 419 236 341 224
Mix_4  aj-ell_165,alu-v2_31,ising_model_10,cnt3-5_180 979 450 1008 437 953 480 1005 450 950 496
Mix_5 4gtd-v0_72,sf_276,sym9_146,rd53_311 1365 672 1429 759 1255 536 1237 497 1089 450
Mix_6 alu-bdd_288,ex2_227,qft_10,sys6-v0_111 871 711 862 655 780 563 862 578 809 579
Mix_7 ham7_104,C17_204,bv_n10.ising_model_10 713 370 963 496 668 413 723 423 677 399
Mix_8 aj-e11_165,4gt4-v0_72,rd53_311,cnt3-5_180 996 448 1052 537 916 441 894 368 940 390
Mix_9 alu-v2_31,s[_276.,sym9_146,qft_16 1481 738 1499 769 1478 718 1545 779 1325 482
Mix_10 alu-bdd_288,ham7_104,ising_model_10,sys6-v0_111 659 392 662 315 622 248 656 306 617 325
Mix_11 ex2_227,C17_204,bv_nl0,qft_10 955 537 1049 630 900 569 964 531 985 599
Mix_12 ajell_165,sf_276,C17_204,sys6-v0_111 1438 834 1337 828 984 506 1267 773 1063 467

SER LA CDAQP ZEBR 8T 5 CNOT 7]
% & F I SABRE & 2.7%. fEZR BRIRE E b
SABRE 5 6.8%. 5 %k CDAQP fg % # B 4% 3| &
7 58 %5 R 3 1) ) e St R B 0 ) R S O L (H SR
FEAR B A B O Cn Mix _9), A A
CDAQP S M J 1 L e Ath 55 W 34 55 1 e S5 F 5.
HFE P JE . CDAQP 19 = Z A Ak B Ar J2 48 T+ 4h me
SFE IO PR LR A W S5 TR B D B 2 1 SWAP 5¢

R TR B 3 A J& CDAQP B B B A 55 ALK
FH X-SWAP Ry 0 ffi 1 7 5 SABRE #H 7] 9 9] 45
W5 5 v, SRV AT B5 R TP SWAP #AE . 1 S ik 28
RHETTHRAE AT R0 4 W G 5 171 45 1 100 5000 4 ok 17
8.8 Y0 » FFRf W J5 4 B VR B A 0 T 9.2 %6 SRR AL g
2D X-SWAP F HH #5 72 )¥ SWAP, Sk HUHE
oL e Bt E B, 2) o I gl b B OG B TT B 1R,
X-SWAP A 424 5 =5 20 1 SW AP, 45 Ui e 5 IT 85 Fn
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e 55 5 2R B TR B 1D CDAQP i 3% F B8 1 DX G I 7 v © %% 3iF B X

TEAR L B3 . CDAQP 1T DA B¢ nT 5 H %
2 M A0 B W L T X-SWAP T T U8/ e S I
B[R CDAQP Al X-SWAP Al 42 F- P 6E . 5
JE K& HAEF SABRE AH L, W5 J5 171 45 VB 25053 S
T 11,60 1 8.6 %6 5 5 I K HEE I SABRE A Lt
2R PRIR Ay IFEAR T 16.0% F1 10.3%. % 5 JB/R T
BTN

A A TAERAG AT R, A TAEARNL AR
FEAIL IBM-Q50 19 4 B2 7 T 4E R 09 e 58 I 45
WHEAE S KB & 78 i B ig 47, X & ok

40

KIS 28 B A7 8. 2) o f ot B R/, B
TR W S AR B L X-SWAP #E w] LR 2 b
B S35 F 5 B4 A .
6.4 EFEESRITN

ARICRHFE 3 RN R R T
— AW 55 BA B I AT 55 0] B 2% AT R EE .
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Fig. 14 Performance of the task compiler
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0.15 (R AiF EPST $ik/NT 15 % By If ki + 2
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