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QAOA(Quantum Approximate Optimization Algorithm)= 25 MEiZ| njajo|E{ 7} SAdst SXst4=0| 7|cizro 2 WILEICt, 5t
X|2F Z20f2H LR FRIoM= AlZ2|0| M0l & SEEH THto|E7F MH| FX|oME T2 practical winner?Zt EICH 27| O{&LCt.
AH| ER|oll= 2t2Y, calibration drift, readout error, Rt 4 MZ2!, backend® O|=7} g &&3dt7| jE0|Ct 2 =22
Z2 Max-Cut 2X[0|A Z714 214l QAOA T2tO|E MEHZ|(RA-QAOA)E 25t} RA-QAOAE T2I0|E{E ideal L& noisy
expected cut SHLIPFOZ 12X 2211 noisy expected cut, ideal-to-noisy degradation, optimal-solution probability,
shot variance, noise sensitivityS & A3l S2E H3l6ict.

6, 8, 1071 .= 2™ Jai= 1507HE AtESH p=2 AlE21|0|M benchmarkOllA robust selector= ideal/noisy selector CHH|
noise sensitivityE ¢ 0.412928 H& 11, 95% A2[F27H2 [-0.494519, -0.331337]0|R4Ct. 1-qubit gate, 2-qubit gate,
readout error exposure= ZAE O 2 IS hardware-like proxydlME p=2 sensitivity delta -0.9464897} ZH&tE|ACt.
Ctok O] 2HE M 0|52 expected cut HIES SEISICH & RA-QAOAE raw-performance optimizer?} OtL|Ct,

0|F 4-node square Max-Cut, p=2 ™2 = &H| IBM QPU pilotS +™3lLCt. H|wst selector family= robust ,

noisy expected, optimizer O|C} IBM ibm marrakesh 37HjobZ}IBM ibm kingston 174 job Z&|0{|Af

noisy expected 7t & backend 2F0IM T QPU expected cutzt success probability 12|%4Ct FX| 470 QPU job H
TOlM noisy expected £ QPU E[C] 3.645264, success probability 0.8371582 211, robust selector= QPU
E[C] 3.597412, success probability 0.816284& HSRILC}. £S5t job-time calibration metadata, transpiler layout, active
physical qubits, per-qubit readout-mitigation checkZ |4=3iLCt. Independent readout mitigation2 2 & success
probabilityS = X2t O{& within-job selector rank = HHREX| LQtCt.

M2t 2 =22 ZE2 RA-QAOAZ} SHE0{0] A X|H{Z{O|2H= 40| OfL|Ct. 34l ZE2 simulated robustnesset real-
device performanceE 22|34 E13H0F StCt= Z40|Ct. £ case studyOllA robust selectore AlZ2|0|M 4 stability-

performance trade-offS =251, QPU pilot2 simulator-to-hardware transfer gap= £20{FALCt.

1. ME

QAOAE =% 2| Mst 2H|E It hybrid variational algorithmO|Ct. 2| HamiltonianZt mixer Hamiltonian2 $HZ0o} M &3}
1, 1 optimizer?t layer parameterS MEHSIC} [@farhi2014qaoa]. Max-Cut A0l M &= mi2io|E| MEf ZntE HE pest

expected cut valueZ Q25T 0] Zf2 ideal simulation EE= £ noisy model OF2HOl| A A AHEICY



SHX|TH O] B & HIH= 20(2 YAt ZEMMOIM= E5238IC NISQ X[ = finite sampling, noisy gates, readout error,
routing constraints, calibration drift2| @&s BH=Ct [@preskill2018nisq]. AlE2[0|E{0|A %1 expected valueE EOI
nt2to|E{7t 22 0| = #stol| BIZstALE AX|l backendOllM CHEA| 2tEE 4 QUL 1727} highest simulated expected
valueZt E105HH, I Zat7t A hardwareZ L0k} & MY E[=X| 2take 2{30] QCt.

=22 O &1 ol 7tstt 222 CHECH 224 1A T2H0|E selector?t AlE2{|0[4 LO|=0i| E 2125t QACA TEIOIEHE &
= AE71? 22|10 3 B2E0| AR QPU 2-le 2 MEE|=71? f2|= A2 Max-Cut instanceOl|A 0| Z2S EMslC}. F|etst

RA-QAOA= ME2 QAOA circuit ansatz”?f OFLICE =& Di2I0|E & O 2 S MEHSHX| ZH 5= selection criterionS Ht
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o
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Zits = FEoZ 22|=Int A, RA-QAOAE HIAESH benchmark?t hardware-like proxydlA simulated noise
sensitivity2 S&CH M, 0| simulated robustness= real-device dominanceZ Ats FO|E|X| 4=Ct, AX| QPU pilotoi|Af

£ noisy expected-cut selector?t & IBM backend 250|A practical winner&iCt.

= =29 7|0{= o3t 2ok

=
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. QAOA ItztolE| MEHS expected value, degradation, success probability, shot variance, noise sensitivityS Z&t
3H= multi-metric selector 2M|Z X o|3iCt,

2. 6070 Y 1507 Ja= A|Z2{|0|M benchmark0A] optimizer, multi-start optimizer, ablation, size-stratified,
hardware-like proxy H|mZ 435t}

3.IBM ibm marrakesh & ibm kingston OA Z2 real-QPU pilotE $&8l simulated selector rankingzt QPU
selector rankingO| g2t £ 52 EQIC

4. job-level calibration, recovered layout, active-qubit metadata, independent readout-mitigation checkE& Z&ts
pilot2 auditabledt| ZHEC.

5. Z1E broad hardware validation EE= quantum-advantage claimO| OtL|2} simulator-to-hardware transfer-gap

case studyZ Q|X|A|ZIC}.

2. ujZ U B2 917

x - L=
QAOAE =& x[H3| 2H|2| ZAIBHE 37| 91t variational approachZ H|tE|QICH [@farhi2014qaoa]. QAOAE
parameterized quantum circuitl classical optimization loopE Zgst= variational qguantum algorithm 7| €0 &5t}

[@peruzzo2014vge]. Weighted Max-CutZ} 2t graph problemOM= parameter settingt parameter transfer? &
25| AL 0 QUCH [@sureshbabu2023weightedgaoa; @montanez2024transfer].

20[2§ hardware= QAOA Z=t siA HHAIS HHECH NISQ &2 device noise, calibration drift, sampling cost,
mitigation assumption2| A2 BH=Ct [@preskill2018nisq]. &H| ZX| utility 28= mitigationZt backend detail0| 3l
Mg 3 22 £ JUS2 B0 EL [@kim2023utility]. [2tA hardware result= routing, calibration, layout,

measurement assumptionO| E0E|X| ¢t= §t simulated result?| Tt AZIO 2 FZ8lA= ¢t EICt

E 9171= QAOA performance-optimization 9171@+ Ct2CH RA-QAOAZHH

stability-aware selector?t & noise-sensitivest simulated choiceE TtE

S RAISH=XIE ==Lt

2 optimizergtd FESHX| =L} CiAl
o

Ae=X|, J2|10 1 choice?t AH| EXIOME 4

3. 48

3.1 Max-Cut QAOA

J2i= G = (V, E)oil Chal 2t bitstring z= vertexZ £ partition2 2 LH=Ct. Max-Cut 2t C(z)= partitionS 7I2X|2& edge
9| 7H4= tE= weight E0IC} p-layer QAOA state= Ct21f ZiCt,



|psi(gamma, beta)> =

product 1 exp(-i beta 1 H M) exp(-i gamma 1 H C) |+>"n.

p=20lA= parameter vector?l & 7H2] gamma®t & 7H2| betaE E&SICE 2 782 tied parameter”t OtL|2}

independent p-layer parameter controlS AF25HCE

3.2 Z472M QlAl selector

RA-QAOAE =E LEf0[HE g A2 Fafsirt

score =
noisy expected cut / optimum
- degradation _weight * |ideal expected cut - noisy_expected cut| / optimum
+ success_weight * optimal solution probability
- shot _variance weight * shot_variance / optimum”2

- sensitivity weight * noise sensitivity / optimum.

0| selector= noisy expected cutllt optimal-solution probabilityS £45t1, ideal-to-noisy degradation, shot
variance, sensitivity across noise strengthsE penaltyZ =C}. 0|= candidate parameterE 12 selectorO|X| {22

quantum circuitO| OfL|C},

3.3 Baseline

H|X! baseline2 ideal expected-cut selection, noisy expected-cut selection, random candidate selection, grid-
center selection, continuous optimizer, multi-start optimizerO|Ct. Optimizer baseline® RA-QAOAZE raw-
performance optimizerZ 23ali5HX| &7| QI ZQ5tCt.

3.4 A\|22|0|M 2 proxy A¥

AlE20|M benchmarke 6, 8, 10 node random graph, QAOA depth p=1 2! p=2, depolarizing-style channel noise,
readout errorE ALESICE =2 k2 22 graph0|A robust minus baseline paired deltaZ E15tCt,

Hardware-like proxy= £3 backend emulator?} OIL|Ct. QAOA gate loadS HfE*Eﬁ approximate one-qubit, two-
qubit, readout error exposureE final noise setting0f| Bt@stCt, 0] proxy= & @8t noise profiledlM T robustness
signal0| RX|=l=X| &lst= 80 sHEstTt.

3.5 &H QPU pilot

QPU pilot2 4-node square Max-Cut instance, p=2, circuit® 2048 shots= AFZSICH 2t Runtime jobOl= robust ,

noisy expected, optimizer Al selector familyE M|EStCt.

&= Ay

backend IBM ibm marrakesh , IBM ibm kingston
graph 4-node square Max-Cut

depth p=2

shots circuite 2048

selectors robust , noisy_expected, optimizer



s 3
repetitions ibm marrakesh : 3 jobs; ibm kingston :1job
job ids d8a6rmopOeas73dpfntg , d8a6tq9789is73945510 , d8a6tvdg7okc73epghh0 , d8aprj2vnmpc73bgvnag

metrics QPU expected cut, optimal-solution success probability, within-job rank

Backend display orderZ &2 counts= Max-Cut metric A4 H0f| graph-node order2 H&H5iC}

3.6 Metadata®l readout mitigation

XZEE=l QPU job0ll CHaH Runtime job propertiesE Z3|6t11 job.inputs[ 'pubs'] OlA transpiled circuit® §|4=8tCt.
Metadata table2 job-time calibration timestamp, recovered initial/final layout, active physical qubits, two-qubit

pairs, active-qubit readout/gate error summarys 7|S3tCt.

EESt independent per-qubit readout mitigation checkE H&SICt 2t selector circuitdl|lA] final layout2 logical output
bitE physical readout error ratedi| D{ZESIC} O|E HIEFO 2 independent bit-flip confusion matrixE 2tE1 pseudo-
inverse correction2 AFSSICE O| checki= correlated readout, gate noise, crosstalk, coherent error, calibration drift
£ @YSIX| ppeCh,

Lo —

4.3}

4.1 AlEY0|]M benchmark

60-graph p=2 benchmark0iAl RA-QAOAE noise sensitivityS %511 success probabilityS =& =3 X|2t noisy

o Lix|

expected cut2 HZ/Ct.

metric robust - baseline 95% Cl 514

noisy E[C] -0.136896 [-0.181157, -0.092636] raw expected cut2 STt

noise sensitivity -0.393734 [-0.521034, -0.266434] robust?t & noise-sensitivestCt
success probability +0.015303 [0.007746, 0.022859] optimal-solution probability= 27t =Ct

150-graph p=2 expanded benchmark®| A= sensitivity delta= -0.412928, 95% CI [-0.494519, -0.331337]2 S+
Ct. Ol selector?} Ets| 2915| £2 caseE 112 70| OIL|2} stability profile= HH L USS FEHEISHCL



Figure 1. Simulated RA-QAOA trade-off

p=2 paired deltas on 150 random graphs: robust selector minus noisy_expected selector.
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The robust selector gives up noisy expected cut but reduces noise sensitivity on most paired graph instances

]

2l 1. p=2 AlZ2l0|M benchmark trade-off. RA-QAOAE noisy_expected MEH CHH| noise sensitivityS %FX|2t noisy expected
cuts Y& ZI|SH

fijo

4.2 Hardware-like proxy

Hardware-like proxydlME p=22| sensitivity= OtX L.

metric value
p=2 sensitivity delta -0.946489
95% ClI [-1.144908, -0.748070]
p=2 success delta -0.008033
95% ClI [-0.019804, 0.003738]
0| proxy Z1t= stability signal2 SI2HEISHX|2E success-probability improvement claimS S 2H2l5HX|= ot=Ct.



Figure 2. Hardware-like proxy stress test

p=2 paired deltas on the hardware-like proxy suite: robust selector minus noisy_expected selector.

Robust minus noisy_expected selector Robust better rate
100%

87%

-0.008
75%
50%
28%
25%
0%
0%
Negative sensitivity is beneficial, negative E[C] is the cost Noisy Success Noise
Noaisy E[C] Success prob. Noise sensitivity E[C] prob. sensitivity

The sensitivity signal survives the hardware-like proxy, while success probability is not improved

12l 2. Hardware-like proxy stress test. Proxy noise modelOA = robustness signal2 | X|=|X|2t success probability 7HM2 &
O|X| =Lt

4.3 Optimizer baseline

Optimizer baseline raw noisy E[C]2} success probabilitydlA] RA-QAOAELC =Q}Ct,

baseline noisy E[C] delta success delta sensitivity delta
optimizer -1.561254 -0.120209 -4.490405
multi-start optimizer -1.561331 -0.120229 -4.490628

0| H|&= =2 framing2| &iAl0|C}. RA-QAOAE I £2 optimizer?} OtL|CH QFEM FAl selector0|l, %2 simulated
sensitivityS ¢= i raw performanceE 28 =7|§iCt,

4.4 Real-QPU backend H| !

AA QPU pilotllME noisy expected 7} EIAESH & backend 2F0AM He winner%iCt.

backend jobs QPU E[C] winner mean QPU QPU success winner mean QPU
winner E[C] winner success

ibm kingston 1 noisy_expected 3.5683008 noisy_expected 0.805664

ibm marrakesh 3 noisy_expected 3.666016 noisy_expected 0.847656

M| 470 QPU job2| selector ranking CHS 1t 2Tt



selector runs backends mean QPU E[C] rank-1 mean QPU success rank-1

E[C] count success count
noisy_expected 4 2 3.645264 3 0.837158 3
optimizer 4 2 3.633301 0 0.828613 0
robust 4 2 3.597412 1 0.816284 1

Robust selector= ibm marrakesh 3t jobOlA 12|E X[ backend-level mean metricO|Lt overall meandiiAM= 12|17}
OfL|C}.

Figure 3. Real-QPU backend ranking

Mean QPU expected cut on the saved 4-node square p=2 IBM Runtime jobs.
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The noisy_expected selector is the backend-level mean winner on both tested backends. The robust selector wins one individual marrakesh job, but not the backend mean.

28l 3. Ad| QPU backend ranking. noisy expected & ibm kingston X} ibm marrakesh Z2FOl|A| backend-level mean
QPU expected cut 12ICt.

4.5 Metadata®} layout

QPU jobse CF2 backend/job metadataZ H|256tCt.

backend jobs job calibration timestamp recovered layout source active qubit examples
ibm marrakesh 3 2026-05-26T00:06:48+09:00 job.inputs[ 'pubs'] 6;7;8;17 and 13;14;15;19
ibm kingston 1 2026-05-26T21:24:44+09:00 job.inputs[ 'pubs’] 149;150;151;152

0| metadata= pilot2 auditabledt| BH=CE. CHE calibrationO| selector ranking mismatch?| 219112 =& ZHsIX|= o

=

4.6 Readout mitigation check

Independent per-qubit readout mitigation® QPU metric2 =} X|Zt selector ranking= HHEX| Q4Q4CH.



selector runs raw mean QPU mitigated mean QPU raw mitigated rank

E[C] E[C] success success change
noisy_expected 4 3.645264 3.688433 0.837158 0.858515 1->1
optimizer 4 3.633301 3.679195 0.828613 0.851114 2->2
robust 4 3.5697412 3.640847 0.816284 0.837750 3->3

B E within-job selector rank= JICHZ RX|Z|RJIC} 2k 2= QPU ranking2 final independent readout error2t 2
sV |= OEL;

Figure 4. Independent readout mitigation check

Raw and mitigated QPU success probability across all four saved QPU jobs.
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Mitigation raises every selector's success probability, but the selector ranking remains unchanged: noisy_expected stays rank 1, optimizer rank 2, robust rank 3

T2l 4. Independent readout-mitigation check. 282 2 E selector?| success probabilityE =0|X|2F overall selector ranking=
HERX| Qb=Ct.

4.7 Hardware-aware selector £& 21

QPU metadatas MBS HAIXOZ BIYSH= $& selectort H|QHSHCL 0| 2|3 MZEHEl backend-comparison tablet
recovered layout/calibration table2 A&3l post-hoc hardware-aware selector 2442 PHSRULY. O] score= simulator
noisy expected cutzt simulator success probabilityE st 2451, simulated noise sensitivity, transpiled depth,
two-qubit gate count, active readout error, mean one-qubit gate error, mean two-qubit gate error, maximum
two-qubit gate errorE penalty2 =Lt Zt feature= Z2 QPU job 22| selector AHO[OflA min-max &atstrt.

XMZEE=l 470 QPU jobOlAM hardware-aware score= QPU expected-cut winnerE 3/4 jobsOiA &E 11, top-2 EE0= 4/4
jobsOllM AX| winnerE Z&HICE 22 row0A simulator-only noisy expected-cut predictor= top-1 winnerZ 0/4 jobs
ofl M2t SkEICt 2Lt tha low-transpiled-depth baselineE top-1 3/42 EARICE MI2tM 0] £& BEME HZEl superior
selector2 MA|5HH ot =ICt, Cf ZHEA QI 3HM 2 execution metadata?} selector objective0l] S0{7}0f 3tCt= LH|E JHAM0|

M, 7t QPU run T0i| weightE AP DsH0F sttH= Zd0|Ck
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AlZ2|0|M Z1te} hardware Zt= 27| sl A45{0F SHX|TH oHLte| ST | o EICt AlZ2|0] M0l M= RA-QAOAZH A
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QPUOIM= &2 robust selector?t practical winnerZt E|X| 4Lt
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0| mismatche A& Aluf7t ofL|2t 2 =29| =L ZHEO|Ct. Selector?t selection THA 0| A3 simulated noise axisOfl CH
8l robust3IE2tE, hardwareZt £7F5H= routing, calibration-dependent gate error, backend topology, finite-shot
effect, uynmodeled noise correlation IHZ0f| &H| ZX|0A dominanceZ O|0{X|X| & == ULt

Readout-mitigation check= &23}ICt. T+ per-qubit readout correction0| 2= selector rankE ICHZ {XIFH7| W20,
transfer gapO| ===t final-measurement artifact® 7}sd2 HoIZICt, 42 Y FH = gate error, routing difference,
crosstalk, calibration drift, coherent error, simulator robustness objective@t hardware-relevant robustness At0|Q]
mismatchO|LC}.

o

o

%

H =22 broad hardware claim2 Q=X o2 u|siCt. F=Q sh= Cre ot 2Lt

1. QPU pilot2 4-node square graph@ p=20F AF23tHC}

2. ibm marrakesh & 371 jobO| Q/X|2t, ibm kingston 2 17 jobO|Ct.

3. AIE8[0|M benchmarkE random graph familyoll 28 & ELCt. regular, weighted, planted, structured graph family
= gk 240| st

4. Hardware-like proxy+ full backend emulator?} OtL|0q routing, crosstalk, pulse schedule, queue-time drift€ 2
AtX| §b=Ct.

5. Readout mitigation model2 independent modelO| correlated measurement errorE Z&5tX| QH=C}.

6. RA-QAOA score weight= &7 MEHO|C}, O Zst claim HOl= preregistered weight sweepO| ZQ3}C},

7. Optimizer2t grid selector= search budgetO| L2 2 Z raw optimizer comparison2 algorithmic superiority2 X
3l ZYst= H|w7t OfL|2t framing baselineS 2 &t0f 5iCt,

8. Hardware-aware £& 22 47} job0ll Lt post-hoc 2A0|C}. AP D3t low-depth baselineX} H| sl 7t HAS5
OF StCf.

7.4E

RA-QAOAE= QAOA parameter selectiondl|A stability-performance trade-offES E2{'HCt. A|E2{|0|M T} hardware-like
proxy M&0|M robust selector= noise sensitivityE <=Lt 5HX|2t real QPU pilotOflA= noisy expected-cut selector
7t HIAESH = backend 250|A practical winner%iCt. Job-level metadata?t independent readout mitigation pilot
2 O auditabledt| BFS04, £t final readout error?t rankingS AM3HX| 25HCH= &S HO{=LCE,

71% o] 7Hsst ZEL2 simulated robustness®} real-device performanceE £2[3AM E13l|0F stCh= Z40|C RA-QAOAZ}
R8¢t 0|f= #X hardware performanceE X|tisfAM 7} OfL|2t, simulator-to-hardware transfer gap= &3 7tsst &
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