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LT, Weighted SR-weighted Minimize Power

= OFEEIT. NOMA OEI D % CREIC BT, B Figure 2 Comparison of the achieved sum-rate between
O TN A e 2 the original "Weighted" and "Sum-Rate weighted"
LARLTNA, £7-. QUBO A IV B = & T, methods and the proposed power-aware method
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bV AR LI TERAME] &0 D BT R R L E 2 LRI IR A 5 4UF, QUBO ~N—A DT 7'm
—FOREBFRTH D, LRLOBRITEFHHERE LR D 2026 FieH RRITTERER SN [2],

12 57=2a2a—5)0L%y hI—7 KU GPGPU IZ & 5 EE{L
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9 ERIE TIEL. QUBO DZEHFLA 1000 %
A, 1 EIOFHEITED S 10 L E ”
EEALHZ RN o7, T [I:l
[3]Cix, At b EciEs 17
T 7L LTRBE SN MHENTKRLT,
7T 7 =a—F )%y hT—2 (GNN)
Z AT, GPGPU DWFFEATER L T
B ZENTED LV HERS
TN 2%, NOMA 124 TRV 3 1 L 72 66 . Ral
BAZFigure 317”7, 4
Fyxab—L o AEMIT. EH N I S S I
MR ATr Y 2— U 7BV TR 20 e e e weihe ehn wiho ebhe wbhs
ms LW U TILHE A NI D FEE
VR T o 7o, BGEICMIIT T, 7v
Y LD T RELD FPGA 12 K % @il
bz Tz,

Total corrputation time (s)

Figure 3 Comparison between the executiom time of the PyQUBO
(NEAL) solver and the Graph Neural Network (GNN) methods on
various sizes of the NOMA allocation problem

2 BRI K EREORBEEL

21 1\14 Y v FHl#AR & Swap-based Simulated Annealing IZ & B IRR%E

AWFFEDOFE —DERIT, ™A 7 U v REFILLBERE (Hybrid Constraint Handling) DR TH D, il
X, QUBO IZEENDHFIDHI B, 7 F ¥ U7 T LD one-hot HilifI% VL —DEEREEZ D H D THIC
Wiz 9L 9L, UE EEFNOHZE T T ¢ & LT QUBO IZFET &) I BEEkE Ch 5, IRRZER D KIE
W hNEND Z EER LTINS,

B OOEBRT., Z O A FEET 5729 D Swap-based Simulated Annealing 7V T U XADIRETH D,
Swap #AEIX, R—HF 7% UTINTT 77 1 TEREIET 2T 4 TEEEANEZ S 2 LT, 1T one-hot
HIRE 7=, ZOWKIC XY | PyQUBO 63k [Flip) #fETIHMZE L T 2IEET THREE~DER %
one-hot HlFIND [Swap) #IEIZ X - CTreaIcHEBR L, IR %2 KigicmE#E b+ 2 (Figure 4),

7
A »j( >§-\
2 3 _/s/ / 9} ,\-‘
: B c N
B ST AL
4 5 5 i1 //,»\;ﬁ A~ \12
: AB BC cA i(aeY{Bc)—Tca)

Figure 4 Formulation of the NOMA allocation problem as a Maximum Weighted Independent Set problem
with three UEs (A, B, C) and two sub-carriers. The figure on the left shows an initial state with two candidate
nodes selected for the MWIS. The center figure shows the result of the classic “flip” operation on node BC,
causing two constraints to be broken (shown in red). On the contrary, the “swap” operation we propose (shown
in the right figure) selects BC at the same time node A is deselected within the one-hot constraint constituted

by the Sub-carrier 1, resulting in a single constrain to be broken during the exploration.

2-2 FPGA [Z &k 2/MREBEYT 5 7 OBEERME

BEZOBEBIE. Z O Swap-based SA % Xilinx Zyng UltraScale+ ZCU104 FPGA Iz ZEHE L, SEEFREILELC
WVEE(LAER L2 H T D, FPGA F23E(X, CPU F24E C++hR D 5. 11 fi%. PyQUBO D 49. 2 {0 Eidb & JERK
L7- (Figure 5), & 52, FPGA OB /NTH 3.63 W &<, HEHFO X 5 2B HHIFIBREICE L TW5
ZE bR LT, LRC Swap-based SA } ONFPGA (2 X A INEALIZEBEESHEIC TREBFATH D [4],
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Figure 5 Execution time and solution quality trade-off (towards the left and higher is better, labels show the
number of iterations). On the left, 312 node graph (12 UEs, 4 sub-carriers), on the right 855 node graph (18

UEs and 5 sub-carriers)

FyrprLabt—L AL, EHORAZ 2= 7028V 20 ms & W) U T2 A LI AR

AWFZEDFE RIS . HERT 5 FPGA FIED AT » TR SA VL —|T,

REICL->TITZDae — L2 2R

NICBLZ 52T TE D Z L0800 5, BAEMIZIZ, AV AF A ATIE3000 AT L —3 9 T15.5 ms T

T L. 379.6 Mbps D A/L—7 v M EER L TW5,
LD EERLTND,

— T b O LHIREO R EWRTETIL, FPGA L
THoTHETREIN 20 ms 22 TCLEH (f] :
5000 4 7 L—3 9 > T 34.8ms), & HFEEEMRED
Xilinx U50 FPGA Z W5 Z & CTZ DA EEMTE
%705 (Table 1), MEEOHHIZ L > THlER S5
AR 72 W E RS 5 B DO TRV,

L7228 o T, BEFEIT/ NI~ OE ) 24
TRIBEIZ LTI omiETH L OO, KX
v NI =7 TYUTNVEA LEWEEEBT DI, &
BDOFPGAICUERH 7 X% U T 2SI ELRED
UL R MLE L 72 D,

3 S ORBRE~DRMR

3175 7FBMEICONT
77 7 RHAMET. 7770
MER (/= R) Itz o505
L&, ORD S TWAHTE MR L
NDECAIZRLRNE ) ICa%E
HOYTHMETHD, T2 x
X, A & B ) 2 oD/ —
R TORD > TV DA A
& B IR Uta & fli > T
2V, ZOLOI, BRuAES
— MR 502504 THZ
ERT T ITREODHEHNTHD
(Figure 6),

77 I7%ABIL, BEOIFE

i,

1 2O 3t —L o AN E W 7 il 215

Table 1 Computation time of the Swap-based
Simulated Annealing solver depending on the FPGAS
used
TIterations ZCU104 (ms) Alveo U50 (ms)
5,000 34.829 14.090

10,000 49.745 24.531

30,000 109.354 66.142

50,000 168.928 107.589

Figure 6 Example of a graph coloring problem. In this example, three colors
are needed to solve the problem.
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2%, I T, 775 W ONDO/INSIRERy 77 728U, 77 71380777063 o L/h&
W, BEICHLERFIREENEY | BN 72D, ZiUE, 7 T AXERS~ /LT 37 CPU, GPU, FPGA
7Rl WHMEENRGE R N— Ry =7 LHERRWHIETH L, KHE Ry NT—7R@EVAT LD X
N, U T IE A LEDRRD HID ST
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H% (Figure 7), Z DX JE 2T 5 I12IE.
Wy 77 TIELEREER ) — ROfE H W
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o FOXAI VT TEELET DL GETI, &tk
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o HEa R MOFEBIDBIEN AT S

BRICWHVLERCIE, BER ) — FOBHAESY Y 5 72DIGRENMEIIRY | A— 3~y ROERI|Z 72
HIOREOBEE L TIF2FRICR S,

Figure 7 Graph Partitioning in a Graph Coloring Problem. The
color of the nodes located at the border between the two
subgraphs must be communicated to the neighboring

Processing Element.

41 2026



3-3FPGA 12k 375 7R EMEOHI I SaL—TFy R - 7=—1)Y

(1) 5 72458I>1T

75 7 DAEVFRIC METIS 54 7 U [5]&2FIH L TW5, METIS (X, KBS T 7 2503 X < EEDE
DT T ET DI DEMNRER N N—T 4 a = Y=L THY, BRT VA2 TE LT Lo
D, FEBLy DY A XEVJFEIRO L 9 Kb T 5,

METIS I K-> CHEISNIZHD T T 71, TNENMANL LT HEALE LTI Z &N TE S, Z ORI
ZiE2 L, [FU FPGA (Alveo U50) FIZENE S7-EH O U033 (Processing Elements—PE) 12,
K77 7 OEANBEEEI D YT TWD, ZHICKY, EEROHS 77 72 WHNCEATE D,

(2) HWHERER

FP. ST T7F 2 OIHEILIESEAICIE, & PE METO PE LEBE FIF0 % 2— T2 &R
L7z (Figure 8), Z®OHFATIE, BERMET D /) — FOASKESL, FIF0O 2B L CTAvyE—T L LTH
B ET 5, MEDEMT, 2 SEI0 X D /AR A X EsE DR EMET S,

LU, ZDHRUL PE DRI 2 5 EAGHIC A — )L L7 2D E WO BEN S 5, PE 03 2 5 7= ONC,
% PE (3D _TD PE LWET S0 FIFO ZEFHOLENH Y, PE K2 N O L & FIF0O O
MW1) IZEXTLES, 20D, REBERWEFHLIZITE L T,

ZOREER RIS A7, 2 DA OFETIE 1l L— % — (Router) W I-i@E R A L7~ (Figure
9), & PE X, BB/ — FoaOREA T IRIL—F —IZEFE L, V—F—BNE7 PE (2T ZDOEH AR
%15, ZOFATIE, PE REREHESRBDLEN L, BEREKN PE - L—F— — LER PE)
~E—ARILEND =D, PE OB CTHBEMENEHEIC 20, FERELT, I0E 0D T 77
Z [FIIRFICALBR 3 2 IO 2 R b R T & 5,

FPGA (Alveo U50)

PE1 PE 2
SAa7 SAa7

Local BRAM Local BRAM
Boundary S LS Boundary

BRAM BRAM

Figure 8 Direct FIFO Queue communication between PEs for parallel simulated annealing on FPGA

FPGA (Alveo U50)
PE 1 PE 2

,,,,,,,,,,,,,,,,,,, Router T e
: PE 3 | ' PE 4 '

Figure 9 Central router design for communication between PEs
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(3) REMROREFIZOLT

FOMO KX RFED—1L, FPGA D $ > PE (Processing Element) 7
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DN DROIPEAERNCEN D Z E N TERY, ZOFER, EOFA I 7T T EERLZTHT &0 24
WrTERWEWIRENRAEL D, I BT, &EMEZRAFET DEICHRIOMBENREEL D, HDH PE 28 T4MR
B LU CTREZBBLTYH., FOMRFABROBFTTHIO PE 3 ) — RO@EEXE 2 TLE ) AlhE
WRBH D, ZOL D RIRI T, RIFS N REMRN, EBRITITR R DR O R SR & - 7RI G 7R EE
7> TLE I,

IO DOREZ R T D702, MEAR (Adder Tree) ZHWNTY v — U2 FHR T DA 238
AL7z, 4% PE 3fgrav 7, E\®D%ﬁW%%ﬁ%mﬁL\m%ﬁﬁ%ME%Eﬁv4%yy?%%L
T/ ua— VUEEEEZENT 5, 2L D, 2EROEEEEZ EM»OmEICHRE T 5 X510 5,

Fo. HRERORFEIITENOE= &@%%ﬁw o ZOMIEIX, 7 a— NVEEBNBEOREE LY
INSL e o T BR ZRFI L, Save 55 %24 \IC7 v —RXxx A NI 5, Save E &% FH -7 PE X
BUERFF L TV D EOEH % Shadow RAM (2 % WZHEIE T %, & LERMEFIC PE NEEZEZWX Z 9 RGH
WX, & PEZ —FFICA b=V S TEAEZROELIICTH, ZNUHDOLEIL, SADAAL U N—T % —
UHEIESHD Z L ET78 b, RERORFEH DRI ZFigure 1012787,

. ENENERSOR—H )V

FPGA (Alveo U50)

PE1 PE2
SA Core SA Core
Local BRAM Local BRAM
- ) FIFO I
Boundary Boundary
BRAM BRAM
BRAM BRAM
E, ; 'E;
Adder
Tree
i Eglobal

X

Save Signal Save Signal

- Monitor Circuit

Figure 10 Detail of the FPGA circuit necessary for the global

solution retention

3-4 tEREETE
Fa PRE LI Y NVAR—OMRETIICH T2 > T, AflsnTnEa R Fv—r7 2 AW [6], R—H%

Table 2 12”7,
Table 2 Avg number of conflicts and execution time (ms) of our FPGA-based solvers on various graph coloring
benchmarks. The number of iterations is set identical for all solvers at 500,000 iterations and each data point is

averaged on 10 executions.

Graph Nodes | Edges Colors | Iterations | Base (1PE) 2PE 4PE
fpsol2.i.1 496 11654 65 500000 | 6.1/159.07 5.5/204.93 X2
fpsol2.1.2 451 8691 30 500000 | 12.8/156.82 10.9/203.10 9.4 /252.71
fpso0l2.i.3 425 8688 30 500000 | 12.4/157.21 10.6/209.18 9.6 /254.04
inithx.i.1 864 18707 54 500000 | 12.9/158.39 11.2/204.25 10.1/238.16
inithx.i.2 645 13979 31 500000 | 27.6/157.71 25.4/205.72 24.2 /267.56
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Graph Nodes | Edges Colors | Iterations | Base (1PE) 2PE 4PE
inithx.i.3 621 13969 31 500000 | 27.3/157.98 25.8/207.37 | 23.9/270.52
le450_15a 450 8168 15 500000 | 13.6/156.35 11.2/194.42 | 9.2/207.43
le450_15b 450 8169 15 500000 | 13.0/156.39 10.6/194.27 | 8.9/207.77
le450_15¢ 450 16680 15 500000 | 183.6/164.27 175.1/199.26 | 165.4/208.93
le450_15d 450 16750 15 500000 | 186.1/164.44 176.3/199.31 | 165.4/208.75
le450_25a 450 8260 25 100000 | 3.6/31.50 1.9/41.11 0.9/45.79
1e450_25b 450 8263 25 50000 | 4.9/15.89 2.3/20.51 1.1/23.06
le450_25¢ 450 17343 25 500000 | 31.8/164.89 26.9/203.55 | 23.5/216.46
le450_25d 450 17425 25 500000 | 31.2/165.02 26.6/202.57 | 23.0/215.91
le450_5a 450 5714 5 500000 | 57.2/154.11 44.6/185.85 | 31.8/192.13
1e450_5b 450 5734 5 500000 | 60.3/154.11 47.8/185.74 | 34.4/191.94
le450_5c¢ 450 9803 5 500000 | 44.5/157.87 35.0/189.45 | 34.0/196.88
le450_5d 450 9757 5 500000 | 51.5/158.00 40.6/189.27 | 31.5/196.92
mulsol.i.1 197 3925 49 50000 | 1.4/15.93 1.0/20.39 1.8/23.00
mulsol.i.2 188 3885 31 100000 | 5.1/ 31.57 4.3/41.35 6.7/48.96
mulsol.i.3 184 3916 31 100000 | 5.1/31.62 4.5/41.59 6.8/49.57
mulsol.i.4 185 3946 31 100000 | 5.2/31.60 4.6/41.62 7.0/49.73
mulsol.i.5 186 3973 31 100000 | 5.3/31.60 4.5/41.63 7.1149.59
zeroin.i.1 211 4100 49 100000 | 3.0/ 31.60 2.9/40.11 %2
zeroin.i.2 211 3541 30 100000 | 5.4/31.31 4.7/40.46 %2
zeroin.i.3 206 3540 30 100000 | 5.2/ 31.34 4.8/40.74 5.5/ 48.59
anna 138 493 11 5000 | 2.0/1.59 (1.68) 1.5/2.47 1.0/2.75
david 87 406 11 5000 | 0.8/1.28 (1.66) 0.5/2.50 0.1/2.97
homer 561 1629 13 10000 | ¥1 19.5/4.33 16.1/4.66
huck 74 301 11 5000 | 0/0.44 0/2.44 0/2.75

jean 80 254 10 5000 | 0/0.38 0/2.43 0/2.65
games120 120 638 9 5000 | 0/0.72 0/2.43 0.1/2.68
miles1000 128 3216 42 40000 | 3.4/13.72 2.6/17.78 5.2/19.87
miles1500 128 5198 73 20000 | 2.8/7.39 (7.49) 2.3/10.07 6.2/12.83
miles250 128 387 8 5000 | 1.1/1.39 (1.65) 0.3/2.40 0.1/2.58
miles500 128 1170 20 10000 | 2.1/3.16 (3.29) 1.6/4.43 1.2/4.85
miles750 128 2113 31 10000 | 4.5/3.41 3.5/4.62 3.5/5.20
queenll_11 121 3960 11 500000 | 28.8/162.46 27.7/195.02 | 26.0/203.70
queenl3_13 169 6656 13 500000 | 37.0/165.18 36.1/198.52 | 34.8/207.20
queen5_5 25 160 5 5000 | 1.2/0.58 (1.61) 0.3/2.39 0.3/2.57
queen6_6 36 290 7 10000 | 2.5/3.14 (3.22) 2.2/4.29 1.8/4.56
queen7_7 49 476 7 100000 | 11.4/28.69(31.51) | 10.5/38.26 8.3/39.87
queen8_12 96 1368 12 10000 | 6.0/3.37(3.38) 3.0/4.45 1.4/4.70
queen8_8 64 728 9 50000 | 4.1/15.42(15.90) | 3.5/19.71 3.0 /20.57
queen9_9 81 2112 10 50000 | 5.3/15.99 (16.15) | 4.3/19.96 3.8/20.74
myciel3 11 20 4 5000 | 0/0.07 0/2.48 0.1/2.82
myciel4 23 71 5 5000 @ 0/0.18 0.1/2.48 0/2.81
myciel5 47 236 6 5000 | 0/0.34 0.1/2.48 0.1/2.82
myciel6 95 755 7 5000 | 0/0.8 0/2.51 0/2.85
myciel7? 191 2360 8 5000 | 1.0/1.66 (1.76) 0.4/2.54 0.2/2.91

%1 Inconsistency between CPU and FPGA number of conflicts

%2 Error

ARIEBRTIL, PE (Processing Element) DEZMELC LIBICRET DA — —~y K& BOE~DEE

ZAHil L7, £ ORER, PEEOEINCHEVIATRIFANRS 25 Z &N

BENz, ZhuE, BEo PE 2RI
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