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= 2Re {(m(”)HGRGﬁm} —I Gfm® |2= @, (m;m©®)

o7l MU e ka gruelFo e 7@ WAl golth. 3k 9% 4 8ol Mgshu okg) Fek4 10

kA 108 BE HH3 EAE VX 92 (toolbox)E AR&alA AW (interior-point method) 2.
2 = A F=o BRATE JRY. ugid B O AAdoME BEREES Fo]7] ¢Js] PSM(Projected
Subgradient Method)& A&3% 4 vk, WA 4342 109 2F1%A et (Lagrangian) o} 824 113 o]

G 4 gl
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[=3H4 11
L(m,s,A) =l m 12— XK_, 2, (@ (m; mD) — s2)

oy7lo)A A= [ A4d" = garzao) et

pal

R

ok

ol W4 (dual variable)elth. 43H2 11& o FA9 WS
(primal variable) ™ Sof tjalx 285 3 F 4 w5 Lo tax Husts oh= Ao E 78 5 3l
o}, WA FasAere Mo i o]z} F=(quadratic function)® FH A o] M 7]87]¢] Fho] 0o] HEE
sh= gholth. thgo® gaRAehs HAsehe S ofd i 19 e WHoem 3+ 4 9t

[

=1

1]

Algorithm 1 Bisection Algorithm for Learning Rate Optimiza-

tion.
1: Input: A\, VEk
2: Z « {k|\x > 0}
3. If |ZI‘:-"|1“ + -{\ = |Z| Smax > K
- if ke Z
4: Sp — - .
¥ — | Z|8min) /(K — |Z]), otherwise
5: Else
6: Sk ¢ Smax forall k ¢ Z
7:  Initialize Ynin, Ymax
8:  While Vypax — Vinin > €
Y: = (‘umill 3 Uumx)/g
10 For k€ Z
11: S5 4 1min (111{1\ (2\ ‘nuin) \ -‘*nmx)
12: End )
13: Y e o> K
14: Vmax < V
15: Else
16: Vinin & V
17: End
18:; End
19: End

K -
Aest T o104 VE Zi=15 =K Z7AL 93k Abgrolm o] B (bisection algorithm) & ZHZ el v k3l A
=z

e wESGE %8 & ¢ vk vhpdno 84 114 18 PsieE ek ok 84 125t 2ol

A = max(?tk — é}((ﬁk(m; mm) — sg) 0), vk

71 D A fF &5 Abo]=(step size)d & Ak, AldE= A HFE= <are]s(DLR-
Subgradient)] HAl AL off # 29 gov wky duFEL ‘st grom FHT wrbA s

ATt

_10_
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[ 2]

Algorithm 2 Beamforming Vector Design for Federated
Learning based on the Subgradient Method.
Input: Gy, Vk

2: Initialize m©®, m1) 0,1« 0
3: While [[m® — m{=1|| > ¢

4 m+m, myy+0

5: A+ LVEk, j+1

6:  While [[m — mq|| > €2

mgyjq < M

: m<—ZA | AeGEGEm!

9: Find sj.Vk using Algorlthm 1
10: Ak max(Ag — 6;(@k(m;mW) — s2),0), V&
11: j—jg+1
12:  End

13: mt) - m
14: <+ [l+1
15: End

f

T3 B o] darlde] QlojAl, 71X =] ZIX*:@} el o & A
Al e AW EA L] VA5 T AFE A . A

(200) 9] ZZAA(220)= "X (210)7} X FAAL] I} Holk el HFE TR I
2 Aol HH (instruction) S AYS=E FEE F Ak, A7)A, Z2AA(220)= 7&%1 ) (200) 0] A
Ay Z=7E AFsks Aol W we A = (310

S HFEH AR (20005 Ao 5= gl

A (310) A HFE Fx(200)= =2 2d 9 FXH T5ES 15T F A, ddR, sk 7T
60702 =74 FA e} B A4S sty 7T 6079 24 FA Aoz F2d 2di 60719 =
A 7Gx ZAztel gk G shFES A5 ¢ 9

A (3200014 AFE (2000 WE wE P AXE FHEES HASE 5 Jdvh. dER, AFEH ZA
(200)F B9 24 ZANZHEH A A7 JA"E AR 9 559 27 FXZRE FAE 24 BdEo]
AAE AWl He AF 2 Z(mean squared error, MSE)E HAi3dtsles WExw ¥y 2L 57 558 53
Wxn we 9@ A SEES HASE g vk, q7IA, Aevk JAAE ARE 2E A9 AFE G
o Ad AR, HAAE Hs 27 Hy, 24 2dS 4% $4 S 9 IFAE FSell 93 AtEE=
TGt Ay HETEY] Fol] ZHkste] dojd § k. FAlalsel disiAE A S8k 38 BE AT
sk vk Qlvk. 274 BdEo] JAE HRve 55 24 X Ao g 54 suEe 97 27 mde F
of gt Htell 7|dtste] dojd 4= gk, olyd 2 RASo] AR AR dEiAE 4A F8k 28 F
3 Awe up oy, ES, FAFE FX(200)= REY HEQ T4 FHFER HaXeHS Hasek & 4y
HeZ HAdgste A4S vEste] jlxy Uy 9@ X8 SFES HASE ¢ vk, A, FE 11, %
1 9 g8k 1258 F38 Ayt vie} o] X s Haslsle WEWY dEe 54 sg5EY AE T2 &
2% 79 g4~(Lagrange dual function)E ZHulgsl= v H59 & 3 JAS WHEste] QlEy 9
o} A shEEC] HA g o]FolA F Al uisl At

A (330) A HFE FX(200)F FHEF7E FHEEA ARE AT 5 k. AFE FA (2000 HHF
F7F FEEE A4S dAB30)E FAE ¢ Jdon, BEXRFEFrE s g Aeode 932008 v 53
g 4= 9t o], FHErF FHEER qFE ¥ 20 yEhd ulel o] Rlxw wlE 9} o] HkEoA ] R
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=t

£ e Fol7t f2ol5e] goz FYsEA R ond F gk,

A ( 340)011*1 AFE AX(200) 27 2USo 713 gyow 2 nus 7AE 4 grk.  ©A(310)9]
AN 24 Fx Ago=s Xd_%% 22 T4l o]l T 4oA HYsti= uiel o] 2 Fx Z7to| A FxE &
HES H_ jte] dulolEd = glow, 2 X Zt7oA JuolEd S2d YR 27 Rulso] AdH
4= Atk SA(B40) A AFE FH(200)= 2E FH Ao 24 Fx o] AAS 2 RAES A
& g eon, fAld 24 RA50 Uk daos IR EEs AT 5 9l dE=, oM I 28
23 duolEd 24 ndzhy F2¥ 2dS d8 & JSS A9 v gl

1(350)ol A HFE FA(200)= 5 Edo] FHs=A 55 ZAT § v}k, &5 ZdS A (340)9
A e 22 2dd  glon, oy Sy Rdlo] £H5t=A] HAE HolHE gy Rdg Hrigs u
53 Ao A8 EA e A vbEGE shgo] AAHEAER RS oud 4 gtk AFE A(200)
oa $ X 39 FHAH3 wyel WE FAHL FR3Y 4 glon, sk mdo] A o

5 4v B o] dAA]de] QlojA, = Ao HH3 W] oF EAg EEEo|th. 2 AAdd nE
HA3 e 24 ZAXNE P AFE ZFX (20000 & FHE S odrk. dH2, AFEH AR (200)9]
ZRAA(220)F wEE(210)7F EFeE wFAAY ZEY Aox skl AFEH Zaade] 3= unE A
o] W& (instruction)s AAYEF FdE F Jgrt. 7|4, Z2AA(220)= HFE FA (20004 A= =
=7b Algehe Al W weEt HFE AR (200)7F = 49 Wo] xFstE WAIE(410 WA 440)S T E
= AFH 4220002 Aojd 5= Ut

SA(410) 4 AFE FA (2000 F2E 29 2 FAE SgHES FAT 5 dur. ddE2, HFH AA
(200)E = 39 ©AI(310)0l419} o], AWMEAS] 7| =o] AFstes F2E dd FAH HES 7T
& 3l

A (420) A FFE X (200)= AXE THES WG] 228 2dS dUolEsty 24 mdls AT
T A, dE 59, HAFH A (200)= A FA 1S o83l 2 Rds AT F 9l

GA (430) A AFE A (200) = FolR A EATE GA (42005 WHES 4= Qlth. Ad R, XAV 100%
FolA AL AFE AX(200)= @A (42008 103] WESIY] HEzHog 24 1y

A (440) o)) A 74*”51 FA(200)E 24 2dEs A5 = Q. 24 Bd2 AWEA 9 X mow HEd

F ok QA E 39 BAGIANA NATe] A = FAERRE 27 BAES FAT 5 gon,
FAE 27 mEEY b gRosE Y wds AN £ 9

olgtoll M= Altd HA3 Wy 2 FXo Fee HFsH7] 8l 71 €3eElF DLR-DC(Dynamic Learning Rate
- Difference of Convex)®} A L7F7F flvtar 7FA3E o] A&l dad]E Oracle-AirComp, ATY 332 9
a dAPetA WEH M S MestE= SLR(Signal-to-Leakage Ratio)-Random beamforming, 8+ 108 CVX
toolbox® & A3 DLR-CVX, X 29 &35l DLR-Subgradient &} St&Eo| HRE Jgks A7) 3] = 12
3143+ SLR-Subgradientd %S v ngtt},

5% 71X =) etelY AGrt 1670, ZF 24 o] erelu Al 270 A w AA A Sl mE JA 2R
EO#—Zr—E T Eo|tl.  DLR-DC= SLR-Subgradient Bth B& A 2 FE 71Xt} DLR—Subgrad1ent~
ol DLR-CVXS] A3 U s4ES HH3}slx] e SLR-Subgradient BTl ¥ HeS 94

FAe] M7h 6074 B A AlSkehs GaelE s 71E ¢ads DLR-DCET 5dBo] 3 1%

dz o

o}

=3
=

bR K
FUO r_?t_'l 2L

o o l—rl
N

oy

o,

(@)}
i
H
ol
)

2 Aol A WA A U 6071Y W T gt wE JAFA T EH9 5 ATs HY
& MNIST(Modified National Institute of Standards and Technology) Hl°JE] A& Al-&3}
Z(multi-layer perceptron, MLP)Co.& ®Ho BF AHeS Hrlstgct. 1HY E4 #te=
3] AP = BE 34 E33th.  SLR-Subgradientd} DLR-DCE 2 A L/F= A3 &
1ol FA ok 3ol wrAlshH QlFgAT Rl AFo] "ojty. DLR-CVX3} DLR-Subgradienti= ©]%%
al

= Oracle-AirComp® 79 TYU3 AHee G},

(R S 3+ N
o
=)
o
ofj
&
(Eo(m
N,
O

ok OH

H
-
rlo
o
o2
=

o9} sh5E S 7Fxa AYsS uw 100M A T4l

A
Mo
iyl
2
=
1o,
)
o
o,
off
tlo
s
Q2
N
s
=]
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o]t}. Fashion-MNIST dlo]g Aoz 3 F AlA
DCE Y& dug|FRY oF 10%p 2 oS AL=E 7Y, Yxy 9y g5ES 37
dunglEe RE 9o 1% o)Wl A Oracle-AirCompe} A S @A sit),

(Convolutional Neural Networks, CNN)< 3&r&3s uj DLR-
A slsl= Ak

of oh=Rl, A% s A P4 AelA wEY el SRS B A4

s}et= W

ol foll Al ArE Ax® e X e st=do] T84, Ee studo] FAA8A F AXEYY FAeA] X
oz FdE £ v, dE B9, AAdENA AdAWEE FA ZE FAHLAE, dF B9, ZEAA,
FEEZ?, ALU(arithmetic logic unit), YXA" 2l& Z=ZAA(digital signal processor), w}o]aZFFH

FPGA(field programmable gate array), PLU(programmable logic unit), FlO]JAZIZAA, X HH
(instruction)& APstil FHFE ¢ Y& thE ouwg FXof o], st o] WHE HAFH T S+ 54
AFHE ol&ste] 782 = Ak, A" FXe &9 AA©S) H 7] = HA AelA FdE= 17
o] AXE] 01343174]0] As AT F Aok, '3, AP FAe LZES OS] A FHEte], HolHE
A, A%, 22, A 2 AT = Jdrk. o] HelE ek, A FA= st AR EHE ReE A
W A% AR, Y TlsEokelA T AAE MR A=, AHFE AT H5 Mg A" 84

[e} h
(processing element) H/HEfE B F3o Ay 245 ¥3st £ JSS & F Y. dF B9, Ay #AH
= 55 e Z2AA EE e Z2AA 9 e FEEHE XS Q. mdH, wE L2 AN
(parallel processor)9} &, t}& 7] -4 (processing configuration)®= 7}s 3t}

2EEoE AFE 2 W (computer program), ZE(code), W (instruction), Ei& ol& F 3} o]d<
23 =23 e, dske dE sAstEE Ay FAE s SHAcR me AFA o

(collectively) A Ax& B¥HE 5 U, *:‘IE"]‘H /= HolH=, Al Aol ofste] a4
e Ao My wE HolHE AEsly] Yate], oW &8 A, AL (component), &7 &x|, 7MAF
A=) (virtual equipment), AFE A% ufA] == Ao A3 (embody) 2 5= 9 ATEY o= YEY IR
AdE HFH A=E Aol FAtEolA, E4tE WRoR AU ddE = °1E} AZE] B o]y
= 3l o] AFE #E JbE 7|SuiA AdE

=

>
>,
2
2
=)
il
ok
e
o
o
o2
rot
ol
=}
iy
+
A
ol
ofk
=
fr
-4
i)
2
N
=}
iy
offt ¢l

3
g, dolg 3, dojE F+&x
= AFEE A Jtes Z2aRES A A AY, 23
A = ok, I, wiAle gd T 50 stedlelrt AdE FE
R, oW HFH Alzdel AA AEEHE Al PR g, UE
st= 3, E29] b3 92 A7) Helxe 7
YA (floptical disk)9} 2 #7]-F wjA|
sto] T2 gEolrt ARHEE AR
st ) 2Eou 7|E gk AZE ]
AL & 4 Aok, T2 HHe
AEZEE & AFEEA FASFH 9

.
iy

(magneto-optical medium), 2 ROM, RAM, ZjA] #HE
Aol Y& g Urh. E3H, T2 WA AR, ofEE
A &3 AOlE, AW FolA] #AF st 7

—‘ﬂl

< 5
T X 2%
5&&

o 53 el
R I = i
£ % ol
Y o
|
ot

I
e
=

(o3
=

T Ao,

aduE, e FEE, e AAAE 2 ATEAG TEE ATE T AT WA Sar),

_13_



ZIHSd 10-2024-0081555

k1
N2

1
(g
~

160

S (103
77_‘ |

~-140

™-130
EH2
200
AFE EA
210— Hza
240 b 220
| |
oz . .
olEiH ol =2
‘ 230
|
SA olE{H o] A
\
‘ 170
& A% — 250

_14_



10-2024-0081555

5

=

=

H

e
[=)

~—310
330
~— 340

L~ 410

430

L~ 440

<d
&
oju

{1
jol"
Tl
K0
oK

fur] ]

I
rin

A 4

$fo
pd

K
o

ol

_15_




E95
-10 T T T
—&— SLR-Random beamforming
ef —A—DLR-DC A

k1

201

25+

Mean squared error (dB)

SLR-Subgradient
—2¢— DLR-Subgradient
—6—DLR-CVX

L L
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40

L L L
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Number of devices
w6
100
o L R T "~~'*."'_‘! _
A
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& A
L i1 s
bl 'y i
> R
) ]
g {
e i
2 ¥
3
<
z
5
E 4
Oracle-AirComp
- = =DLR-CVX
---------- DLR-Subgradient | -
SLR-Subgradient
-------- DLR-DC
40 60 80 100

g,
3

Communication rounds

Dataset MNIST Fashion-MNIST

Model MLP | CNN MLP | CNN
DLR-DC 80.03% | 96.02% | 68.30% | 70.48%
SLR-Subgradient | 85.75% | 96.18% | 73.67% | 80.78%
DLR-Subgradient | 91.01% | 98.00% | 75.21% | 82.81%
DLR-CVX 91.04% | 97.99% | 75.33% | 82.80%
Oracle-AirComp | 91.05% | 98.13% | 76.36% | 83.80%
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