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1. ZFC®HIZ

RIGHRHE AR 1E, BIEDER % DJSHIZE N TIORFE L D @V ERBICEIEZEL TWD . 2
DISHDZ < TREEH 0 EEP L, FEFTICARRE T & MHEh 5 ERE (&
ZDOPRETFE) BRSNS, ZoARE T TR, RO L bEONLLBENBESN

TWa.
I 2230%, BB S OB HERE DRV A 0 BB E T e (61 21X Zhi-Qin John Xu et.al 2019).
M. “Z“HETF 1: XTA—ZREDEMT — 2 O A X KR&ELBZHGE, KERK

L LTV &, BANITAALRZEREA T 508385 B 868K LEFEOEAD T 5
(Preetum Nakkiran et.al 2019a).
M. “Z“@EREE T 2: RUHMT —2ICk L, NI A —=ZRTEEHEO L T &, el
{ERRZED AT D03, NT A—=ZRTBHAENT — 2 DY A XTSI THKRL,
ZOfHEE 2 D L O T 5 (Preetum Nakkiran et.al 2019b) .

IO OBRGIIHGRIICHIKEN T T, ETAVONILREDNZHET 5D THEM L
HbREHETHD. L LOBRICEHL, 1EROHGRAIIZEIZIN T, EEMRERK I
LZDNA T ADEEIFH D FRE R SN TS A (Nasim Rahaman et.al 2019), % ® )
iR os TV ARV, kR IL, MLOBRLIHCAYTHY, hob IILIE, HEEHO
AICR WAICIZ LV, NI A—=FWRILBER LT D EWALFRENE KT HEZE2 615

KT 5. BUEDE Z A, FHBREFMIZEBNT, “HETZ+Hoal3 285137k
WE D ThHD (BN E 21T 2 EARIEIRISRT U, nom 2 HERIZ U2 BERIZ IS WX, “Hnk
U A2 7RI L DA %S %5 (Ryumei Nakadal and Masaaki Imaizumi 2021).
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B, ETNVEBO AR DOEMZ RS, ZEHE I CER S R (B E) R &,
LELE T ORI R MR A G AL, K E RFRRAE & RO MEE 22 OIS ST 5
ZEEFEH L. TR, FEMEICHEHD L N EETVOEMEICHD L YLD D
EMHREIZ 2 o7, ZOFSHZ 2RI U TEREAR R O A RLE T2 T LOBLRR A
UHZEEAHTES., 2T EHBETICEL, ZOHHEENS, RTA—=FRTLY
b, AESEMZET TEOBRERMLL TV AN ELZNBNKEREOBEKRIZONTED X
IR ENDDPNED IR E > TARENTHD Z L a2iEfHT 5.

AR OMWBIIHK OB . 552 B CRFELZTED, F3ETLEROBIREZMHT 5. & 4
ENLH TEETT, Hx OFHAZRICRTT 5. FH8ETIZOMAZHWT, 1. -
HI.OBRIC PRSI Z 52 5. BRI ZHETIZOWTIE, AELOIREIEIC SN THOELE
RN, FEE LTI+ TRNb D0, HiEE TORREEASNRBRHAZNYTD. 2B
AfTIE, HERFOIALZEIELHEEZEHE L.

2. BBEiE

HEAWRTERERZED D, EEEEZ F—F2TY (z[-z.n)" DEVEDLE) &L, 20
ECHERMB g TY >R, T AEE f(w): TV >R (w=W,....,w,) (eR") 1T/$F 2 —
2l D,

f(w), gl Tk ZNFEE 35 Hilbert ZEM LI T 5. a,b NEEKMEZ L D2HELEZD.

<ab>=[, a(x)b)p(x)d"x (LMpuyﬂ%:(mnM,puozoy

zzcdx=dxdx,-dx,,, p(xX)IFEL (SEMOBELEZD) ThHDH. <-,->CBT
5 L OB LZERZ R ETD.

Kr(p)={aelL|Vbel,<a,b>=0}
FTo, BWEONHE

<a,b>, = _[TM a(x)b(x)d" x ,

LU, mEOYLTY Y S x, (ThE gaAbE BT —4" L)) ETo

m

Wi ZRET 5.



(2”)M fa(x )b(x,).

M m
(@27) 3 0(s) 1 T,

<a,b>g,, =

1§IJ’%—MZ’ p(x):pS(m)(x):
<a,b>g,,=<a.bpy, >=<ab> .

ack) (ke Z") < a(x) (x e R") @ Fourier ##¥% 3. £ 7= Fourier fREk D PFE & BiA 7
ZIRTRT.

<ab>=Y L akb' (k). (@*bk)=> . a(l-k)bk).

% Aw;x)= f(w;x)—g(x) & L, IMEZIRTEDD.
E(w):%<A(w), A(w) > WUABUT A B)iE),

ES(m)(W) = % <A(w), A(w) > S(m) FINFRRR ).

T NVEKOAE O (w)/ ow, (i=1,...n) e LD 1 DOy OHTEHEEE L, f(w)D
HEZEL T, f &, MR & B L EM M T, f L 2R TED S, 22 TP,
13 Kr(p) ~0 (il o) B

T,f=Rof/ow ++Rof /ow, (cL), T,f=01-P, ), f(cL).

HE). wZzillfiiL T g% f(w) TEET 2 (BURE) . 20720 E(w) ZheME L7z vWas,
miFHRROT, Eg, W) EZ/NhE<TLHILI2L> TIRELBMIZETT 5.

H 1 EBIZEWIFHETERNDOT (pBRATHEENR), FEEE IO 7
W) T RERWCT Eg, (w) & OEEZHE (REBRE) T5.
H2:1ERn<mMPAIHETH 7203, EFEIL, BHECREVnORBB L RN

8 Eg,(w) /M (“Uf37) 0F, @FIRHERIMEEIC R 50T, TICERT D ARME
FEEFZDOIREFEZ AW THES.

WO 1R OB S RREIT L 0 () &R, By, (w) ORI/ TEET 5 Wik %,
“HEBET L.

B RS Tidzm.
2 n>moOBBOIERNDERICAMINATHNT, 2021 FTEn PR TEA—F—DXRbH 5.
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dw OB, (W) < A(w) AU Fw _[oFw) o w)
dr ow Tow ™ ow ow, ~ Tow, )

n

WIME 2 w, CEE, 8272288 CAER), BRI % w, TRT.

3. BIESIN-FE T
PRI AL (2 B9 2 AL RE T Cid, AL (epochs) DHIRIZHE- T Eg, (W) iZ1F
FHEMICET LT (VA XF0) W/ME Eg, (w)ISWORT 5. £72 By, (m)1, nOHEX
WONTURIEHEMZBO L, ndmBELEOGETIIITZEALE0 LS.
7, EWw)iZ, T A—=FZRITnDENIZL->T, £ OB THEEFEISENNRBIE S
n5 . RAEEEOHKIZ s

width parameter = 3

s U CIR DM 2 7~ 7. 0.6 1 w— width parameter = 12

= width parameter = 64

) /hEWnwWnols

= 0.5
SRR o
EW) IXIFIFHERICET =
“ 0.4
LT EicWiETs 8
= 0.3
(M 1. Tkt Lo s
0.2 1
7 7 . 7 7 70X
0.1 T , . -
Preetum Nakkiran et. 1 10 100 1k
1. R iaE ¥ oS Epochs
al 2019a £ 9). B 1. ZEEZROH
i) PREE D
AL Expected Expected
m) D& 1 E(w) 07 = (Modern ML)  (Classical Statistics)
A
H-EBETLE®E 5, O :
CERTA. o ¢
@ 0.5
BlgE EmEE L - .\
2 04
lihé ( 1. § Rea|i’[y \M
0.3

ETHD T Z 7).

iii) n>m O ¥ 0.2
1 10 20 30 40 50 60
A E(w)ix— B
2. T A—FZ&TDOHK Model Size (ResNet18 Width)



TLERICEALBCETT S (M1.ATHRS FOZ 7 7). ZOBRIE (EE) ““HE
T LTINS,

Elo, NI A—HPGEDKRITIE LT, Ew)/Eg,, (W)L, H2.0E TR DT T7
D% x93 (7 F 71% Preetum Nakkiran et.al 2019b X V). $512, n>mOGAE, #
FHEEER D AIC ° WAIC 7» 6 OFEHET, WP EDBBAEL ZONERTLE¢E2x 615 (K
24 ERD OO 7T 7)) N, EBEICIZBRTT 5. 2088 s “EE T EMEEND.

VPO CERFICBOTOHRFABES0), namBEDLET, Z0 “~” |1
10 {572 & 8 10 fSHRIE & SR B,

4. FHEBDERERNEDEH

WD, HFHHGRICHE D < ML A DO Z Y MEZ RFT L, BB ORHES D% & Bkl L
THEFF L LTEE, BICHNTS.

W, B p IXREEE ML LTI S, X 13010 p Il Ko THNLIT AR S 1,
Eg(,y(W) = E(w) (m— o) (KREDEA) Bpiobo L iEsnd. L LEML,
ZORENRRY Lo TN &b %<, CORERY Lo TWIERIET 2 Z & HIN
HCThd. £, TN, REFOT —Z T DWBROMBE, WHaELERNEEINT,
TR, HexleB O, BREREEN p ILHEFEINLTNWDHDOTHD.

£, ROBEGER O THROFTHEE 2 TH LS.

Ex.1. ®i&ik5

T
dog
cat
pig
3. W& ? 99.99 - - %. 4. WD T — 2 O53A, ED p

BORIFLEE & SNAIRAAR Y ENEEIY, nAAKOBRERERK TR, dim,f) A EEERTH
HZEILED, ZOZEIZOWTHE, B8 ETHEMT D.
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e b, mifo 99.99 %I 3D LR A XETRDN, ZTOETpRREREE L -
TWTITEN R FERTE R, W, M40 X 51T, G L i Bg N FE L7232V E
WTpRREREEZLESTHERNBRY., 72, pBAZO ETHMLUIEET2Z 213 (K
CEBEDT =2 NE ) Tholet LTH) HIFICEE LI RWEERE V. £, ¥
7T ROEEE, R E RENITITR L TR L.

PLEZRTHRL, HiFL LTES.

D p(x)iX, MBS TIZ 02T, MROHFFA ETIEES £ L2z,
i) Ap=pg,,—p LB, EEBEIKTII| p|>|Ap| 23K Y Lo,

LD pg i, FEBERECTIE LI Ui B 22 v, iR BT ;tAp & BAKIZEH R
TE5. ZOBIZERITRT.

Ex.2. p & pg,, 2K E LT, ZO Fourier ff¥ %17

M =1,

)= 1/2 (|x|<1)
p= 0 (Otherwise)’

27 m .
Psim = 72@ S(x=2(-1)/(m=1)+1).

. sink . N2 . km . k
k)=— , k)= sin sin .
P N2k Psn (F) m m—l/ m—1
P Py & Ap EERT S,
y N A
P Psm)

v

v

X5 p. B 6. oy -

ZOBITI, EAEA DR KD B E SR L TW L 5E, m OKRIZHEST, |Ap|



DEIE 01272 2 K8 O HiPH AR 23 I,

ENDND. Tz kit L TROERE

& <. Ap
aantfl aa I TYYYY
i) m—>od L, |Ap| >0L 722K Vvvvvu [ i UVVVV"
WIS ILN 5 . _

7. Ap.
iv)  g(x) O @& JE B EC A 1o R < T
5.

b EMEREK LB HERRN
B L k=(k,..k,) €ZY), o= N2 G (KeZ') %,

¢ = Zuqsuaak(pk (keZ'. aeC.a, =a_,)
BT L, <=0 0= @ > B HR/MET B <, o> DEAZFRT, 0 F/ILHEAARY ML s+
. ZIT, dBaDEHRER. S5IT, (k= K4tk EBVT, BERRE A
MF:’'>C#%

MF(hH)=)" . |k|<h. @ ><h ¢ >,

TEWD, h(x) (el)DBHEE ZRTEETD.
cmp(h) = MF(h,h)/<h,h>.
HE1: cmp(h) i, 1FIEhOFEER %K.
&2 @l KIZ<, >OERELZRICRLRNOT, ZHICHWEZRQ LT,
OB E R LTz,

RE 2. +HKENKGONHFELT, K (€ZYN|K|<K ZiEwiE, §.(x)20Th
0, la, | e, | (kY OFIcE_ o RE V. (K8 KIF v oM EkicisTnDd).

E£#ES3. N=dmT f)rL, <. >ICO0nTOT,f OERBILEE (x) (e Li=1,....N)
TREWETHO% & 5.

LY T TR E EFSLDBERDD.



MF@E.,8)=246,, (i,j=l..uN, 0= <A << ).

i? /
O 1 ow, 1% 1 DT ERT MF(-, - ) IREEEM 2 KIERARDT, Z0XIReEBLEND.
N<nThs5e, TfO<, ->ICOWTOBELHER NS EVICELAT % n—N{HOH

fr_7 B8y e 6,2 B U, &6 % (T,f O) “BHEEEEOEE -5,

E3 4. nxnFEATH A% A, (W)= <&, oF(W)/ow, >, &=(Gp....0,) LBX,

af(W) — éTA
ow

D% (GEO) “EHERE LV, <6, of(w)/ow> % (M cmpE ) ) WMk
BERRA L0 5.

EE 5. f(wx), ffWx)cxtL, ZRZENDONRT A =2 %w=(w,...w,), w=(W,
WY (<) T B GBS W W, ERUTRBIE D IO L &, (W) f(wx) &
“BIZEE"T2&10 9.
W)= FI (W Wy Wy s W5 X)
ﬂfcﬁf,mm%ﬂ<®mﬂf)

EH6.  f(Wix)iE fwx) R EIC@ET 5 LT 5. N=dmT,f), N =dmT,f) &%
&, TNTNOEMEIIKE e, & TRY. ZDLE, emp(8,) = cmp(8)) TH v, 5K
SNike, =g Rl T e b &, £z, cmp(ey)<cmp(e,) THYV, FHEHK

ey =ey Tl e, mhd L x.

& emp(e)=cmp(e)=072DT, JLOET N EEIZEAETHET /T, @, 0 %2R
THEMEEEDO TIRIZTINY, ERIXERS

H

6. BWEETOREESBEEZTDERES T
ADFERAE D 1 5%
A=U%XV
ET 5. 22T, UVidnxnEERMTH, X=diag(o,,...,0,), o (XFRHE LTS




E¥To 220,20, 2L, N=dim(T,/)<nThbi%4, o,,==0,=0.

n

EET e =8ULBL, e.....e, (e, =(e)) b<-.-> (TOWTT, f OIFBH A HLIEIZ 72
H. e HRERM (M) EE" LV,

of (w)/dw=e' SV k0, MBI FIXK O L 9 ICH RIESR SN 5S. Z 2T, <A >,

=(<A, € > <A, >q,), <Ae>g  =(<Ae >, ) LK.
aw
—=—V'Y<Ae>y, .
dt

Ko TIHREIZONWT, ROFFRIEI MRS T TRRAGR KD 325,

dA(w)
dr

—eT(w) 22(w) <A(w), e(w) > s(m) (= —i eic712< Ae, >g(m) ] .

i1
El:e JEwilkFT 20T, RTEFITIRUTH L. 72720, ZhoRnRE< Lk
FTHRIE, )T TREY, HERABCEER LTI THD.
#2: NTK (#h#&#:8%) i (Jaehoon Lee et.al 2019) TiX, m<<n(@iB/DRE)D &
X, YR W IOV TREZGEH L T 5.
D) e(w), 2w IXIZITEEAE > TRTHMRITR D).

i) w, 1w, (SRR T,

FOBREDHTBRANHRDERERTE S,
8. wDEBOFEMITIK ST, FrREDO R E WIAIZ A(w) D e (W) R AY, AWl

HL T,

MEE9. W< T, dim(T f)>mTh LA, HmEE TORRMEOKZ VS
BB EUC R E L, Z L% O/h SWESITIRIER S L. dim(T,f) <m Tb 554,
ETORIDBEECILUCE G 5.

RIEBURLRN Z LS, PRI FREMIEE O ABLIE T I, 84 2 0E D F TR E WRFR{E &

i

6 UFTIE, MRETHBIZ /A XL H/NSWEHTNREBER MDD > REZMOHE . koT
WITZEED /NS W Eg (W) O/ BB U, 22 E MO /N sU IR 2

TEE AT <AW), e(W) >, S0P THH M5, T YT MRS 5.
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ARV EHMERE 2342 € DAL S L, R B I MEE iy DR E S TH D Z &Rt s 5.
FoT, LROFRIETHMIS NI ROEEL, HHE TSNS E R D T L
HETHD.

RE 10. (LEOLjICHL, Y A, A, ~0NREY Lo, bbb, of(w)/owDRis
PHMEPE A R 403, IRIERBE 2R e,

EEILL f(w), of W)/ ow D@ AR P+l BT 2 L&, f(w) 2 “BEAKEERERETE
FTNATEN D

I : ReLU ZIEMALPAEUICFF AR RN GRER b0 25 ) IXmERBEET LV TH D
ZEBNRENTVS (Nasim Rahaman et.al 2019).

EB 12, fW)PEEEBRETZ A THY, KE 10 Bl Tnd & &, WA AL
5. ZZTi<dim(T, f)ThD.

) RWEMEEE T, o, x| < é,0f(w)/ow>|, e ~& NE Y .

i) BHEENEL 2DI2ONT, DOISIZRA kb,

LITF TR, wid, 7 VEBOEMEN+ME< 2D K oI0@ESE TS, DLEORIR K
v, AR TORERLEBE LTRAERTES.

B 18, ARE TIE, B, HEBIB O MR K5 0 & M Ky ORI 7395

7. R
HATEOHEE D - ivV)BELD Lo TV,

<A,e, >=<Ae, >S(m)—<<A,él*Z/\)>>
DRR LY, WEE MR T 2L ZOZEEIIE L TROMBEDR KLY L.

FE I iU TV ool &, [8*p|+u~|8*Ap| &0 I 5 cmple,) & “Ba Stk
Lo, CoTRT. 22 TuG0)IEHE A AL~L,

¥ 1: Ex.2.TlX, C.~ Nyquist &%,

H2: ZOERIIEEHICEWVTERKELELRBLTH- T, LOVKEBICTLILNERDS.
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8 15, JIMERZE L LR AED 2T, RIS C UL EDEMEEDRZIZ LD AL, AT
DG Z DGy DFEFE A(w) 2O L T2 BT KR L, st iz —
ETHD. £, CoRMOBHETIE, <Ae>L <A e >, DET/NS.

8. FERMEDHE

HAENLHEE CONMAEE > 2 LICk > T, ThETHAICHIEES LTI AR
S TR R DO DDA LD Z LN TE D, 22 TH, FEOIEF 2 MO
CHEE T A ST T O 8.1, - 8.3. 0 BRI OWT, NFEMHNE 52 5. ol CHEkk
TIROWTIL G E LTHA TRV L OO, Bl E TORE L BAWREHE LTS,

ZORSAA LY, FEOEHICHE O TROFEEZERWITHET DD, T A—FK
Tn k0 b, EMABEZEEORTANT, ) THY, EREMEED LTI 0 X5 I8
ERHBRT 20 Thd I LaiglcE 5. flzd, “ER FICHT 58K FoRGICIE,
nemOFNEETIEHRL, dimT f)E mOKRNEERERE S L E 2 LD

TAZBLTHE, LIELIE, wllBWTREOMS RIBIL LTV, KERE OB K
IZO I CGRAER R & IR S, dm(T ) BBIRT 2R Z 55, 72720, wmicBn
THiB{EIZZE L\ (Levent Sagun et.al 2016). I X 5 72 Bi 72 BAL AR 0 — M 00 PR
& L CI%, Masaharu Ishii & Y. hirata 2019 283 5. @972 B L METEIC & D HERE D% L
OB KR, KERREZECLEHBA0 —ERTOFRKTHD L FHREND.

U EDEFIZESNT, TRZNOFREEBHICHIZ 52 5.

8.1. BREBOEMEDEVES M DIEICFE N EDHE.
O, EH 12 OF R - EHEISIC > TR S D (B 13 22 H1).

8.2. REMHUDEXTHRASINLIFERNE (M 1L.23H)

D /W nDOGE AR C. LLE OB O Ry DFER T, IZIZHEFN P LR ZE D3I
AE RS (BB 6 L 15 K V).

i) PREOn(<m) DYE  n BHLBRERE VDT, ARUT C. LA EDEMEFE DRy 23 8L
no (EE6 LV). 9, WHOKIE TIIARBMEE Y 2328 S i, FUERRZEITFIE

8 F7ZREHETE TV,
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ML TS (M8 LEM 12 1Y), KERERK D —EM A B 200 H
b5, C. %2 % EEME DR N FE Sh, ISR 22, FLRR I K
T2 (MES, EH12 L MmE 15 L0). 72771, C. %A1 5 B8HMEE DS RBLILR
LEE, JUEREEEHA LAY (ME9 LEM 12 LY).

RIFEHRTH Y, AHOBMFPLETH 5.

i) n>mOBA HETE DOBE LR URB 27T, FICKERREHCT &
dim(T, f) 23888 %, 8 5 FI B dim(T, f) > m & 72> T, Co & 0 AR EMEEE D RSy 73
5. ZORE, FIZEEELZIT ORI Co FVIRWEMEE DS O 2 TV E,
PALREZERRAD T2 (M9, ERL 12 L@ 15 Lo, 7271, dim,f) DKL,
Co LVIENWEMEDOHKINED L IITHWEA L0 ERLTHRVWDT, K157).

8.3. NTA—FRTDERTHASNIZEHE (K2.223H)

D BAOBETEE : n /NSO T, nOHKIZONT AT, f) 2318 2, AR > M
FERRAY DRONBIZ 508, ZORKOBEMENEL C. L0/ NSVoT, JEins L ki
MNALRRE BB T2 (EBL6 L 16 £ 0).

i) WA : DORMAMZ TnBAkT 5 &, C.abliz 2 BB ORS A 2 GE
6 LV). ZoXMTE, #Hadind,)<mThHiH05, C. k0@ WEHEE DK
bAREDERICH 5 L, ZORE, TULEEN AT S (M 15 kY). =721,
C,. %2 DM DR BB & X103, PUEREEIEH A LAV (A9 & e 12
).

WITFEE TH Y, SHOBMFENLETH S,

i) P TR DO KM EZBLZ TnBRT 5 &, C. 2 BEHEEORY 21T TR,
LV ERWVEREORS b2 5 GERLE L 0). 2o T, dm(T, f)>m & 725> T,
FACBIBOEL 21T 5 s Cp K VIRWEHEE O & O 2 TV &, MERRZE R T
L. (fMmRE9, EEL 12 LmE 15 L. 72720, C. XV IRWBEHEORG N ED L I
W2 D0 Z R LTWRNDT, R45).
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P, BEIE T RIT o5 E, nORKIZONT, C. %z 28HEEORS BB T
b, TUHPLBEEZHC LD D &, FEHIEKR TS, £, Zommix, C. LKy
BHEEOR DD +0d 5 & &, FRICTFE LR, 6T, AT (ZEBFE TR
L) IFFHEGFCEA T2 208 0na s (B e, mE9, TH12 LmE 15 Xv).

i EE
ATFIED —#1%, RILEER D & AF 8 AEEZRPRERY e (B) 2% Thshl
LOTHD. PR AR IR E RIS 2 L LS.
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