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(2 FEMFRAERXE LA LHE BT 210008)

FEEE (AU e 528 B W 1) S 070 P 150 I T 5 5 — 5 0 o A, 1 o 0 6 6 ) 0
AEIL R Z RN, & WA TE AR A 2w IOKE 5 B 25 UG I A, BB 4037 1) 385 KT
DNEE. SRR I T JUFPhw I SOE R R R SR I8 T et s RIS
ARBE, HEHT AT LR T EATALER AL BT A BLFE (Square Kilometre Array, SKA)H
FH B8 5 B 1B BRI PR Z D RN 4, i M faceting Flw-projection G Sy HAT T 477 2L
SR, SRS 0 T A S AR AR VR T RT3 E T BT R UG T R R, 4
SR WX PR EETE SE A A8 T T34 B S0 T e A v 3 BAKR AT T 4
[HI (facet ) 1124 H Xl faceting il {5 it = RS AT I E] (952, A Kw B B0 w-projection 5 5t
HFEAT R A 5% 0, R Hfacet$U H Mlw b EUMIE R LA FE. Be)a, 20 T 20 &
o 3K P AR SFFASAT I [R] (R 5 ), % BH 3K P R S e AT ¥ i A5 Ak B T, R AR EE
PEAG e, BF 9T B0 5 Bt — 20 LR 5 00 BT S8 A7 LR R DL B GR Be R R (1 s - PR AT 5
RUETHMENS%.

KRR NEE: TN, AE N, HAR: FHME, HAR: BGIE, StEESHE: T8
FE2ES: P164; XEkFRIRED: A

1 355

H T RER T TR AN 5] 073 S o R s LR 5 g RT R R T  1RR A,
br BoE BN E R @ TV 2 KB (/N 17400 MHz) 4 L EE e 55 R 51, B dd a7 =
[ AE A3 B 5] (Low Frequency Array, LOFAR)!M: 5% [E- 38 K I VB¢ A 228 ol 1 2R 27 A )
4 B 41 (Murchison Widefield Array, MWA)2=3]; rf [5 75 g X 2 B2 921 emPE41(21
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Array to Probe Epoch of Reionization, PAPER)PL 75 8 A8 V4 7F JH 2 % 1 K ol K B
%1|(Long Wavelength Array, LWA)O. J&A7 Fil11-20194 T 4f 8 3 (149 °F 5 7 HLA) o BE 0 5%
k%1 (Square Kilometre Array, SKA)m. ToK AR A SR R B TG B A ) U e LA R A
150 800 2 Y0 R v R RO A L (R RE . R () J AT 5 A 2 AR L 1, B4 o R R 2R e 2
5 M 3RS 1R AR T, 24 BESBEA T A M I, w77 1) R AR AL (w T0) 228 328 K
T

PRIk, FEAR AT K AL M DL T, A% 8 11— 4 4l S b AR e i AUAS T3 e Sr 8L A R, R
G SR AE SO IR R R P T B2 B0 T, IX Ao TG IR T AR L T BE A 51k ) iR 20 2
W I 5 | S P PR T B 2 Bt o S fEL 00 B 21 WA 3 (Field of View, FOV) %8 £
(R BE R T TROR, DT I 8 75 A R 3 A 1) 3 A LG A SR P, B s 55 B 2 e A A . H
T, 3 LR AL F w0 0 B 1% 7 15 faceting'0— 1, = 4E {37 A8 01, w-projection!!2],
w-stacking!'?| filwarped snapshots®). [tz #h, VA& 77k LM, Ww-snapshots /7
RIS 7 VA B RS S R SR 5 T R B S RE R AR AT A A

YA ST ARV BUAR B R R, (H SR SRR, TR RO, RSB A
AL 38 R SN H 8 A4 (Common Astronomy Software Applications, CASA)H
RSP T faceting Mlw-projection i1 161 Frfaceting 1 A% J5 T, 3-8 S K 47 40 |
AN, RGBS NI AT A S AR T AR, S AT N 1 2
MG PH AL k. Xt H AT R FH I 5 A g 7 14, AR M7 vk 445 LLOR 2 B
(A PRI 503 S ) R B, LI 30N P . Ew-projection ¥ BT 1, YAV 2 I
RFEAE, Wi7E 258 B R P 0 22 ]ORE i 4k (Multi-Scale Clean) HURE FEARIU A . SR, %FT
i 25 R TOOUL I A5 21 (R B, w DK, %07 VL AR O s I 1), i, A HHCASA R
IJw-projection 5 ¥EXMWA 2 min “PR411” (snapshot )# 2XOU M 75 21 1) B P BEAT B4 75
BEWHEIL AN A, 3207 VR R RURE (1R P8 B 268 v R T 1 L 540 1) i £ ) L F-
SEANATRER), BN AEIZ RGO T 5 LA AT B IR w i R B8R RO /N SR K

£t X w-projection ' 47 7E 1 i) i, Offringa®s AN H T 1 [ MWA [ w-stacking il 15
SHIWSCLEANIT 1 4422 B o (B (R AN [R) 4 1T DL 25080 1) 93 I AN TR P |2 5% 43 i IEAT
WS AL, R w 2 )R] D0 2 B AT Y PO A7 M A 4 (2-Dimensional Fast Fourier
Transform, 2-D FFT)?%?UHE K. RGBT B A, & T Aw)z ) EG 3T B
BR. FEAR AR [ 58 A8 3 B A% I, 3K R v e w-projection il f5 ik . — HSKATF
Whis E, Bloy Bos Ak B 45 w75 2L 49 [ 02542 v rids HR1250 PFLOPS (Peta
FLoating point Operations Per Second)(¥ 1% fig )18l X — V15768 J1 4 B it 51
BUR I 5 4715, 20 088 vt SRR ORI 2 612,365, BRI AR 4 B2y F s il ik
P () T LA P 43 55 A B R A R RE D D7 TR T — A EOR B PR, Cornwellih by
X FSKA, w-snapshots$ 27 5 A 201 7738, B2 H HT W AR 25 H AR Y. 19 o] 52 56 1 P 25
B, IR IS THEASKAR Rt — P05, X B 700 3 20 B 2 Je E AT warped
snapshots/il 1%, X JG B TwIi kg 1F, X B FwIiAL 1F £ AR & w-projection. X Fjl A
7% A JEASKAP (Australian Square Kilometre Array Pathfinder) s i 277 .
Lw-projectionff]l Lt, w-snapshotsfT 75 B P A7 Fliz 47 I ) 55 /b, Swarped snapshotsAf]
b, w-snapshotsfk T P ifd N A7 /D46, i B ARG fi. warped snapshots & 4 [ 4108 il #3
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FUPRPTAT AT AL B 4 N TR)BEAT 23 0, A AR AN I B AT L S 5030 0 AT A — A1 1T
Feir — AP D, BEAS IS B n] D i DL Jek A S AR e 7 VAT R
B, AR IX HL ) G AR AR AN 2 TR (0 I 7 1) 5 (v, w) AR bR IR Rk, AR
TERLIU I, KA FHR BEZ S R 311, Bt LAAH 2] f)snapshot BE T AT 458, %071k
TR [A] EAE 23 30 VF 200 08, Blin X meor 8077 02 B R 31, AR AT H P 2
ST DL e SO, e mT DA AR BT 22 AN () B 0] 7R T A 25 7 (R =3 3 o A
HO B ), A 0 P T/ 2 B 51 I SK A B 19 B (AR A 25 FLAE B 91 (SK A 1-low ) #%
D FE. AL, Z T EAEMWASE I 2 48 (Real-Time System, RTS)H 732772 W 1, JtH:
JEAE L JE I SOE 8 B0 H AT, w-snapshots 52 A RS F 255 AE ASK AP 444, (fi
FRASKAPsoft) 1. warped snapshots[f SRS PN RA, —ANZEMWA RTSH A
T A AR R R 458 2R (WSCLIB) 5L HLIK Cils 5 AN, — AN 2 fEASKAPsoft 1 4§ H casacore S
L) C+-+ARHH.

AL RVEAMN AT UMM G 8, e T EENER A SR AR
Ja T T = EE S AR v MG i faceting Jy VA Rlw-projection 77 1 VR A, b
M T A R EE T S R, NI B A T e TR Bk AL B 5 A F faceting %
180715 Mw-projection 5 77 V2 T RESK A 1-low i M7 UG A7 FLSE 5, IHAE T Bidi 70 i 45
AN 2 e

2 BHARGBEE
2.1 SHBIHTREIGEE

SCHR[20] 7 H AR 58 PR 278 88 7 A1 AT WL JRE bR 502 8] ¥ 4 {8 S v S5C 2R AT LU T
Lhe™2miw U5 B — A Z eI ARG R, R

\/1 —12—m?— .
(u, 0, w) = /// [ (1 m)(5 [2=—m n) o 2miultvmtwn) q) gy dn | (1)

V1I—12—m2

Horr, VR L R S e 2 SR (u, v, w) W ARKRFR, wil A A HILCE 1] H ARV
HC T ), oA BT B T 1S o BRI A CAR G BT T T A R il T AR B 40 T o e
B T HARIRSESE AT, I m Rl e W 7 1) (1) AN % 23 S AE wditlls ol Al b () 7
W42 5%; 02 BT KT R AL, e e BpR . VER, X HL R A SO L1, m) o 9% ARAE IE
I H AR Y5 B A R 2, BRI STHR[20] 160 H FR Y82 B 20 A 5 B 3R s £ e B, RSO
(N7 %&%r/ﬁﬁﬁw\m I ELAB o] LR pR £ LA T AHE.

@%L()ﬁﬂﬂ ok = A0 ST 3 AR R n B BV AT EIT (1, m):

\/77722 //// V' (u, v, w) 2™ @FvmEUn) qudydw dn. (2)

X ML = oA N AR e m] DL S Al 4 V7 1 AR 3 (3-Dimensional Direct Fourier
Transform, 3-D DFT)F1 R JHE {4 7. 122 4t (3-Dimensional Fast Fourier Transform, 3-D
FFT).

BTV (u, v, w) 51 (1, m,n) AT RELM AR SO, P LA 280 ) A
REME ARG INEIAT KB A TR BIERIR AR, JAT7E 208 LU O B A7
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W SR Y P )
I(lm)6 (n— VI~ —m?)

B, F (1, m, )8RV (u, v, w) RIS e, N (1, m, n) KRN
F (I,m,n) = /B3D (=U'm—m',n—n)F ' ,m' n)dl'dn'dn, (4)

Horp, B3P = YENE A, B = YERAE SRS (u, v, w) I AR . 33X = YRR R B
7NN AL K o pR R Z PR A

S (u,v,w) = Wpd (u—1u,)8(v—1,)6 (w—w,), (5)

Hot, upn v, M, 73 5 s o Mw R s WS B R AL, 52 AU — T, JE L e
AR ] DA KA IR 1R 73 3 AN RS K. X HL RO R i) AR, 3 59
. A (robust) BCE AN 5 5 (tapering) 4%, H AR B 48 BE 0L 7= £ — AN MK %
KIZEEH, AT EACA GG 7 | S ARSI (R R RETE. 38 3B A ] RE g 7 74—
AHIR BN SRR, (E L BRI A 2 D G 0. R B A D REA T H ARABUNIT 25 AL
ZIA). HETE B HOR FH A e 307 R B0 1 R e 1) ] L R B A, 7 A — MUK I 45
A, T DA Hd e G R g A ) R g5 b BT AR B bR UR R RORE MR oy
At H R IEAT IR

M) TT LU e JEEEBPSF (U, m/, ' )WE =4GR 45 R, PRI R 45 2 Bk
P, U P AT LA Pl = 2 SR B 50 (14 R AL R O e e P AT — A S AR g 2.
FIr LA (4) 2URT LSS 8 R AR T 5

F\ (l, m, n) _ Z W,«V/ (Um vy, wr) e2mi(urltv,mtwen) (6)

2.2 faceting1GE %

WELETR, — A A — AP, 2 AN I A . BN
A F H AR Ly, XL A7 I 2 — YRS AR WA BT V. BN 23 T 37 Ak
R AR SRR I B 2T 7. 1 S s i i) WL R s HEAT AR e e, T SR e ATT R AR A7 o
Lo T A B /NG 22, BRIMAREAS 7 T AR EHhs 76 MRS A T 00 T T R0 2 £l
PR TR EARANE], BT ELEATT I RSOR (smearing) R8N R AN F]. 3 HL R RSO 200 4
F5 1 18] P2 B} (Time average) M5 i (Bandwidth ) BER 2508 137 I SO 2508 2 T~ i
TRIR) I & BT 3 S50 e 5 i) ASERHY. i S RSORSN 2040 I A e €8 2 S0 5 S ) 420 17 ) T A
R, Bt AT R G BEAS B faceting UG SLVEFIPLH: NS LT A TG 2%
JEwIR; AN SEVEE IS AL A EE THEAT R
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Fig.1 The principle of facet split for faceting imaging
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Fig.2 Facet field imaging

faceting 5 4% AN [RUAH AT e 37 77 X X A G dakfaceting UE FluviBifaceting %,
% G itaceting AL AL FH (19 43 T 3947 - R BRI DIV 10, 32 00 3 e 5 (u, v, w) A bR

(7] I x24T WL R H 4k 2 A7 A A S B

HT T REAS 0 0 D0 F- 1 RS [, P BL X 2

PR A A F R PGY. R W AT ARG B A A et b R OSCEMR b B
% 4 (Astronomical Image Processing System, AIPS)[H R 4 5 K14 difaceting.
wvldifaceting AR A& A 1 Jié i 52 80 nT WL B2 Hc s i AH A7 M T 508 R AR A7 oy, XA
AHAL L VR AE RIRFE ). B T A 40 1A [R]— AN 1, 3X A1 1 B 26 A v
DRIV XA TR WA U VI 5%, wIil & A7 5% 815 ifaceting I #f
b, wolkfaceting A8 STVEAEATPS++ (RIAPISIFF 2 R) MCASAH 34 S, KB
Ififaceting U It BRAHNT B2 by B, AW 2 A RN EHG AL B, 76 e — N HF IR I A7
TEIL L BN wvlsifaceting AR FT AT 1K) 73 T A & AR [R] — AN I EAT A B AT IS

[Fil A 3 S 1 KR 20 T PR AR AR P, DR e BE 1B {5 i faceting BSGAS: BE N DR
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2.2.1 g Idkfaceting 515 57k

19924, CornwellfilPerley$ Hi T — Bl 2 [l ficfaceting 75 vE10). Qi E3FT 7R, 4 — 4k
Hﬁ/‘}?;fpﬁ%’ﬁl(l m n)%f’ﬁmﬂﬂﬂéﬁ%lﬁﬁﬁfﬁﬁﬁi%ﬁﬁm)ﬁfﬂﬁfz RIKERIE X
M+ m? +n? = 1. W0 YR BSO8R IR 1) 45 58 BAHAL 0 T ) 1)
[ (tangent plane)J:H?UE’J BEAS 3 A A7 T HARE A0 (L, mg ) RERB DI T L, FRAT]
FH X LEAT] [H7 2 B (1) 22 TR AL R 7R IX AN R BR . Hh TR 40 TP AE & DD b, 43
T BB AR A0 B D) E5e ), i BLCRR Oy AR i faceting .

Tangent Plane

A
(Lm)

Phase center
direction

K3 ks IE

Fig.3 Polyhedron imaging method

T4 % o AL A4 (Lo, mo, mo ) AR, e AT DL 2 R 500 mT LUE ek s as ] O 52
PRELV (u, v, w) B AHTS 21):

VPR — V(u7,U,w)eQ‘/ri[u(lo—l)+v(m0—m)+w(n0—n)] ) (7)

iz/l\éz\ﬁﬁﬁ%miﬁﬁﬁ%\, PRI E AT DUR P AL S8 1) YE A 37 AR 47 VAT . AR,
S3 A AR TG AR R BRI S B, a0 S R R 5 iR AT A, 5 )5 75 201 GRS

B BN XA D) U EL R, AN A 843 AR 73 2010 BUG T TR AS ). o B4

N, A By CHITHGERER ER) . mTHEZ FBGE iRl (Plane 1)) 53,

BT T AR O R ER DI TH. 55 AR RER AT RS, A AL RV Tl

R, LS B AR O A T AL, i R EEAT (u, v w)JJTEjﬂ v, 450

@1%4%1’“ CALF2 (Plane 2). 75 BUG 2 BT 584 — N8 5 50 BE RBE (u, v, w) AR AR i
A v w'):

!’

w w
v | = R(ao, Bo) R (o, B) |0 | , (8)
w'’ w

Hrh, (a, B)2FARAL L IR GRS (o, Bo) A2 S0 23 THAR AL L ) 2R 0 R 4
RZ RN E, REIEFN:

—sina cos 0
R = | —sinfcosac —sinfBsina cosfB| . 9)
cos 3 cos a cos [ sin o sin 3
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XA AT R, 13RI 1 G B B BREBGERIB . AR, RATTLLE
FHE D TR NIA G R CESE R T R, MIEMREERAZIEAE R C” . A, IR 57k
FERBIAG ML T B8R %, AP R TR RN

e =sinf;(1 — cosbs)
1 (10)
~ 59105,

FCrfr, 0y 7 V) s BARAL A0 5 S AR AR P 0 s T2 TRI R A5 0028 73 AR 730 5 55 TLAR AL
LA (B ASTE R L IR IE I MAIZE AZE /N T w B A7 A K R 52

ccr B 4" Plane 1 T

Celestial
Sphere

K4 EfgEitaceting B A RBHL S5

Fig.4 Geometry of various projections involved in the image domain of faceting imaging

PR BEE ) 5 T Nt A2 R B ik faceting A5 0 2 (1) OB DR 22 A THLEOROK,
it AT I TR A 20 TIOR3 AR AN B AL — e L AR oL PRk, 52
RR[10]45 T et 8 A 5K

Bmax )\
Nfacets = leeam Y = Bmaxﬁ ; (]‘ 1)

Hrh, DG EAT, Bunaxre FEFI IR RIELL, Opeam 2 B WL, AWK,
2.2.2  wvlkfaceting A% H.ik

N B IX R faceting AR 7V, B I 48 AR Rl — AP 1. XA 2 IR
AR A0 Bk DI THT, DAL SURR S i faceting A

JEL06 R L JEE R B 22 B 5 A TR A7 Py, A7

V (U,’U,’U)) . e?ﬂ'i[ulj+vmj7w(lf lflifm?)] —

12
/I (17 m)e27ri[u(lj7l)+v(mjfm)7w(\/17[?7m?7\/1717m)]dldm’ ( )

Ferb 1 Rl S 2 5 AN 70 TR O R ) AR 54
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BAL =1—LMAm; =m —m; A% O E. K ERwURT 75 R R EUE
RENBERETE, X FLBATREA AL R Am AT BN RETF. Bk, 145
1—l?—m?—Mza\a/l6Alj+a\i§Amj

0

1 (13)
- (AL; + m;Am;),

o, 0K B, VORR (18 —m2 - VT=T-m).
A4 (13) 20PN (12) 38, FoAT 4 358 54 4 T 1055 434 B HORT T 0 3 0 21 5% 28 o
\%4 (u,v,w) . eZﬂ'i[uljJrvmjfw(lfW)] _

i (14)
/ (AL, Am,)e2m (W AL+ Ams) 4 dpy

y
H

L
,/1—l§‘—m§ 15)
/ M
V=0 w————.
/1= lj2- — m?
M(14) 7] LB ), faceting & fEuv -1 b5 B, J5UR vT WL BE £ K 7 ok 22 AN /N ml WL
B, 1L 10 AT WS v LAS AE— AT BB, AN o i ) mg O R s T CAAE
FH A S AR B v AT 1S X R TR A IR 22 S K G Sk faceting G AR [R], (H 2
B UGN

2.3 w-projectionf{&E %

w-projection % K% O AR SR =45 mT WL REE 98 M (u, v, w) 2 AL 2] (w, v, w = 0)
SPTHT, AT Ko T 1) R0 G R A oA, L3502 B A SEAR T 0 5 5 PR iR SO A T 5 R T DL SE
IR (wy v, w) B 2 (w, v, w = 0) IR ) 4 4.

SR SR [20] TP 1 AR ST R A S

V (u,v,w) = \/%G (1, m, w) e~ 2™ ™) q1dm (16)
Hrf,
G (I, m,w) = e 2w (VIZE=m>-1)] (17)
MR A AR R, (16) X 3T BAS
V (u,v,w) = G (u,v,w) X V (u,v,w = 0) , (18)

Hh, G (u, v, w)ZEG (1, m, w) I GG AZ e V (u, 0,0 = 0)2V (u, v, w)fEw = 0°F
[IEiOEs S

DALt S Bhw-projection ik () AL BB T . 1556, B (18) =kt = 4k v] WLJE bR
HV (u, v, w) FEEAN AR (u, v, w) F )RR (u, v, w = 0)F 1 F, SR 58 = 4E il
AR A5 21 H AR IR R 58 B2 23 A
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uv plane Image plane

Visibilities
\ @ FFT
/ )

w-projection
kernel
Final image

B 5  w-projection i iHiTE

Fig.5 The flow diagram of w-projection imaging

2.4 w-stacking{ 1§ & %
w-stacking FE ALK v WL EEEAR IS AL BIA [ w2 B, SR G RN w 23T — 4E ST
AR R, G AT WA IE. T SCHR[20] P i 4R AR e s R A A

l 2miw \/W 1) ]
(u, v, w) // ) € e~ 2miultvm) q1dm, (19)
V1—12—m?

ML LT, B A M BB 2 R0 — 4 s, 4 1815
- (ll2m) : eZ-rn[w(m 1 // ’LL v ,w) 27r1(ul+vm)dud,v (20)
VI—12—m
X P IL AT winin B wmax IR 3, 15

Wmax

I (l7m) (wmax - wmin) _ / GQWi(mfl) //V (u7U?,w)eQ-rri(ul—&-vm)dudvd,w7
VI —m?

Wmin

(21)
FEHT, e PV 5359 200 55 K AR LR /M
B R B, o Rlwi Bk, BT Lo Rl A7 A4 A8 i T — ANFFT A5 e,
KB 8 L T SR w-stacking G VL1 BIGHT . 1 20K o AT [l B i 7T L1 %
SEHIRR b B AN G (KM HL; HC VKR TRl — ARG SR F T L S A P T A 45 1
& AR5 A w2 [ (VIS D) AT AR 5 K T w 1 25 SR B SR

uv plane Image plane
Multiply
FFT = Py
W2 B — 2 w-projection
w. term
Visibilities —— Wy _ 1 A
> Adding
the results
together Finalimage
Gridding samples with
equal w-valueson a

uniform grid

K6 w-stacking gt

Fig.6 The flowchart of w-stacking imaging
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2.5 warped snapshots#lw-snapshots & &%

warped snapshotsf {5 [ 3= 5 K R 51DOL I 45 20 1 A m] DL B 2500 e F sk i) 32k
AR5y, AR W] WG AE (w, v, w) AR ETE RS 4 s el — A YR
T BRI AR 3 m DO 58 0gi o] LIl 3 A% 8 1) S i i AR 30 5 VR AT B, B S P A I
B G Df K.

WA 270 A A RIS ) P UL 05 380 PR P D0 5 et A AR I SR A o T2 3 50 4R A
PR R GE AL, H XA AR AR it AT DA I A UG TR T (B R AE IE. AR RIS TR A,
FEZN A 2R SL IR, IS, w i (u, v) B RR AL, BATTIR 8 R Ul F e

w=au+bv, (22)

Hr, afib G 24 A BTG He wD7E BRI, mT ARG v B, 1 BLad 5|
NAHEHARRR (17, m/"), BATAG 2 TT UL E o BRI At B A1 ) — YA L AR ok A

. I (la m) —27i(ul’ 4vm’’)
Vv (U,U,'U)) = \/ﬁe dldm, (23)
Hr,
V=lta(VI-E=m2-1), (24)
m”zm—l—b(\/l—lQ—mQ—l). (25)

AMaMor] LB us o MwB bS5 20, b il f, e RS i
ENE SR

a= (2}; vi zk: upwy — zk:ukvk zk:vkwk> / Zui Zvi — <§k: uk%) ,

k k

- : (26)
2
b= <Z uf Z Vp Wy — Z UV Z ukwk> / Z up Z Vi — (Z ukvk>
k k k k |k k k ]
s, KA RN R T A Z RS A x NI, R B a b ST BRSO
a =tan Zsiny, (27)
b= —tanZcosy.
AL XHRTI A Z 1 5E 533 A
_ cos ¢psin H
tanx = sin ¢ cos 3 — cos ¢sin 3 cos H '’ (28)
cos Z = sin ¢ sin 3 + cos ¢ cos B cos H , (29)

b, HAN, BIR4, oiR2hi.
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SR, AE SRR I A, B2 A gk s B ) DA DR 58 4> 3L 1, IX I 2 4T warped s-
napshotsf A% i £ 2 11 EHGOK & B ELDh 52, Bt Lhwarped snapshotsfl 4 17 £ — &
iR ZE. Ak, CornwellZE A #2¢ H T warped snapshots 5 w-projection4t & i F i 8 77
;B w-snapshots &A%, M T4 i S8 i vE A BE0) . w58, 76 (22) R0 A 1m b — AN
ZEAwE:

w=au+bv+ Aw. (30)

%ﬁﬁﬁ%ﬁ$ﬁﬁﬂ(u v, w) AR I i/ I 543 2, A Hw-projection A ] L EE H
SR, TS IEAw. GHEAS P ) 22 K T4 08 2 221, B2 #dTwarped
snapshots UG AL G, HARRSEIUP A
(1) Be5E Aw s K ST VFI FHE;
2) 5 MARTER AL — A BB S AL BR (World Coordinate System, WCS) AT AL A ;
) T — A snapshot VI Blw = au + b;
4) %5 Zsnapshot ¥ [MI¥] 446 — ML ITWCS;
5)REEE N — I Ta) 1 B IR (w, v, w) A A
(6) 4N FFT A I AwE 38/ T8 € I FHE, ﬁﬁﬁW—prOJectlonXﬁanapshotE’JTJuf
B TS A, DM B AwlWs, SR 5 IR 2P (5);
(7 )ﬁﬂ%ﬁc — AN Aw KT BOE WG S, A3 20 S A E s A TFF T AR ¥, H008T
B RDIR (2) IWCS, A IR EBCE w4, IF Hasm 2 SR8, RS
FRBCE W] e 75 1 SRR O i i 44t
(8)IR[HI IR (3).

3 HERKR. HEEFERMESSHT
AL A ERRAIL A N AR v G i faceting Fllw-projection () TH 5 AR 43

M, TS U R T SR [21]. X B T S C oo T B B D, e TH SR
ECIHteDbIty%”ﬁﬁfi+ﬁ§&$ni+ﬁ?%£”, ‘H‘ﬁ/l}ﬁim‘l:ﬁ

~~ I~/

Ccost = Drate X Cintensity X 77_1 ) (31)

b, THECR S B A s SR X EORIEE SN Clntensity = %(%)
HA Ororat WIS FL KRB Py ous A 5N FRVH 0BS5S OIS IREL PA2S
ﬁiﬂz
CINNEE- e IR E/TEAF
V10" (Na“tl]jma") (Aff> TB-s™', (32)
b Nono 2 MG SEANEG A R UINTR AT 58 f e AT .
3 = A S AR e A% 77T LA 3-D DETHIS-D FFTSHL. A% e 2581
BHEE, 3-D DET VARV A (47 FLOPS, T [H):

A B3
Cprpr ~ 4 x 1072N2, <ff> D“éax xn Tt (33)
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3-D FFETHAR MTHRSA (RS AL, HE AR LSBT IR ) L

Nanthax ? Af 2 )‘Bmax 4/\B12nax 4)‘Br§1ax

Crrr = (

H A NGor points 7= WA 44 1 45 B 4% p& 2014 il isupport K /b, il 47889, K&
W faceting {15 7 VA IV SAS Ay -

N Bua ) (AFY | (ABuax )’
Cfaceting ~ 10( tD > <f> X ( D2 > NCQ}CF,points+

) (35)
10A Biax 0.4B,,ax 1 0.4Bax
D? )T ‘
w-projection &R I IE TR KA A -
-1 Nanthax 2 Af )\Bmax 2 2
C’w—projection ~ 10 D 7 D2 + NGCF,points +
(36)

ABusa \* [ (4Bumax \ 1 (Bunax
() [(5) e (5))

7 MR 45 SK A 1-low K 2% [ 51) ¢ 1F 2 52245 2 (4 B A5 & 3l 142 386 K A% 0 55 Bk
KA gk, BRI S5 E N £0100 MHz, Af4300 MHz, NGcr points M9,
Binax N65 km, N N512. ME7THT LA H: 3-D FFTHIH AR/, 3-D DETHITH
WA B . B G ddk faceting T AN X T-3-D DFT, J&w-projectionfJ10* 5 47, A
J7ERT LG, FRATTAE B 7 R IS) R G bris 1 ORI G IR £ 1 503 (93.015 PFLOPS).

RSB SRR R SR R B (WLR 1) 20 M 3R 5 56 437 5 S I A e o5

(1)3EF3-D DFET) = 47 AR 4 7530 224 6 R ml LR 558 sS850k M), B 2845 31
(FIEUGESEN, x Ny, x N ISIAREME, Niv N, FIN, 2 52 mAFInBhRe b mfg 2% 5
. AN, = Ny = Ny = Ny, ARSI IAEL N MNG, . ZT7VE R T S A R
TS AR i, DR S 3 FH HR AR /DA .

(2)%:73-D FETI =4l SR 3 J57%: 3-D FETIRTHEE 2B R 3NE, log, Npix,
WA T B A M NG, HoA Ny A MAS A FUZ B R/, 5 VEAE S 3 7 T
(AL 2 AR YR 9 1), DA FEn il 7 1) K 22 B0 i 25 1, 1 LY AF RS FE S e K 1-2-D
FETU7ik. M4k, Mm-S s AR I K 27 A m TR & 0. BRIt BARIXAN 7
DS FART BT HArHTREA, (E 2 SEBr N 2 1R /D A

(3) B g3 faceting G 775 A UFIm T 10 153 T EUIA K Neacers, PRI G 2 7 THI
AN e T TR EIATER AL AL, IS AT BT R A E NG (N2, L
W, BT T B T2-D FET, 2-D FETHITHSE IR N 2N logy N RIHIX 1)
BEIRBEN: N2 oo (2Nt log, Ny), Torp NeJ& o W — Nl 4 0. e b E4
ST AR NS o M. R SRR B 5y TS0, AR (T 5 VA T AR K
o T G, VA . I B R AT AR, PRI TS r M R R 2 1)
THE SRR 55 43 THI () THT 25 2 2R 3
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Fig.7 Imaging computational cost curves of the SKA1l-low array parameters

x1 BRERGEEZTEERE LK

Table 1 Comparison of computational complexity among the wide-field imaging

algorithms
Imaging algorithm Computational complexity
3-D DFT MNZ,
3-D FFT M N + 3NJi logy Nypix
Image plane faceting  Ncows M NEorn + Nvcors (2N:? logy Ni) + NE o e M
uv plane faceting NEcors MNZ + NEois (2N log, Ni)
w-projection MNZ,.. + MN2 . + 2N§ix log, Npix
w-stacking MNZorn + Nutay Noiy + Nuctay (2N2, 1ogs N pix)
warped snapshots M N2, + Natep(2N2 log, Ns)
w-snapshots M N2 4+ NstepNE + Natep (2NZ2 log, Ns)

(4) woldifaceting g 1 ik 1% 77125 BlHG Skfaceting /5 15 BIAN [F) 2 AL AE T A 5 233
ITEBGY, A o HARE W — AP AT 2. SA 7 T G MHs e FI2-D FFTHIHE
SIRIE, M SARE N N W MNZ, + N2 oo 2N log, Ny). Ik, %71k RS
Wtaceting HHPIH. (RSN T, Hw-projectionth fEHEAA[F]. wolilifaceting %5 2k
LD T, AR REAN 53 T G ATY SRATAE M 5 1% 20 T AR AL o0 LS. A5 3R A3 AR [ B &6
T, woltkfaceting 75 Z A% 9% (1) A3 5.

(5) w-projection/$ifg i i%: FEMIZHAFEMEA. wBE2-D FFT, i HEE AR
g MNZ, . MNVZV—kernZEn2N§ix logs Npix, FeH, Ny e Bw sE B RIL IR /N, X
TR 2 W5 U0, %5 VR S LA AR UE (ST AR e v R /20020, 120 A 4
PEECR AT IS T, B DL ) v A5 3 F RH8 Z2 4 ). XSS pt AR A5 Al L 1 5% i g 7
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R 4 R I AR A BN 25 TR AN AT LU AR SE 3 (CLEAN) 5 #8047 2%
B, A DLk 2 RV s KR 5. AEmsh T8N, AR E, A
HARRRIL

(6) w-stacking/§fR J7ik: %7 Ik FIFE T BHAT MR AL, TFE RO M NG, . IF
HAEEANw)Z 5 EHEATIIE, Fraw/Z B T S 28 N Nyoay N BE D w16 T 2

pix*

HEA72-D FFT, Fifw/E b 472-D FETHTFH 524 BN Nty (2N2, Jogy Nyix), Horh,
Nytay Hw/Z A H A8 BE 5 101% J5 1% tow-projectionth, b IS A H TMWARK
4. #ELOFAR. MWAFRISKA 14 MUK Bl 4% b A R IPL#, 439l /& w-projection 7.
SAI2(5M. {HZ, YELOFARMISKA 14 MU K] 5 7 B AT 5B IR &5

(7) warped snapshotsff 1§ 77 % 1% 7 1% i AN ) B AT L BE 4 0 R AT M A%
L #12-D FFT, #6410 0 0F 5 2 24 JE 2 M N, ., Pi A B B2-D FETH) iF 55 5 2% &
M Nytep(2N21ogy Ni), HoH1 Nygep i I B S B N2 B I BEEE — AN B =
KA. N EERRE HE, %071 w- prot]ectlonlﬁﬁﬁ‘ﬁﬁf; P R, SEFR N 4
ION5E, PRA B I AR MER DR 9 41 R i 3

(8) w-snapshotshl {5 75 : 1777/£Eﬁ‘ﬁ S A% I lbwarped snapshots% T —
BleBE iF, B4 IN B AT wBE IF 1 T 50 S AT ) Nowop N2, %07 738 S TR AR 5
118 M 2 5 1T Eew-projectionflwarped snapshotsfq 58 47 (4 JE . a0 S FeAi1ik o] W
Bk 1) B RS 25 1 B B AH R I, w-snapshots Ebw-projection it /44 FE ¥ H K 7141,
4N, w-snapshots?E/b & 0] WA KAG Z RN ROk B 22K L Twarped snapshotsfif
%, IF HAEME R KEW WLEEEE N T w-projection.

4 TEIIHRIR R

A B S faceting % 4% Flw-projection % 1% 57k I fESK A 1-low % A1 37 1% 45 5K
By A SIS 1 J2 H AT BB ISKA L-lowBE 28 i 77 S (20 422 SKA1-low i K
11310724 %6 B0 JI XU A R 2 2 B, BF2564N R ER M Il — A G, AN G 1) B158 4
35 m, 512Gk, 240G uh AR Kb HPIAE HAA KL 1 kXK, BIAZ O
B, T 6 0 1R 0 A A AR A 3 S5 B R R ) A L 281 AR S AL T SKA 1-low i /0
B, HE1664 G 3k, HARZIT00 m, O & oA KBS R, Fra sisibre—a ks
2 bR, RS M S R MEPR27T16KY, A AL & UK 2FT R,
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Fig.8 Distribution of 166 stations for the core array of SKA1l-low baseline design with version 2

%2 E{EPR2TICKYWEHEE
Table 2 Hardware configuration of Baode PR2716KY

Configuration Description
CPU 2x Intel Xeon Processor E5-2698V3 16C2.30 GHz 40 MB
L39.6 GB/s 135 W
Memory 16x16 GB/DDR4/2133/MHZ/ECC/REG/2RANK
Hard disk 2x 300 GB/SAS/10000RPM/2.5 inches/enterprise-class

SAS RAID card 1x SAS high speed 12 Gb/1 GB cache/ultracapacitor protection
Storage tank 24x HGST enterprise-class 7200 r 12 Gb SAS 4TB hot plug hard disk

AR VRS2 56 UK 55 AR 3 i ()R 1 s, A o5 AR B A o O AL ) 3% A A
i (-3.0,-2.0,-1.0,0.0,1.0,2.0,3.0) x . MIMZFEHA 4100 MHz, AHAL 0K (5
2, Jr4i)=(15°, —45°), LI }23.34° (AR 456 ) x 13.1° (R A B8 15). e 287 A A
FOUTT L 08 1£958651T, K/N40.116 GB. wof 25 tnE9FT 7, K i i ok ik 26 i 4
73 2 (W uo B S FEE TR 43 (R I 2 5 3645 380 () wo (L [R) B B0 K056 SR FHABE 4L 118 R 205 A
B G107, Bt 44 SRR, BERTEAR My “SKA” “FAE, UG K/ 256 x 256,
WS RN (cellsize) A0.00191 . A T BRAR AL B 1T H 5 S AF ILREAE SR IS 4T, FRATT
BCE AR 96 410 MHz, "S5 4100 MHz.

A FH 9P R w28 5 %6 EOd R B IR B A T SRA A BB FOU0 I T DL 8 004, 4% J5 >R
PG 1) YA ST A e g ik, A3 BT g5 R an 11 TR. E1208 R Hfaceting il
RN L5, facets=8, M1/ Hi%k= 8 x 8 = 64. Zad tH 5 IAT 145 S o5 1 JE v H 5
HN65.5, f KwlH A169.6, HELEEFH w P HCN0. 2650 K. R 10659 K (1w b 5t
iTw-projection i M5 I, 159 EI ML Qi 13 . Wik 5 B TUBIRS 0] L, BT 143 4
R 7 A A ) 4D IR PR e e 2, R PO B U PR s YRR TR R % 1 BIAR G T AL, B
AR LGN W S 22, RS B IASR). w-projection U545 31 1 I Bl w] LA FFI R 4
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Fig.9 The uv coverage of SKAl-low simulated observations
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Fig.12 The results of faceting imaging (facets=8) Fig.13 The results of w-projection imaging

H Tt VAL EIR3F TR I G i i, FRATIAM T S s A A, £ 3 o
L3P, X, P (Median) 3= ZER A BRI T REL, S W A5 1 1R R AR 9 [
ISR G R /N, PSINZR 7R U 1) s A2, RMSER R 377 AR Minge s BUR i it 1
/M ; MaxR s BG U & 1) i KAE; Median abs & 26X 8 ; Time®X /Ria T 1H]). M
RK3FATT LLE Y, w-projection5faceting 115 B LE (Signal to Noise Ratio, SNR)FH:AAH
(), 2R Al N7 A 8 P A T LA O A, 3K — TRt 3R B T A N AR e il 5 T

e, TATRIU A [ ) AR R 7 HEAT RN, faceting G NIw-projection LA 113
3] 10 U P ) ) s A B A R ot P P o SRR [, 08 7 k2 A5 28 1 U P D0 11

SRR DO TR R 1) YR 6. (HE, FEISAT I ] I, w-projectionfllfaceting il 1% /7
TR AR T (I 1) Lb i (d S AR 3 5 VR KA 2 ) R A faceting G 7 V2%, A 9% I
K. PRIk, 2qm] LR E a8 K 21— e FEEE Y, w-projectionfllfaceting 1% 7714 m] LL%
FEIATINIE T &.

*3 BRERETHE

Table 3 Image quality assessment

Min  Max Median Time
Type RMS Median IS SNR PS.N
/Jy /Jy abs /s
Sky model 0 1749 4.93 0.0 0.0 256 x 256  35.7 44 —
2D FT —-7.8 1158 6.9 —-1.1 1.7 256 x 256  16.8 38 1.48
faceting —8.0 173.7 8.9 —1.1 1.7 256 x 256  19.5 44 100.45
w-projection —8.7 170.3 8.8 —-1.1 1.7 256 x 256 194 44 14.99

I T ERATT 43 B B A A G A A R K PR PR D, BRATTRS SR A
AT VPl AR 45 R B 5 I R A7 B 1) e 52 AR e (Direct Fourier Transform,
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DFT)4 R s M EA W 0L, g g i w5 W3 AL B FIDFTSS 5 & 1 2 M AH ¢
PR WnE4pTR, B3 WoR YT AR R AR (LA ) faceting G (18] 1) Flw-
projection 5 (b =) U I UG 45 Rt m FDF T & 2 2 40, X BDF T &
ST TR R GA R O A A R A B VEDET A 2 10 25 58, PR mT DL R RS 1 43 A 2 Ad AL
AR OC FR, T LAIR S8 45 BT DUAE D J5i s ] DL R Al s BRALURS D0 R I G A . Bk
B R SDFTI & A AN S EA B LT E S, UHIXA S S IE kS IE. Kl
P YA ST AR e AR B AN TR A (L KT ) I S IR A 334, faceting A% LA 94,
w-projection il {5 A4 84, XL B ANEE A 1 SR A AL 2 Al AE BE S AIAL 20 LLAR, K
RN ARG TR T 20 IR AR R ZE UK, RIINF R B T 4R AR AN A
T M k1% faceting 15 Flw-projection il AZ 1X PRI 7 1 iR ZE AN BN. T HEH
A s AR 5 R i S DF TR R, FATAHMNS T K15, 1617, R K
BREEW SE R E MK E R g5 R &, & SDFTI &R RN 22k R, WISH AR
ZINAFE G AL, B R s B S R AL, AR A Won HZe &R, EI16R1E17ER
T s ELAL, e B B S 45 R A DF T (A [ 4e o0 &R
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* % invert_2d
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Fig. 14 Distribution of the absolute value difference  Fig.15 The relation between two-dimensional

between imaging resulted flux and DFT flux Fourier transform resulted flux and DFT flux

R AT 23 BT 43 T2 H X faceting i AS T B 1K 5% W Flw 2P #5 w-projection il {4
JIU L 1) 52 M. faceting AR 1 L 43 T 243 THIsHI V- 7 )N A2 N CRE(N > 0, 3 4)).
N = O, facetingi &5 — 4E A Nr A% e A5 AH [A), G 1815 i 26 s, 159 3 145
W LU AP 55 3 YR A ST AR e AR S B R AR[R). AN2.2795 mp i, B B BE A 43 1 A )
BORSNRAL & BEAA K, MG i ol 20 1t b 28y i #e rh, SNRAFIZ Hr 14
K; AH 2 Mfacets=16], 43 AR Y J5 B 145 25 K /NAH AL, BN 20 AH A7 rhot H A
— AN, TGN S EL AR, BT LASNRAE ¥ A 4k SE 48 K, [N fr facets=81, ik
FIUEAE. fEw-projectionl A5 77 1, wb BURAH 1 T1% 77 ) [0 RAE [A) B, 20 BOBR /N 2
BN, SNRAEHOK. 4l EI19 (2R iR, S/ NR2BEOh 065 9 K, SNRE:K; e KD
HORLT0R5 K, IXAME Swis KA S, 15 2] SNRAE 5 — 4EH 7 AR A 7], SNR
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% D HOBAR T LV HR AT SR 2 B UBOR, Bt LAAERS EE3 R 7 i I, BATTR A
T10f5 D H, N ISNRAE S HEAF DB ZE A K. 45 EPTid, 3R W faceting il 45 7 2
TEPE A BRI S0 THT, w-projection R ity BEIE #1338 Mw2b L, A RESRAG U B 1 4.
P LS 19 I 23 5 A5 1 = Ay s e S 7 AH N IR AT I Ta] AR Ak il 2. P18 45 R A&
W1: B 70 B H EOK, e AT I el B2 B9 K. 19 SRR W] wib B, 75 2K
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Fig.16 The relation between faceting imaging
resulted flux and DFT flux

Fig. 17 The relation between w-projection imaging
resulted flux and DFT flux
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Fig. 18 Faceting imaging quality and running time Fig.19 w-projection imaging quality and running

curves varying with the number of facets time curves varying with the w step

e, BATET R an v UL /N5 faceting Flw-projection il A% vk 12 47 B 8] Y
e, K200 78, A WL £ 11,157 GBI £)10.4 GB, 7E i FRI2 1T N TR L2k vk
B, o, faceting 4 1K B KIS AT W) (A 29 4 2/ N 245y X 3E—20 ULHH T X P Fp 403k
TEIBAT A7 T R AR HE ), Rl 2 faceting A% 77 V2.
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Fig.20 The running time of faceting and w-projection varying with the increase of visibilities

5 SBES5RE

ATV T H A LM BCE F R 58 0 3 W 5%, JF It S O R o 5
HRPER A PERAT T LL AR, gt T e AT ARk AL BB T faceting Mlw-projection
JESKAL-low M8 47 B SE 5, I 55 4Rl N2 A8 4 7 0 AROS b, 230l 20 A 1 e AT IR s
ik, DFTR 5 g 45 R 0 220 70 fn LDF T & 5 g 85 R s 1R &R, AR
Ja o3 A T 43 1 H b faceting AR (1) 5% W Flw 5 £Obw-projection S 5 16 52 M. X 4853
M3 W]: facetingif5 Mw-projection 4 g6 21T SKAl-low (/NHE &) %83 A4,
{RAE S 2 H M B 5 e 8 FEEGPE fJa, 70 1] WL RE s K/ b faceting Mlw-
projection & BB AT INA] ¥ 52 M. 2K W faceting Mlw-projection S & HE I A A, i i)
IR 7] 2 i 5 £ B 15 RT3 . 1 A wT DL RE S s ORI (WEB =24 B ), Fril#E
(R I T) 22 R e T v i o 0 8 T ST ) PR BEOR G2 M 11, BRI AT 10 5 ) Py S ) BRI,
H R AT R 38 Mk s R 1) E ER e 2 — ) R I R SO I e a3, 46 o
HAL IR S = i 48 A BE AR AR CASA H A &5 70 D e L&A 1 2k 115 B AL 146 4% 11 (Message
Passing Interface, MPI) AT EAL.

T AT AL TAE MR F, B FUX PR L AT A EOR, $E s e AT
AT R, G e AT AR g R O Ak BT T S PR A, R 2 RE BG hn A Rl fR
L (WWSCLEAN) D0 LLAr A, AT 2 )5, FRATTHEAE RS LR (b ifg RS & R
T 6) EITRE 205 j U7 FLSEER, 38 TT I ) a R RE -1 & B GPURCA I A 5
Gt LSO HE I AR T K 2 R G, d5r 2 AT 0 S A I B8t o) B IR BRI VR FNARAT 2R B¢
HEAT S
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AsstracT Wide-field imaging of low-frequency radio telescopes are subject to a num-
ber of difficult problems. One particularly pernicious problem is the non-coplanar base-
line effect. It will lead to distortion of the final image when the phase of w direction
called w-term is ignored. The image degradation effects are amplified for telescopes
with the wide field of view. This paper summarizes and analyzes several w-term cor-
rection methods and their technical principles. Their advantages and disadvantages
have been analyzed after comparing their computational cost and computational com-
plexity. We conduct simulations with two of these methods, faceting and w-projection,
based on the configuration of the first-phase Square Kilometre Array (SKA) low fre-
quency array. The resulted images are also compared with the two-dimensional Fourier
transform method. The results show that image quality and correctness derived from
both faceting and w-projection are better than the two-dimensional Fourier transform
method in wide-field imaging. The image quality and run time affected by the number
of facets and w steps have been evaluated. The results indicate that the number of
facets and w steps must be reasonable. Finally, we analyze the effect of data size on the
run time of faceting and w-projection. The results show that faceting and w-projection
need to be optimized before the massive amounts of data processing. The research
of the present paper initiates the analysis of wide-field imaging techniques and their
application in the existing and future low-frequency array, and fosters the application
and promotion to much broader fields.

Key words instrumentation: interferometers, methods: observational, techniques:
interferometric, techniques: image processing, radio continuum: general
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