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Abstract

Abstract

A number of domestic and foreign wide-field time-domain surveys are expected
to obtain a large amount of astronomical observation data. How to retrieve and mine
valuable objects from these data more efficiently is a significant issue. In particular,
searching for transient sources such as supernovae, optical counterparts of gamma-ray
bursts, gravitational waves, and other events requires uninterrupted observations with
wide-field telescopes and processing of data and cross-match with historical data within
one exposure cycle. Only in this way, transient objects can be detected in the shortest
time, and early warnings can be issued in time. Therefore, quickly completing the re-
trieval of large-scale catalogs within the shortest possible time is vital for subsequent
cross-match, multi-wavelength catalog fusion, and transient source search tasks. In this
thesis, we research how to improve the retrieval and fusion efficiency of large-scale cata-
logs with billions of celestial bodies and propose a series of solutions and optimizations.

The main work is as follows:

File-based dynamic hierarchical split and retrieval algorithms for catalogs. The
computer architecture determines that data must be read into memory before processing.
The size of existing large-scale catalogs is often as large as several terabytes, making
it difficult for personal computers to read the catalogs into memory fully, so they can
only read and write to the hard disk frequently during processing, which slows down
the speed of retrieval seriously. However, the process of catalog retrieval has spatial
locality, i.e., most tasks only need to retrieve the objects within a neighboring sky area,
not the whole catalog. Based on this feature, this thesis proposes a multi-level catalog
split algorithm based on HEALPix, which can dynamically choose the most appropriate
splitting level according to the density of objects in different regions, splitting the catalog
into uniformly sized files. During retrieval, only the catalog files in the corresponding
and retrieved regions need to be read according to the retrieval demand, which improves

the retrieval speed.

Research on storage access and cache optimization of catalogs. In order to improve
the speed of catalogs during access, this thesis uses an open-source serialization library
to develop a serialization access protocol for catalogs, which uses binary storage of
floating celestial coordinates to improve read-write efficiency. If multiple catalogs can
be merged before retrieval, the information of a particular object in multiple catalogs can
be obtained in retrieval once. In this thesis, we research the cache optimization issues
during catalog merging. By using a more cache-friendly traversal order curve and a
better cache replacement algorithm, we can effectively improve the cache utilization,

reduce the number of cache failure, and improve the speed when merging after testing.
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Distributed catalog retrieval system. The speed of a single-machine retrieval is
limited by hardware conditions and is difficult to improve further. In this thesis, we try
to build a distributed catalog retrieval system based on the above optimization scheme.
And we proposed the distribution strategies of catalogs among nodes and intelligent
scheduling strategies during retrieval. This system enables retrieval requests to be sent
to suitable computing nodes for multi-node parallel retrieval during searches. Through
actual testing, the system was able to achieve retrieval speeds that are 1.84, 2.75, and

3.31 times the speed of a single node when there are respectively 2, 3, 4 nodes.

The work presented in this thesis can effectively improve the retrieval speed of
large-scale star catalogs, thereby assisting subsequent large-scale sky survey projects

and transient source search tasks.

Key Words: Astronomical Big Data; Distributed System; Astronomical Data Query;

Data Fusion; Virtual Observatory
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1.1 REBEEEENX

RIF e — I TIRRETHEIE . S5HFEALR) il Z R . 1609 47 (A K 22
WEHIRTHEA R LB EWAR—Z], JHa) 1 B Bl KRR B 22 o0, MU
NEHREHEA WY JE, BINS5HAZ BB ZAEEII R, RICER) AR
W E DL BE S HI3R R AW e . AR DASR A SRR AR Rl gt A, Fy
HRTEIUE S BRI, RSO PR e i e L 2 B R AR
AR, M 20 T4 90 4EATTAS, [ A AME I H I IRIa AT 2 KMBLE T
R, X EGRRAT R F KA B e, i BRI A, DA FT AR A7 sk
13 7 NI AL AR BR A B LI A dh o X LS e TR
MHRZI ) RICAF S, 878 28 2 Ahar e R A B e A3t 16 kgl
TR ORI, AT SO H . A A2 3 X L AR R Bt AP U
HER A BE, WA 1 24 B RS Y — > B B LA TPk

1.1.1 BRI R R B9

] N AR R b, e BB T A 1998 A FF R I B B0 AH
KIiH (Sloan Digital Sky Survey, SDSS) , SDSS 22— §¥EXF 1 #Ef1 =4k
I R PR A AR E o %500 H el 8 AT 58 B 25 PO BN Bl e 25 K S0 5
(Apache Point Observatory) [1] 2.5 KELafH G HIEE, RBEinsiaE 3T
JrEERI KAL) (York et al., 2000). £ 404 IEAEFHATRISE TR (SDSS-V) fufE
AT AR AT E LS (Irénée du Pont Telescope) 7EP, TR FJLEkNZ G
iLEis 5 Hr . SDSS Bl &1 18 #itFl2=4d , Hr{X DR8 #| DR17 (1) 54 %
BT &5t 623 K515 (Terabyte, TB) (Abdurro’uf et al., 2022), SDSS f %
HE R AEA . B BRI fe i T fH R SR AR MM i S
Ty AR T A R TS R -

= (Gaia) PR ZHEM=sE] 5 (Buropean Space Agency, ESA) K5t
—WRSOWI LA, T 2013 48 12 A 19 HAWEJEETHAT K H.0> (The Guiana
Space Centre) & HfTH25, HEAREBHIERZY 150 J5 A BRI H S L2 Bl B
[ AT 552 PARTIr AR BORS BE DN AR ) &2 g E B AT . BEES. 1230, Jt
FEFDGIE, fl AR RO BRI =R, DAERERIT R G . TER
FEAL 7 5 (Gaia Collaboration et al., 2016), ‘&l P~k 106.5 FF 1) B 7 55 1
—/NF 106 Ht CCD s A AHMLA . 2022 44 H 29 H, I EEARG THE=
fER2EHdE (GaiaDR3), A I8 ACHREMEE, BIE0E. M. BT,
FERE . BAREE SR, PASGR - E B R s BRI IRE 28 . X2 H Ao K ik
W RARH S, B4 E AR R/ NZEE 10TB (Gaia Collaboration et al., 2022),

FH P IR A A S A RIZV BRI B, A E S ST OE . a0t

1
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WHoEn| i@ SHEMTE . T I SRR Y 55| IR AR
PRIE 3 B RAZ PS5 pF9 2 B KILRAMT B S5V 2 e RO B IRSA
HEIEH.

MR IR 2R, FFZE AR PR ) O 37 B e 5 B B B R R 4 R AT
PRSI, XA SR A B .l aniays SBEAE 1) (Palomar Transient
Factory, PTF) J&fii AT IR JE SN & 3 BF A 0 350 K S0 & 48 Bt i E
ER RIS RIE , A4 7.3 F7 BRI, R REDE 60 72, %5 H 78
2009 4F 3 H & 2012 4 12 AaiEfT1. HAFE 2013 4ETF2% 2| iPTF(The intermediate
Palomar Transient Factory), 2016 4E 9 H & fif{) DR3 £l 345 7881 65 J75k
KEG, TEia A T 2500 B E. 25, M7 a8 AR CCD
F25% 3] 47 -5 S — G FH%, WiH %448 ZTF (Zwicky Transient Facility) f:
T 2017 AEFF 458 KA, ZTF Biesf 16 Bt 6000*6000 R 2 1) CCD, 4 /NitH]
PABR 700 ¥, 18K 3760 -7 BERRIX, fgifss =4 K2y 1TB iR G 8dE, —
AN AR R E IR T 2 7= A2 K 2 3.2 PB 19 0 Bid & (Masci et al., 2019).

HH B 38 K2 R SCA 5 T iz B2 v &) (Panoramic Survey Telescope
and Rapid Response System, Pan-STARRS) fifi fJ U/ 1148 1.8 K B it s 2H 1 f4
A, isAT A TR AL i 100TB B4k (Kaiser, 2004), Pan-STARRS F: -5
— & BILHi Pan-STARRS1 (PS1), L %7 7 DR1. DR2 Bt 4. 2019 4¢ 1 1
28 H & s —MEds (PS1DR2) K/NEE T 1.6PB , i HAE I HCH T4 51
AR BAVR A B R BRI S SCER Bl B S AN A (grizy) B
SR, BEIARA-30 JERAJLRY 30,000 P07 BEY R4S, H A ObjectThin B R 405
T 105 124575 (29 5.4TB), StackObjectThin Fi 55 34.7 {24 74E (£ 1.2TB).

BRTER R - B R E R 8.4 K 12 H 4% (Vera C. Rubin observatory
legacy survey of space and time, LSST), #i75 9.6 5 JEH Mg, i 189
4K*4K 1) CCD, MG FE ik 321¢, H2AlE T A RS FERMEIL gtk st
TSR . LSST i RIFFR I 10 4E 1w 15k 18,000 P BEK K. AE T4, —
AR IEL KT 1000 YRPAL, 45 400 42 T A 008 0B DA K —1> 23 B HiAs
TSN A KRB . RECRE ™= A2 i 15TB %58, X S8 2 9l S b
PEHRPREIE T )8 LIRS B (Ivezic et al., 2019).

HiE T FAFHHLI%E (Ground Wide Angle Cameras, GWAC) 23 [E 5¥E E & 1E1
2 By 2SR SCASJERG 25 (Space-based multiband astronomical Variable Objects
Monitor, SVOM) F{j#bIAH WL % 4% (Cordier et al., 2015), —3k 1 40 GH %O
2R 18 JEOR BRI B Bi i nl, f & BRI Bl A — G 4K x4K 1 R REAH
Pl, B2y 5000 V)7 B RIX, IR EGFAREm R 15 70, RRESZ 16 45, 4%
M, GWAC &AL A8 4 1R R N RF A0 75 R 2 12000 ARk, B4
ARG MR R 2.7TB 1%, 10 s TR~ Al OPB B8,

Uhttps://outerspace.stsci.edu/display/PANSTARRS/PS 1+News#PS | News-2019.01.28:PS I DataRelease2

Zhttps://www.guinnessworldrecords.com/world-records/78317-highest-resolution-digital-camera




CAE S I

T RBAE J1E B S R R SCIER . GWAC T52HE 15 BRI SE O R4
TABAR AL BE T A, XA PRR A T HE B 25K (Wan et al., 2016),

“EIR AR Je e AR B RGN R 2, 1R 6 20 e 4 kA%
W) 72 B 1 ORGEE B 3 & 4 KRPEITFA 30 FRHIZS L 10000 75
JERR X R K, AR FIER B 2% Aol 2 7 IR A i3 BE R SCFHF ol
REA CANS 1 et . Podpr e g% . BT SE) o IRAliTh, iR a ik A
i 40GB R s R K, BRI 24TB /Y J5UARAE B 140TB AYAL IS 4L
5, BEFE R AR B 5 A 40PB (Liu et al., 2021),

112 B8 R MR Rk

3K B FABE I TR A0 g A7 A R B LISt , U H2 a0 GWAC 25 R
W IIEAE FATS5, B Z S HN AR SR ) SE B AL, ARG R
TERICE YR T M 45 52 A% 1R B B AL 3 b D B AT FE i S A0 B . AR 1A
BAEL T — FZINPE IR RUK S G, P RICRIR A B S e S .
1ok BEHHRE -5 2 UL B SO VE RO AR O AS M 4k, 505 HU B O £ i
W SGIEIN, PARIWHE A IEAE AR R, I & s, X S8 T A/RER A
—MNESCAAN T XX RN R SEER A PERE P TR SR

— TR AR IR 2 S AT AR RT RRAE A 1] Y A I R HASE B 5R A
FIRBITFER KRG L, KIRHE S EC A FE i 3R R HEAR BE . AL GE i SRpLR R 32
PR T 10 B A R, CARMER T U A R 20K, R\ — s £

XL E R i R i T — A RS, AN RIS 7 AR 1) R SRR 2
A HCE A B IR RS o 24 R SC2A G 75 B 3k e B AU 95 1
DRy vwp s s | W e 3 N R s | D DIV 46 3 a1 | G o 2 NG R )
) AL i 7 [ R IR 554 T 388 B A g - AL, A BeH T e et oe

Bt Gaia DR3 ()4 A7 T WAL R S/ K SCH.0> - (the European Space As-
tronomy Centre, ESAC) 7£E BB £ ol , o B B R SR 4o v ol
(National Astronomical Data Center, NADC) f£2% 7 B3t 3 JE B iR A 58 A%
ol BEtg T4

QAT I TSR ATL I 28 520 HICFE HE 45 i R SOOI o 3 £, 2 R LR SC
& (Virtual Observatory, VO) TFRMZ.OIREZ —. HFE FHECEENRTZ
MNRMR LG, RO KSR TR . R ER S . HA— A% 04
o 2 i B R B R i A IR (Malkov et al., 2012),  BJRRFAS [F] BRI BE 1)
AN R B RN SRS B B A TR A, PR s —n e, 98, FRR ALY
RESR KT FdRfeR S TR . AP HTE—RERE ] AR 7 (E bR
BRI BEBE . AR R B I ARIFSY .

FIRATIIL , il 25 A S i RS R B e ok ok, (0 B T LA A

3https://nadc.china-vo.org/article/20220705162222




T 1) AR It O ) A RS 28 55 il 5 AT 7

H MRS () AL BRI A 2 AR AR ORBIRINE , RS0 K B A e G e 1 )
Jra, RRBOREZ 1 TARR ) “mim” e (REJRIN 2, 2015), 102 [ 5 R SCR
FRAE DR E R SCE RGBS 2 —. BTz m i) iR
SRR R PERER TR SS , KICAZATAT ZAF H C iR T RAE N Wi as e
2, B AR 8RR ER, HENTFEEORMRMEL, HRRE XK
RS Wt RIS RICRUARFE ARG, W ARERHIF A TAR
AR AR S AT, RF o SBOT R S BARA P IR, H SRR PRETR
(ORHIER. B0 B 3hii B

1.2 ERSMARIK

MR R LBl B T EOR, B REOI WX, & WA
R R % I — & iU BEs U170, DA R I A 0 4H . BIEE &
RIEH T 2R RERY) W, FFTEMERS B4 T2 BERER 53RN
AR

12,1 RIKXISEZE

RIRK 73 B S Fe AR — 5 A AU RE R Bk 43 e 22 A DI, TR % 2 1
' o B ILIA 4 SR R ] A A FE PO AR A T DX 43 . R T Bk 22 26
JE, RERIPIIREIRARG RIKKN 53 T A FR/ D A . (BT, JRgid
HARIRER LS BRI RE , BRET IR, Reh BRI I U 4%
HR T € £ FE ARG AR 2 2R Ao RIkT1 53, 153 IR T AR A AH %

SRRV FEERRE, GIanE hE A& (Zones Algorithm;
Gray et al. 2007), Z)Z=fM#% (hierarchical triangular mesh, HTM; O’Mullane
etal. 2001), PU A7 J5 1Ak (quad tree cube, Q3C; Koposov & Bartunov 2006 ), £ 2
SETHTRR ] 45 BE Rl 403 (Hierarchical Equal Area isoLatitude Pixelation, HEALPix>;
Gorski et al. 2005) 7% 4,

SAHVFIE A P Jim Gray®% AHRHH - 32 BERURLR A Rk HEH 258 45 24 ) Kl
Gy RS (Zones), XA RIFEA R, WAt B PO IRER 6 2
K1-17] AR — AT o ARA— D RARAR Y e i o 4 AT AR R
RITEAAT S « TERRBOAUIEASEG G, W DAERIE R R AR BRI
HEB Oz AR BRI 2t , b TR Bds /5 e
0+ 90

h

HTM J&RF KERA— NI AV AR R IZ BT 0% o3 /TR i B 2
— A=A, B A ARSI o A BN = A R A i

“https://adc.china-vo.org/article/20230328165504

Shttps://healpix.sourceforge.io

Zonel D = | | (1-1)

Shttps://jimgray.azurewebsites.net/
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HE A B AT T E 140 PR

HEALPix 25(01F HTM, R RERE IR R R4, 2ok KBkl 4 14
iz . %779k m Gorski % A$ i, HEALPix 5t F 4R I T 50 1y 54
SHBEIE ST, A4 B AAE R SCHERIE R Z M . %S HIM AR EZ
AbAETF HEALPix & JeRFBRTE %140 i 12 AR, k29 NSIDE=1
R4y o KRR TERE B, 4 A/ NG, BEABRTE BRI 20 A 48 A~2%
HARRIPDHTE , o2 NSIDE=2 &4y, & 1-13R. [FBEL, SFA/NYHE
SCREARLER 43 R PUAS /N DU TG, I R vl A— B BT . —NTRSE IR E
f#1)24% NSIDE=2" ] DARFERIEIE VTR 40 12 x 48 AP iB X, AT B X
Rz A B (pix)”, HMEREA G2 AN S .

@k=0 b k=1 ©k=2

Pl 1-1 A 40505010 HEALPix {E k = 0, 1, 2 b BRi 4 &l 3475 08
Figure 1-1 From left to right, the partitioning of the sphere by HEALPix at k = 0, 1 and 2.

1.2.2 % EZx HEALPix &5|H AR

J5i 4 HEALPix JBE DA R 73 #3020 3KTH , Z S5 & 243 P51 HEALPix
R R, BN 29 78 35 K IX (multi-order coverage map, MOC; Fernique
etal.2014; Fernique et al. 2015), £/ ##3% HEALPix (multi-resolution healpix , MRH;
Youngren & Petty 2017 ), mhealpy (Martinez-Castellanos et al., 2022) &, MOC J&—
T 00 R BRI 55 1) v, AT AP FU A [ B3 4R 22 1) 1) 78 i
il MOC J5 A0 F T A B TTAS 2 IR S5 A R A7 i b Rl 7 S T, (L T4
BRI o FESGETN MOC2.0 JiA T, ST R s R 1) S RF . MOC J2& [ fr
IR AR (IVOA) Rz —, B4 Z M. ¥k (2020) 2730 % A
il MOC I Z 2 78 5% KX PU XA (multi-order coverage tree, MOC-Tree)
SEIL T PASHE I X J5 B R )& 5 | . Martinez-Castellanos 28 A % 1T f\) mhealpy J&—
B2 P53 HEALPix S r[HALHY Python 40, SCRpMIANZ o pEppiist, Hoh—7ff
SOV P B e SCRREE R Y w2 G, (HE A2 B FTRAL BR , E
AR B — N R S . TR Y AN TR B TSR R R, A

LR BHAG R B N XK, S BRSS9 5.
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123 ERMIZEINEAR

RN ORI A€ RS s P BN PN N ES T PN O E I SN A R <190
WA TARZ ST, Hoh—A> S 20 TR 2 S Wiy — > AR 2 i A WL 5 v 2
TAEAE, T A SR AR ST

A& SCUEIA BT H T4 0 7] — AN UEAE 22 A A (] 0000 Hef i) =80 A (] 98 B B 3 vp A UR
MEHE . 5 AR T AL E T RIRICEL . PR B A A R R AR Z 18]
BRI BN T AR, ST A2 [F— AR o T [F B 0 WL kS
FEARR], I HREAAAE BT8R, T 30m] D RARTEAS [R] UL s A A ] 7 22
T E B DAAS [R) 9 1 BOWR 0 B B A5 380 ) AR P A 25 57 . —JBOR UG, X TR 2P AE
GRIN ry sy BRI, MBI RIRRI IR d < 34/r] + r5 BB, AT A
PRI — KA (LK, 2020000 7 A0S AR 2 4%, (EAESE Bt
B, N [EE B ) BRI W A R AR ZE S B BN, Hhm /D AR BRI S
AR ) 25 () R A B X — % A B DX W I 25 SRAGIE AR, MR SRR
BRFEE A Z X M) R, HEl—x2aEm 22 E. 5o E—
RABAEA R B TS WA — & MR, BN B A S5 RARTE G2 i B L el
BN R AEFR A, 07 S FEL I8 B DU AT DAL 1) mhoCo DA R M ¥ . (Fan et all,
2020). PRHAESEBR A SRS AR Y, IR TR 2% SR B R A B 1) Yy PR AE 5 2
5.

WA —HEFIRE T ET EBE RN SGIEAE Y, BIR 2 5l p9 32 SIEAM
BT ELART InEE RN ME R R R, BUEE R
EEEERE, WMEWRE A RIEE F— RS SC. #ll, Sutherland 45
N T BT RUA BRI A7) 2 SLIEIA 242X (Sutherland & Saunders, 1992), JFE3EE
FER MR (AR SRS, (LOR R BICRT DA T334 e 50 T M il
Horp— MBI R B, 53— MR A 2 IR i Y o i LB A
B , W] AT PR B S T RE AT« 3% A RIS TE 45 1 B I Se 0
SIEEOLE , TR RIS — A B3R PO B R AR, e R ik
i e A V] B A2 R AR B U . Budavari 88 A\ UHE T BT DUt Hr oy R a9 22 SUIEN GRA
(Budavari & Szalay, 2008), %7 ¥A(E A VIM-HGe 122538, SRR [R H & e ez
HiRZE., SESEREAEER, TTHEEAEGIER MR

2007 4, R IFAGHE E A% EE (Jim Gray) 42T RERS R KERY) 43 1) 2%
YA, FEAEMEIERS B AR SQL Server #5145 A WAIEIA 95 OpenSky-
Query (Budavari et al., 2004; O’Mullane et al., 2005), ‘& o FHEZ A~ K SCEHE
PR i T i) &) . OpenSkyQuery SCHF 2 fpgdts A& ifig &, H4pt T
— SR IIRE, AR SLVCHEL . AT A EE . % LR B R ICER TR
— AN PR G T 4 T 2R U7 A0 A 23 B R SR

catsHTM (Soumagnac & Ofek, 2018) J&—{>H1 Soumagnac %5 A\ #2 1} #%) 5| f} HDF5
SCARE R HTM X R SCE Rk R A AR TR, AT ATEJLZ R N AL
AR ENE R PR TR RO B R . S (2008) 48 A fdH HTM FIE s
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F1E 4R

PESEEL T X+ T BB R R S SUIEA, (HEREMR P 5] 201 AT R A
IR . B4 (2011) £1%F HEALPix $2 H 7 B 0752 5B 1) ok 4RIk gm i it
YR, iy T AYRIRIAR, I F MapReduce 237 AT EAR AN T
RIER LA EA T . Du (2014) 48 A i [A] )8 F§ HEALPix fl HTM
DA s S B T 0 B R A AEiA . Boch (2012) £8 A il KD-Tree #l
HEALPix 528 T #E4E %2 YAFIA T4 CDS-Xmatch, %4 fLiFf FEM T _FAE H
N BRFG-E A2 Bl B BRI T GIEA - {22 CDS-Xmatch Xi i F
1 FA% B R BHE BRI A2 A a7 i E) R BR 1, ELE N P15 R 8 h
12, AR,

1.3 FEMHRASE

T 24 5 B o o 5 B R T 72 03 R A ok, A
L I R R R . A UENSRAHR, HEIL R a2
A AT RYE, TR B AR SRR . A LT
JUIBSHIBIIE 75

131 ZERERVSEE

N TSR IR, AR SR ORI B 2 AN ] 4 DRk ) 2 )l 224
SCPE o BEA LS KB I U1 2 A XK, IR XI5 . 72
FESLZRG I, AR B 2R AP MR (8 AR BT SRR R AR BT 1) DRI 2 DX S 5« AEA R
I 030 R R AGr 2R YU I P 78 o A X 5970 3%, AR Ik S 20 4 2132 DX I8 P )
A R BR IR B 2 2 ORI T 5 A

WX AT, RS RF LR KR AR R B — YRR DIk S, SEBL T ARAR
HledE. [FImE, I SR RAE R R S 5 N ARSI RG EeR. B2, %
JTIAR) FE R TR R A RCER 530 i s BLUE SR 6 o o DRI AR ok
WA KA RAEIIA M E 95, ISR S e IRXE . o B Dk AR
N, M—PAR R A G 2 0 KR R, FIRR S R B

PG KBRI 73 AR I i AR AR R 0, ol A E R BR i 23
AL Z), W] HEALPix BHY)MFEIR B RN REKBEEZRRR, P
R BB . A SCfE HEALPix (Al EINDABGEE, $ih 73S B g b1 5
R AR DI A ) R AR B RSB I VI 25, DASEB BRI 238) 73, PA
SR RAEATAAA o [F]Il A E R 20 ST KD-Tree SRR RIS R
ST, SR R R R

132 BERMFHRMESML

BARAE TR R DART G Z5HIA L L. BTG I S B BT
TARRFNG KA CPU AR, 2oL R S A S A7 3
PRoi i 2 T, TR BER B AT S48 (UL 99 serialization . 4
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H marshalling) AT AL KT M TS, SOIREMNFRZ Mg (307514
deserialization, JZ4f4 unmarshalling) (Kleppmann, 2017). {5405 Py 77 A 1 KAk
PA CSV #& A ARA7 208 2 B @ Xt B R S kit 2, X CSV BRIz Uil & v
S

AN EDIRIN -3 7= A i B R A E AR PR, SCARRg iy B b A AR, 132
BORFENS . A TR AT REHIER T RE A8 SCOATF IR = 14 R 7 2 AL LA P s 22 v
[X (Protocol buffers, Protobuf) (Varda, 2008) “y3ifli, F4&1% B FRx—2BA %L
P SCT R AIAAS =, S B R i = O . DA — 1) kil g =X
FHL, e TR BRSO GE k& Fia i, DA R R W 5R0R .

TER IR F A FE R B 2 AR B E R, 808 2 A F
IR 2R IATRR . N T REEE, A F ERAG 2 N ERAGH, B —
MNEEFI A RS HA R R AN, FEN R R AR T X 45 351 2 50m DA
A, LM EE AT AR 2 A R T A . mla i AR AR K — A i e
(B ERIH FEFERE £L 0 AF G AR rh, Al ¥ 2 A7 e v Rl A B
PR . R B BE R R IFe Ak, DATE & A7 A% 1Y Peano-Hilbert [ 45
BART A R Dyt £k, PARR S A A %

133 HHRERKEE

AR A LR 22 AT Y UM R 28 S B A e ok, TR — e AR
AR RIS SRS AT, e A B . R, AT
Al B S b — NI AAE S5 X4y I AL ) TS, X B8RS T LAFFATHUAAAT
HHAEZ 18] BA WO R o SRR AT DARF TS S 3800 HEEI 2 AR R,
MR R TSR AT

TERSCEFRKRIS, EAE NG EAE DRI iR . R d A LB
WEAWEREN, Frhzafr2 MeRES T, ARRES Z A Y
Wi, XLEEFPEMERF R RE AN Z G iR, R, MHRT R R,
A A BA R R B AT SR AR E ), B B E 2 RIS A, Al RA
FESAY 5 BURE I B B s I, R AR A S B

N T SRR L, A SCERE N 2 S A R BRI R
RICWEFE T 2 W TRl s . BRAEZ A Ay K53 R n iR R Ty X4
WA, T THEREIR.

14 XEHEH
ARICIF IR F
F' 5IE. BEAG TARERIPTIIE S, 2 ATE A SRR OOREGE

KITRICA K RERS P AR Bt , 5 | I ASSCRE TARR B2, e 1 = Ao
REIR . SOCIEAFDIIR RS A2 .



CAE S I

B BRI RBRFIR . T RCERIFE. # I
LA BRI MR R RBIR, PARARSCTARE AR 5 AR X BAR T BE

FE BREAIURRNIITL. NGRS SRR BIAR A
PR R A SR, 1 5 B BRI T it 4

B RRAEN SSRGS RS . BT AR R R A
e BRI B RCR MR A T35 -

iz pmAEREIRR R R T B RERE R R, B
BRI A KRR OB T AT S e, ISR T B
ARG

FHE RS RE . XASCH TAEAZM T g, ik T LA AT AR
HINZ .
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B2E ERXRTFRREREARRE

R AR ZE AT DA DA W 300 00 FUA B 20 IS 2R 8 2 o FOUA 3L R AG 2% i ol
g 3l ey i bpIWIFE VA 51 NNV K < iva Y11 1 [E) IO 0 IS SRR E4:0E SR 78 S kS
PRI R R R AL P AR AR AN (R R AT R B Rk Ay 4 —
BRI IR KIRY) )  RE IS, PASCE T A s R I 75 2 R A A0
A RO A E A AR TR MR AR oA B A AR AR VT S R R AL B )5
MEFRRT, HRIR R EORIGERER SR . A B A SCRIFT I 2
BT 5 S

21 RAYEBRMFESFMHEBER

JGAE LI I 7 AL B — T oo R R . BRI . i ER 2.
DA YA S5 R0, B B fa i 15 3 ) i i B AR A L S A AR AR AR IS, B R
ot RHOGEAETIEE, ARG EEMH, FEALZERUKELI. 5
3 11 &t e 23 U I 3 A G N VA WS, A B = WAER A i 2 =3 L2 RS
)RR E 5O EE R . RiA— RAIATE 2 IR G 2 A I By KR £ &
HadREEREZRKMEG, AR — MBI KRG R . IR RS
TR SHIRTTR], — AT AR RARA AR . ABFRiRZE . BAT. FEESSE R
22240, PAACRIRTEAR B R . TR YIS X ik g —
PR TR i, A SR EA E RN . SRR, —dit
SRR NS RIEFENE T 28RS . TEZ iR 58 IR
FRUESH, TEXHX O AW BRI THRER R 53 GIEIA , AP & BAS
IR A

R RAETHEAL A A A4 i i =X BB R A7t XK [A], E2ERT A
43 R SCAHE R AR RS . SCAAE = e 12425 70 R E (comma-
separated values, CSV) #%=, i VOTable, XML 25452, SUARK LS 2
TR NZERT B R A, AR — AR g AR B T B S T 8hgmfe . DA
CSV #&=2 N B, i I PRTE R RFC 4180 % X (Shafranovich, 2005), #=CHIHL
S E

() BAACRAT R —17, AR (CRLF) 4.

() EELSEATHFK, IR T ENFEA AR,

(3) FEREBAICE T, WA - PEE TR, MHRSGES 7 Ko

@) FAFRATLAANGSHEEA, thn] ARG S .
(5) ST (CRLF). W5 SHIZ 5 F BRG] 55 k.
RGBS AT G ITE, ] ARy E S
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H 28 ERFIRIG R

SCARHE B ST T SO A ERCRAR, SRR . B, XTHE=
JCHENH 299,792,458, i ] A Urr, HRREE 32 BRIV AT, (T 4
ANFAT. H CSV S5 SUAMS A T ZERHZ B4 — (AR e i ASCIL i, 4531 —
Bl %1) “00110010 00111001 00111001 00110111 00111001 00110010 00110100
00110101 00111000” . A4~ ASCIL 73 (5 F 1 54T, WERFRE 9 MW HTAF
fitt, PPEIR IS S SR . 51— i SR R P AR S SO RS i AR B 45
B I TR B OO A5 BB SR B, R X B
IUFEARREREAR, HAEZ) BB E RAE RGO .

A, RSB 2 d E R A% i R 50 (flexible image trans-
port system, FITS; Hanisch et al. 2001)., FITS 2 [E 5 K CFBE A S E X E B
X, mleh TR EBR T, ZEY RS T BRI RS
o 5 XA MBS IE G S, —FEHA% TR 24 IR BSR4 RE 32
5, WTECF A I, RBIS T A 2 [A) LT LA 55 4 B R
RN NAF, AR . R T NS R HAC R Bk UG, e g
REIRTGE R A HRICR

22 RUEEBEITEAE

20 FH R A AR BRI ARG E R, B RIRER AT A AR 2 (RA) A
ek (Dec) WIANABEAAf s HAE KBk FOOT B . RERF AN A BE 25 0k e X
R RER EWAS L, ELIRLOTE RBRER L i K R R A5 3l 4345 31 1 45 I o
IS F £ R S

TE R IR B R BB AT B AN Ak b 22 18] 0 B AR 22 B (5 1 i s 2 ot
NGV SN o A4 B2 1T]: SR /aes W < N o w1 < =S G e S R
IRGERIRG AT N (a1, 81) T (ay, 85) M ERUE, P ASFERRTE L) A BE B 2R
L ATPATHER (AR T 4%, 2019), FETH AR AR W4 Haversine 233

S _
d= 2arcsin\/sin2(%) + cosélcosézsinz(w1 > az) 2-1)

8 Great-Circle A3
d = arccos(sind;sind, + cosé;coso,cos(a) — ay)) 2-2)

APAEH, ToigWiRh A, AT A R i = MBS A B S R AR Z (8]
WA . FETRALT, AR R i KT RAREH, 2RI E
D EMRBOTRBRE, PARRTHERIEE

P ML RACTRA R KB R ZRUE, 7 A G AT B, A
T AR R AR, FERIRII IO T 5 2k P AN BB, i AR I TRIE AR 32
W AE R ERRTIRIR, AR AL ERIR R, SRR,
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2.3 HEALPix H)RSIER,

HEALPix A7 i I3 S, 200 “RING” FAA “NESTED” i,
XPIRRATE k=0, BIFESS 1 ARG, 12 106 st g 52 AR Y, a0
2-1J7

V.

0 11

2-1 RING BEXAI NESTED BG5S 1280054 S
Figure 2-1 The numbering of the first level in RING and NESTED modes.

22 THEIZEg, Pidhd SR E RS, PIATE k=1, HI%E 2
NEGRE, B 1RH— MR RIS )0 4 47 XK. #E RING #:0F, K
BRI — RSO, A EAR RN R RO 2 F
MR S, AR SR IE B DI T IR R 4544, AnE2-20
o

16

i a2 ': at

R o - 4 1 a7 '

0 47

Pl2-2  RING BEAAESS 2 )25
Figure 2-2 The numbering of the second level in RING mode.

NESTED Bz, AnE2-3f, 55 1 2R 05 KBRS 156 2 JZ 0. 1, 2,
3K, 5612 1S KIEAE N T2 2 )2 4. 5. 6. 7 5Kk, DA, fF
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F2E BERARIGREA

550 )29 N npix; WRKIRARSER] B R —)2, TR IR 4 a6y, B ] 452
PUANEE i+ 1 2RI, g5 752 [4 X npix;, 4 X npix; +3].

2-3  NESTED BSXAE4 2 J2%i 'S
Figure 2-3 The numbering of the second level in NESTED mode.

#fF NESTED R 45 A b HIZom il , LR — MR 51 NESTED 4
AP RS T 55 T KA SRR 14 5 2288 2 Ao LI 2 8 4 (0 2
3). PASE—J2I0 5 S XA R, 24, 559 0E ] 101, Rz K] 5 3]
202, WA 4 A8 KBk g5 07 S0 e 101 Ze4% 2 i, 453 10100,
PR IRUT 200 E 0 % 3, 152 RA - UERlp g 20 2 23, [ABE, 25 3 2
e 16 A4~ DXk 501k 80 2 95,

| 5:101 |

| 20:101 | 21010 | 220101 | 23001 |

180 | 81 | 82|83 |84 85|86 |87 88|89 |90|91]02]|93]94]05|

101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101

00 01 10 11 00 01 10 11 00 01 10 11 00 01 10 11

P 2-4  NESTED BEXM04 S 5 dEHI e &
Figure 2-4  The relationship between the numbering in NESTED mode and binary code.

XAFRFME(ERF NESTED A ] PARYE R — 2 G DI 5 AR 72 o) L 3
Wt 2 DA B — RS, DA s A5 2 1 BT 1 K 25 X
AR AN [ J2 20 1 DX o P A 5 ) 0 ol i 2830 T AT A5 30 T
ARIRSRIB R AR, VILABI2-A801, A A5 3 24950 82 1y Rk, Al—4>
55 2 )25 0 20 BRI, AT A BE 82 iy it 245 1010011, 20 ) 7t
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24 10100, PiEA LERRHIZE 10100, HABHHZE 2 . 50T AMENT B4
R 82 XE 2 HER 2 )2 20 I 1520 1) .

2.4 KD-Tree fyZ=5| /=18

KD-Tree & —FpE 25 6] i 70 BAHR B, Hop “K” AUR THFRTIHK
PRIAERE , XTI —4EAR bR B, W K #9{E8 2. #E KD-Tree 1, £f
AR AR DK, % S 2 TR T QR AZ R R XA
N Ze R A R K . KD-Tree flH] 1 31T — SR RM YRGB,
X K 4ER %, FE#N7 KD-Tree I, 4 DGESEEH A g —ZEAE 4] 2319 70
B, VHREE PR BRI TR, KPR N e AR Gy o 2R Y
R Iz 4 B (AN T A2, Al o W R e E R AR T P A
Z e PR B o SN HE A D ol Ry, ELE AR 5e s

x>6

12 ‘b , . _____ o f
b AP B T
10 [------do- -l ®
i . »5
P T — g 3
s i E
et -

10
c

P . h 26 x>10
. S °

: ®

: B
0 L L y> 15

0 2 4 6 8 10 12 14 A

P 2-5 KD-Tree (%3 ] &1 53 J5i'
Figure 2-5 The space partitioning principle of KD-Tree.

WNE2-5H B FER, #9%tas by . X 10 X A KD-Tree, 1
FelA x oo FR, SHRAET x B OB AL, B f R Bl EIC N T £
2By, A6 S N as byoc. dye, FIRT FAEARSY, 46 41 g, h.
ivj, AR RIAS . fE KD-Tree i1, Ff £ i fENARAY A, 2PN 20 fE R
AT RZET WA TR )5, By SPES 7 H 05, AR R e A 2 e 22
ER SRR N 0E €y a N SE VR a0 A ol W 5 S N | N Rl (B
e AP AARAY e ARSI, e R — A 58 B KD-Tree.

KD-Tree (3 SRR, AARTT R IR, ARIGFFR R A ARARAITY
W R ARV TR, BRI R PRI R AL ZR AR BRI 11 i p i w3
SEVCE B B, 1) [T U A AR UL A T R B B AN T U
HAB RO REIR, RA R,

"https://www.researchgate.net/figure/Basic-KD-Tree-each-Circle-Represents-a-Feature-and-Each-Area-is-
Used-to-Limit-the _fig3_302594789
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H 28 ERFIRIG R

KD-Tree (I{IE sl M3 MR, R i f— 24 AT LALL I Y RS
BRI A8 WA ON' %), R B SR T BN AT, [
TR, KD-Tree nTRES G KR NAF . FLESF R AT s Bk
HP MR KD-Tree Y251 . QIR EE, WG 2 E P # 4> KD-Tree.
iR B R A=A TB, — I, BUA TR AR EA RS 2R A
X AE . — I, BV B S N R A, BB SRR B E R A2, KD-Tree
=50, MR-

LA SE R O B 2 R 28 ST, KD-Tree HAT[ 4T, {HZ A PAKF KD-Tree
YERTI G e WG R O 3. XA SR SRTT TREA ER h WRErRR
WP, MREMETE T 2/ N BB R AR, H A5 B S KD-Tree Bf
PSP R IR

2.5 Protocol Buffers } ESCI [FHIB/\ 28

Protocol Buffers & —Ff 5iEF LK. “FE TR P eblsl, HT ok
SER R E AR . Protobuf BEAERF N A H B #ic B S0 29 A% AE R P FAE 7 2
), BiEEAMGEE, WA AR . IR BT Y AR
= (extensible markup language, XML) #/l JavaScript X4 it (JavaScript Object
Notation, JSON) . {H2 52 K[Ff#&, Protobuf F3EfesEty—E WML, K
Z NN HEARTES (interface description language, IDL) , #5723 FH [
(%) IDL . %#a4% MR IDL #E g X DA kR B 6k, A 2P R giEaE,
WG T HCF SR Z (M A B %45 . Protobuf 47 3 4F C++. JAVA. Python,
Go F LGS

Protobuf X & AT IDL FRZ AiHE (message), —/NHE WA A EZA
WG BT DA 2 MR, Blanse A (int32, int64 55) . 7754 (float,
double ), FfFEAL (string, bytes) By FH 2M2$25%! (Enumerations), H & —
MHE BT DAME A% (Nested Types) E53—MHE W

T BRIk N2 J5, Protobuf 24t | — & X2 Mk 5 R A M LA,
AT DARR A T S N2 2R 00 0 B R A S RO A RS . FEdR AR S AZE
AT A, BIRTSEEOHZIE BB

{E15—#EM) 2, Protobuf Ay TR AT BEHLIS/ME R A &, RIUT 2 MEE
EAE S AR . BR T _ESCh R BN A BRI AR 2 A, 5T AT AR KB
(1) Varints Zf 7530, KT RSB B R UL, AENAFE Y A TR/ MR
EER, HREEEI/NIC R, HILA 32 MR A 64 [ BRIk AL.,
32 WAL AT DAGRAT (=27 — 1,2°0) Z [ BT A . (ELRAIRA K B e
Bt/ N 2% B, SR L E KA BB SR 2 R s ] o i
Varints Ziifith 7] DAMCE # BB BCBUE I KN o AR R 23 1) o BUIE IR 28 RHE B ),
JIt o5 TR AF i s TRt N o a0, 0 100 Q2R 32 (R AR, Rl 4
AT, AR Varint it s, WHFTFE 1D, BT 75% B 25 AHFE.

15



T 1) AR It O ) A RS 28 55 il 5 AT 7

2.6 MapReduce R HRIC R FIE

BT R B R R AR ST BB B W PERE ST, AR T
It AT BRI TP R R 4 T B A K “MapReduce” (Dean & Ghemawat, 2008),
RIS R “Map” A “Reduce” PNt AE, GHEI2-6f7R .

H =
H] = = H — = = B
KRR oK By S
S
| i | | i |
“Map” iT#2 “Reduce” iTH%

P 2-6  MapReduce 53 fii Uk # i B 2 B

Figure 2-6  Schematic diagram of MapReduce distributed retrieval process.

— NIRRT AL 55 el S e R “Map (WRGE) " pR e o0 gt
NEANTALS, 0 EBIA R S LT8R BN RITEE R
Ja, i “Reduce (JA29)” pRECAAT RIMBIRMBEE G, HEIZRIRITS R
L4, T MapReduce HEZE ] AR G R I SEHE o 2 S HLAR AT RE T
BTG RN T R ER AL B e AT A0 e i T A 205 RZ —

2.7  INEE

AT FENG TASCOIOE R B R — L BAMEOR, s R R
BS54 . HEALPix f4i5453% . KD-Tree S LE I . JFJ55 41 J4: 1l MapRe-
duce 7MY T4 XL ABNN ARG PO TARMBOR T RS, A
SCRFE AR X LRSS ASCHEFI B3, R A R B Rk R dRe b, PASE
PR R RAHIR -
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%35 BREIERAUG R

FIE ERUESIEFHR

KAWL R B EEEE K, ELAEIR R M RISk, ALAT PR
T UL R T AR AR G R B A

() Falrdfis, RIgREhr, B BRI RN BT KA

(2) HEEKIR, RIS EARPRRIEE RS BI(E, Ko B A i s iz AR A/ T Y
{ELIRRAR

X RR ISR R R AR A BRI 2 B) Ryt R AR 2 3R — AR
B DA N B R A, AT 2k A R ] DA R B I R BR X ek )
G35 [l DI RARLRAF B[R] S o AR ik R B B R R sl ) S, i
AR RN B R AT T EHEI AR A KBk A &, al il it
B173 1 75 2L B R R R R

3.1 ERVISTHIRREG

— B D] 0 A A% PR UE D] 0 Hh Y BRSO ) R AR KB 2.
FA SO N R BORER 2, R — IR/ DI B J 2B IO R i
KK, THAERNAE R . #rR0E R, WIRRRAR R T B O R A B F. — 7
T, KL SR fE B RO AERE S A O B 4 B R PR UDRE B A7 i, AR
PP SE 450l ke T BEAL S BRI A2, KR A1 0 SO S 7 A K
ST, RS EEOEE . BSRER m IR T T, (B NSRS
AT IR e T WP BEH S o o5 — 51, 5 &R SN A TASRAIR IR
B O, DU B IR R S RCRA N 25 b, BN EERSC
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Figure 3-1 Gaia DR2 source distribution map.
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Bk 1 BRI

Require: EF {4 C, 12 #f 4 XK TREE k_max

1:
2:
3:

10:
11:

12:
13:

14:

15:

16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:

D AN L

function TREEELEMENTADD(N pix) [> Npix FrXf b U AR5 5 tot {Ein—

Current_K < k_max > 4TI MR R RIZ IR

while Npix # 0 do > AT s AR [ bk [y B AR Y
Tree[Current_K][N pix].tot+ =1
Npix >>=2 > FH HEALPix 1540 5
Current_ K+ =1

end while

end function
function READCATALOG( f ilename) > B R
while True do
while (C # EMPTY) & (Memory # FULL)do [> BFAiE5HN

FARIEE| R

Line < READLINE(C) > ME R 1T H R

Ra, Dec < PARSECOORDINATESFROMLINE(Line) [> M H Fx H3R15AR
#r Ra, Dec

N pix <PIXCALCULATE(Ra, Dec, k_max) [> 1T E K IZ KB R
FYi'5 npix

SAVECATALOGTOMEMORY(Line, npix) [> ¥ H bR 172 npix X W )

E L
TREEELEMENTADD(N pix) > U SR H RS R
end while
for i =0 — 11 do[> Y4 JLyRARSLSEET, 3 Ty 12 BRPY SRS I I 461) 79
SETSPLITDIR(T empDir) > &) B Iimb B3R H 5k
SPLITCATALOG(0, i) > WER 0, 45H i 7 I E Y2
end for
if (C == EM PTY) then
RETURN > R R e se e R Y
end if
if (M emory == FU LL) then
CLEARMEMORY > G SR P AFas 2 b BRI 25 AT
end if
end while

end function
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Figure 3-3 Three processing methods for case 2 of catalog splitting are shown.
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W2 crpar gsUT BERMYI)
Require: 12 fft 4 A Tree, k_max, F{EHT;
1: function SPLITCATALOG(Current_k, Current_npix) [> FIWr AT S 2B TR E

P10, ARIAHZAT S E ) o KRR R

2. totalWrite < 0 D> % NI R IAEH , W16k 0

3 CurrentNum < Tree[Current_k][Current_npix].total [> 2477 m FAREL
=

4; if (Current Num > T)&&(Current_k < k_max) then

5: for i = 0 — 3 do[> Ay SR T BH HARSKZ IR, X145 s 5 2

6: total Write+= SPLITCATALOG(Current_k+ 1, (Current_npix << 2)+1i)

7: end for

8: end if

9: if (Current Num — totalWrite > T)||(Current_k == 0) then [> 4577 5]

BRI REBERRTBUE, SOMRT R, WML A

10 UNIQ_id <CALUNIQ(Current_k, Current_npix)
11: SAVETOFILE(Current_k, Current_npix, UN I1Q_id)
12: RETURN (CurrentNum)

13: else

14: RETURN (total Write)

15: end if

16: end function
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Table 3-1 Comparison of the advantages and disadvantages of different splitting methods.
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Wik 3 ERMEH
Require: Il E % H & TempDir
1: function CATALOGMERGE(Current_k, Current_npix)[> ¥ 5630 H 45100 X
AT
UNIQ id «CALUNIQ(Current_k, Current_npix)
3: if FILEEx1STS(U N IQ_id, TempDir) then [> it B 2% H e Xt v
UNIQ %511 B R M B2 H

N

4; READCATALOG(U N IQ_id)

5: end if

6: if (Memory # FU LL)||(Current_k == k_max) then
7: fori=0—-3do

8: CATALOGMERGE(Current_k + 1, (Current_npix << 2) + i) [> i JJj I

AT

9: end for
10: end if
11: Current Num < Tree[Current_k][Current_npix].total
12: if (Current Num > T)||(Current_k == 0) then

13: SAVETOFILE(Current_k, Current_npix, UNI1Q_id)
14: end if

15: end function
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Table 3-2 Comparison of the catalog data obtained by different splitting methods.

HA BEMSE PR TR B ME iR ERARE
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2
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FEE 2, k=5 5972 1746.68 20835 1 1608.43  0.9208
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Figure 3-5 Size curve of the same catalog after being splitted and sorted in different ways.
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Figure 3-6 Dynamic hierarchical partitioning results for the Gaia DR2 catalog.
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Figure 3-7 Local magnification of the partitioning results for the Gaia DR2 catalog.
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—ANFI TSI TR AFERA R LA TR A -

—J7 T, ASFEDRI A i) B R A A S —, 77 CSV. FITS 5i#l
2 SR, BRI MEARI S SCRE A i B g BIIE S CSV #%2l, A
[l R R a4 F A G — e, SR R RT3
T E AR AR ITFERI SIS o BT R R SL T, RENSRF T B 2 UM RIS X A%
HEAREREX 2 HES, BIREREREEIFEE.

F— M, FESEBRAYI IR AR, BRI RIARER S BRIk,
BAWIR, BALRAESG S 77 KR AE S VO I KRR E . — 4T, BT
S F I A AR A B T A2 AT R BT AR FE A, A SR BB DA CSV 453
KX, T BRI RTINS FRI DA ST R S FAF R Z R B A4,
Uer= AR T ARERTHOR /NI . S5 — T, FEVIAr i, R &0 KA A
b, HABRYBESEONA T EE &, @l s TR, A 3kl R FER
RARKR, FIDARE S Db ST E AR

BIG, ST 50 B E e KD-Tree B2, AT DASRIEFHE T R R
R SRR, B2 KD-Tree (1) FE5 T FER £ INA], & REK KD-
Tree TEHFURRE R AT FHOC L AF, IR T HARF R & rh, FER R
A H 2 KD-Tree, BEMZFETRERAHIE .

4.1.1 MERFEHFIIE

ARTLRE LT B FAE Protobuf Hr R, f4h—4> “Catalog” i T i#if7
EBRER, WEWRS1IR, Kb i BRSNS . UNIQ 445 . B3k
FEL BATEUR AR, R NERALELCER “CatalogLine” T, A7 RIA
AL WAIMRA2FR, HAp i TR AR KIkgR S, 20 Bl AR R
BT E 0 SRR B A A5 B U PRAF D AT ER IS Z DA X St (4 g A ek
[
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# 4-1  {§i [ Protocol buffers ¢ S I1] Catalog 1
Table 4-1 Catalog items defined with Protocol buffers.

FEA KW Bt

name string BERNHF

uniq int32 RN R UNIQ 475

total_lines int32 HRIN R AR

header string ERNFLER

line repeated CatalogLine EFPFKIK, repeated F/REEAH 1 BLA

2 4-2  {§il{] Protocol buffers %2 Y, Y] CatalogLine i
Table 4-2 CatalogLine items defined with Protocol buffers.

FEBA KM Ui

pix int32 % RRITE K g
ra double ZRAKHFRE

dec double ZRIKATIRELS

line string % KA HA(F B

412 3t KD-Tree BRIk,

KD-Tree 1} — XA —FIE, A W HEMY s 0A 18 10 2 A A5 s )
65t HTHEYD ZRICEBE M TUIBIE T, H “dr” R Ee s
B TSR BRI NS KT 4xT, i, KD-Tree (135 SitE AL
it 4xT, I, AT ATE AR HE— AN R/NR 4xT I, BB TR
K/NR BAS KD-Tree 5 55 r i 2518], F T A7 KD-Tree, RRARTY S AR T 2L 1Y)
0 5 Xk, ST A PATHER S NAR U bbbk . FERERES, Jedk B R B
0 5755, MR 0 S S NIE B T — KRN S A ™R, HRIEZ T
TR BN R () B X e, SEPLT KD-Tree 4G

BEE, AT AR A B4 DA Protobuf f#E AFE 514k, I PASCH TR AR AEE
RESE . TREAG BRI, WISEBOZ S, R R R, RImT#kfs— i
JEBAL U KD-Tree, SCEL T X KD-Tree [FERAF 5K

42 BRMARHNEZFERBEHR

i1 HEALPix Il G ) RO ERZEE A 0] fE 2 B a2 A B Kk, BT AFE
TR — A DX B 8 ) 3 95 B35 B 2% DR SR ) T LA DB Y R A, gy
A A e e A 3k g I IS TN A7 DASR TR

I HIRI) GO, PAE SRR E S, KD-Tree YRR, 35 A AL 2R 1Y)
I i 1 2 RS, WIFR BN P 24 KD-Tree. BEI AT DARSZ Hi
SR IS KD-Tree ZA72INAF, 2 IRk O, dltp A BEHURE A
PERRCR . WE4A-1T7R, BFER a KB KRR RN, FF23EH a DAL
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Figure 4-1 Catalog cache diagram.
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KD-Tree Bt AN PEE . — AN AR W & b A R S R ]
HE BB IR A KD-Tree 4850, ELREE 52 b o T To vk A A A K
iR, IR RAEAER, DA AR i 2 K2 iR R T — A4~
KD-Tree [ B, [, ZEAEBRMSIRENI R 5t At R R AR P B

BUTEC B SR AP, B Al (FIFO), B0 ROl A Kl
FI (LRU) 4%, SEifboei 30 R UAE A7 KD-Tree WEAMRAFIEVSCIEIIA
SIGEAETAORTI, A R L RRA , SRR e AT T R, B
A5 A S 1459 B0 Y A KD-Tree i, {57 BT fRIRH B . 2475 95 Bk el
G A X A A OB e

BB B O, IFE S SR E S T . (R X
SRR TR P AT MR PRI , ASCRE AL SRR [ AP B A
S B2 5 DA B AR A/

43 BERSIUBHINF

#EX HEALPix 5% NESTED BG4 S i, 16 Gk only <27
A 26 23 (Reinecke & Hivon, 2015), #NE4-217R .

PRI ] DA iy R0 Ay~ 1o 4 1) v ) — 2 SR S U SR\ U (Bern
et al., 1999; Warren & Salmon, 1993), T “Z” B4 i 2 S [A] XA 0 1 5
A FER ORI, BBk 2] — AR SRR I o et B3 I AR &
BRI AE RERRL, PR TRCR . DARIA-3FR I ZE N, & 4% BR 25 It
FPUi A RER XIS, FAAE 2 AL BOR BBk, BIAn A E 45k 63 1Y IXIRdk L7 H)
YT oh 64 IS, P DRIHER R e . FEAR) P S iRk R, 2 B AEd i g
5 63 DI ) B R IO R .

T SRR AN, A SCEE X Bk D I Peano-Hilbert {4k (Rei-
necke & Hivon, 2015; Schifer, 2005) fUEE AR “Z2” A2k, Peano-Hilbert 2k
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Figure 4-2 The ”Z” curve is obtained by traversing the NESTED pattern numbering se-
quence.

e MET RN S AE A2, %l 4o HEALPix KIE Fréi's, SC3
TR I LTI . R RIRE R A S, RZ 2 EAH SR 45 1Y
DX IeAE 23 ) bt @A SRR, e Bz M i -5 ) B R I, Befg i AL 2
Z BT K 551 . AF HEALPix 228~ k = 2 K1) Peano-Hilbert ik 5 “Z”
AU Xt e i E4-3 R .
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i 169 167 163 1!
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(a) NESTED B 445 ) (b) Peano-Hilbert Jii12k4iS i)y

Pl 4-3 % NESTED E&X% )3 A1 Peano-Hilbert i 2k4 5 iy il P 22 47 2t Pl
Figure4-3 Traverse catalog representation in order of NESTED mode number sequence and
Peano-Hilbert curve number sequence.
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HORWE = 2E 1 . Peano-Hilbert {i ZRAETHI X 1 AL [RIACZ 7315 21 4
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2), (2, 3,1, 0). AICFZ N 8 FhELA M T 7, 5E# Peano-Hilbert H
LR 8 I3 U 2H A T

LA I3 0 AR XIS A AL KR, HT120 /N 4 AT IX 3. 1k
f, AR S AL IR, X X ek 8] 475 9K 75 253 8 Peano-Hilbert fil £k 11
S, 8 ASHANI 5 5 A B Hh £ AN 4-5 1R o

PA 8 R Y O S g i, dnEl4-Safas, RI4> BT ) 2 0 X
f—>1 XI—>3 K—>2 X3k, X 4 ARSI 3 F — ZH A5 16 4~
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Figure 4-4 8 basic traversal orders of Peano-Hilbert curve.
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i, B 0 5 DIAS Ry T EART Ay 4, 15 KIAR R T R Y
N5 0, 35 XIAE A T HAMUT AT 0, 25 XIAE A T FEA T H i 57
6, JREA L XIS AR, 5514-5an G R . ZadRE ] AR (4, 0,0,
6 ) N, [FBEEAT DA R4 7 BT RSB Ay 5 (5, 1, 1, 7), (6, 2,
2,4),(7,3,3,5),(0,4,4,2),(1,5,5,3), (2,6,6,0), (3,7, 17,
1)o XASFER A—EBIHIE T, R EHIRE%, %455 58801 Peano-Hilbert
HES

T k =0 )2}, 7B I E B g = DAY /& Peano-Hilbert [ £k (1) FE 2R
PE, 45 5T )7 4 &1 4-6J 7, Peano-Hilbert 4“5 #1 HEALPix Jf i %5 2
[ )2 48 5 R 7 YA N4-T R 7R
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Figure 4-5 Order of Peano-Hilbert curve after hierarchical changes.
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Figure 4-6 Numbering order of Peano-Hilbert curve when k = 0.

37



T 1) AR It O ) A RS 28 55 il 5 AT 7

’o ‘1 ‘2 ‘3 ‘4 5 ‘6 ‘7

8 ‘9 ‘10 ‘11 ‘

\

’o ‘1 ’2 ‘3 ‘4 ’5 ‘6 ‘7 ‘8 ‘9 ‘10 ‘11‘

Pl 4-7 RS k = 0 )R IX M HHig S, Lokl HEALPIx b4, Bt 5 2%t
i) Peano-Hilbert %35

Figure 4-7 Re-numbering of the £k = 0 hierarchical level region, the above is the original
numbering of HEALPix curve, below is the numbering of Peano-Hilbert curve.
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N T IRAR SR B LR B T IR SE R ROR . AR SCREA T 56 B
F03 AT A R RS EEI

44.1 AREBRXARE BEZE RIS

A3CHRF LAMOST DR7 B2 5iAE “ o™ BN 4 MO R 09 BI{E V) 70 R
CSV #&=XAHI Protobuf #52X, ARSI 705 B S 7 aned-3FIe4-4 i o

H1 T~ 52 ZRAE Protobuf A% 3 AR AR B A7 SR S KR 1) b il s AR A
+ AR R AR, NI B BT CSV WA . RS 4k
PEERITE LN, BB R T 58 e .

442 AEENHERKETEEMK

R I ] A 7P 6 0 B R SCRR A v D4R AR 2= FE UL, T
HR:

e CPU: Intel(R) Xeon(R) CPU E5-2690 4 Core @ 2294.686 MHz

e Nff: 8GB

o fififd: 100GB , I/O #J#: 82.5 MB/s

o FVEZS:: Ubuntu 20.04.4 LTS

o JifEiE s C++. Python

AR LAMOST DR7 B3R5 0HE “har” AR & MOS0 BUE Y 8
CSV #& A Protobuf 483, F 73 B He A FR R, 03352 B Ik [i) 2 141 4-8..a iy
7No

WIPAE L, BEE D15 BE R, PiFs =Xy B R U (A2 s N E 2
i o Protobuf #%=UHE SUAHAFREE KT CSV AR OL T, &4 BIE T I REH
HEEEIHT CSV A8, JUHZ M BIE KT 1000 Z 51 B R B FE L CSV 1%
PR TR 50%, FEAIAF] TRE RS VO R .

25, ARSCURX RS B R 3T T B A GIEA (Self-Matching ) (1#471)
i, RISERER T R ATREE A B WA I i HEALPix 4 5PN TR E %R, 4%
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% 4-3  CSV RXAEAR B Y53 o SCHEREG B AR A B o t) bl
Table 4-3 Comparison of the volume of the splitted file and the original catalog in CSV
format under different thresholds.

B BANSCPRP R (B 7)) SOPFEE BB R (B0 559)

100 59,804 59,804 3,406,675,650
200 112,524 30,275 3,406,675,650
500 287,192 11,862 3,406,675,650
1000 546,555 6,233 3,406,675,650
2000 1,136,316 2,998 3,406,675,650
5000 2,695,155 1,264 3,406,675,650
10000 5,584,714 610 3,406,675,650
20000 10,679,234 319 3,406,675,650
50000 25,422,953 134 3,406,675,650
100000 50,098,171 68 3,406,675,650
200000 89,649,359 38 3,406,675,650
500000 200,392,685 17 3,406,675,650
1000000 262,051,973 13 3,406,675,650
FiRE 3  3,396,245,328 1 3,396,245,328

¥ s LAMOST 2K A8/ #4187 RFCA180 #RME, 7494 \n, T VIS G B #0452
\\n, SFECCH R A

4 4-4  Protobuf &XAEA W BT VI5 o SO B Stk e
Table 4-4 Comparison of the volume of the splitted file and the original catalog in Protobuf

format under different thresholds.

BIE RSO R (A 1Y) SO SRR (B0 )

100 61,672 59,804 3,688,260,196
200 121,753 30,275 3,686,069,170
500 310,631 11,862 3,684,699,641
1000 591,093 6,233 3,684,282,465
2000 1,228,834 2,998 3,684,043,860
5000 2,914,491 1,264 3,683,916,770
10000 6,039,130 610 3,683,869,172
20000 11,548,113 319 3,683,847,953
50000 27,491,301 134 3,683,834,379
100000 54,173,964 68 3,683,829,559
200000 96,942,826 38 3,683,827,378
500000 216,695,639 17 3,683,825,864
1000000 283,371,198 13 3,683,825,578
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Figure 4-8§ Comparison of reading and identification speed of star catalogs in Protobuf for-
mat and CSV format after splitting.
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Figure 4-9  Failure rate curves of different curves and cache replacement algorithms at k =
4,6,8,10.
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SRR, AfH ] gRPC  (gRPC Remote Procedure Calls) {E A7 & 2 [8] 1)
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Figure 5-1 Different storage models for catalogs in distributed scenarios.
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Figure 5-2 Diagram of asynchronous request of the master node.
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Figure 5-4 Diagram of asynchronous retrieve of the computing node.
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Figure 5-5 The retrieval speed test results with different numbers of computation nodes.
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