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Abstract

Abstract

Quasars are the brightest and most distant objects discovered in the Universe. They
are essential probes of distant and early Universe and of great significance to cosmo-
logical research. Obtaining a large number of quasar samples, especially high redshift
quasar samples, will help to better carry out and deepen these researches. However, due
to the characteristics of quasars similar to stars, it is undoubtedly more difficult to find
and identify quasars. In order to improve the efficiency of spectral telescopes in discov-
ering and identifying quasars, based on the existing known samples, machine learning
methods can be used to search for more quasar candidates with high confidence from

the large-scale photometric data obtained by the large photometric survey telescopes.

The study of physical properties of celestial bodies should first know their distance.
Accurate distance measurement benefits from the acquisition of spectra. It is hard, time-
consuming and high-cost work to obtain spectroscopic observation for a large volume
of sources. Moreover it is obviously impossible to obtain the spectra of all celestial
bodies, especially for faint sources. In this way, it is particularly important to obtain
the photometric redshifts of celestial bodies. The large-scale spectroscopic sky survey
projects (e.g. SDSS, LAMOST) have provided us with enough known samples. By
means of machine learning and template matching methods, different schemes have
been designed to carry out the measurement of photometric redshifts. It is feasible to

estimate the redshifts of quasars and galaxies in large-scale sky surveys.

With the application of large-scale sky survey telescopes, astronomy has entered
the era of big data. For example, the Beijing-Arizona Sky Survey (BASS) Data Release
3 (DR3) catalogue was released in 2019, which contains the data from all BASS and
the Mosaic z-band Legacy Survey (MzLS) observations during 2015 January and 2019
March, including about 200 million sources. Meanwhile, BASS sky survey is an im-
portant part of the Dark Energy Spectroscopic Instrument (DESI) image survey. DESI
released the ninth edition of data in 2019, including nearly 2 billion celestial body in-
formation. Large scale scientific data provide more opportunities and possibilities for
further astronomical research and new scientific discoveries (e.g. high redshift quasars,
high redshift galaxies), as well as unprecedented challenges. This challenge is not only
reflected in data storage, computing and other infrastructures, but also in data mining
algorithms and new scientific research paradigm that adapt to big data science. On-
line research and machine learning applications have become an inevitable choice and

development trend.

The main research work of this paper consists of four parts: first, the application

of machine learning methods to design a binary classifier and a multiclass classifier to
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find quasar candidates from the BASS DR3 photometric catalog. The quasar candidates
for large spectral surveys are provided. Second, the photometric redshift measurement
of quasars. The performance of different machine learning methods is compared, and a
one-step model and a two-step model are designed based on the CatBoost method with
the best performance. The redshift measurement accuracy is improved, and then the
redshift estimation of BASS DR3 quasar candidates is completed, which is helpful for
the selection of high redshift quasar cnadidates. Third, the photometric redshift mea-
surements of galaxies. The performance as well as advantages and disadvantages of
machine learning and template matching methods on redshift estimation is compared
and applied. It is found that the machine learning method is more accurate for low
redshift part, while the template matching is more reliable for high redshift part. The
redshift estimation of DESI DR9 galaxies is given, which contributes to the selection
and study of high redshift galaxies. Fourth, the exploration and development of an on-
line scientific research platform for quasar candidate selection and photometric redshift
estimation. Based on the online scientific research platform, parallelized data process-
ing algorithms are designed, especially for multiwavelength data integration and ma-
chine learning application, which is helpful to improve big data processing ability and

scientific research efficiency of astronomers.
Based on BASS, SDSS, LAMOST and ALLWISE databases, we first analyze the

data characteristics of the training samples, and then trained the XGBoost algorithm
with a variety of feature combinations and different model parameters to build binary
and multiclass classifiers. The multiclass classifier may directly distinguish galaxies,
stars and quasars at one time. In the case of only optical features for the multiclass
classifier, the optimal accuracy is 94.47%; when adding infrared features, the optimal
accuracy reaches 98.43%. The binary classifier firstly distinguishes point sources from
extended sources, and then divides point sources into stars and quasars. Only with op-
tical features for the binary classifier, the optimal classification accuracy of point and
extended sources amounts to 97.28%, and the optimal classification accuracy of stars
and quasars is 93.22%; considering infrared features, the optimal classification accu-
racy of point and extended sources arrives at 98.67%, and the optimal classification
accuracy of stars and quasars is 99.15%. In brief, the accuracy of these classifiers with
the best input patterns is larger than 90.0%. Finally, all selected sources in the BASS
DR3 catalogue are classified by these classifiers. The classification label and proba-
bilities for individual sources are assigned by different classifiers. When the predicted
results by binary classifier are the same as multiclass classifier with optical and infrared
information, the number of quasar candidates reaches 798,928 (PQ so > 0.95). Those
candidates may be taken as input catalogue of LAMOST, DESI, or other projects for
follow-up observation. The classified result will be of great help and reference for future
research of the BASS DR3 sources.
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Then, we study the photometric redshift measurement technologies of quasars on
the same training samples of quasars. XGBoost, CatBoost and random forest are used
to build regression models, and the process of searching for optimal features and opti-
mal hyper parameters by grid search is optimized. We design two schemes: one scheme
(namely one-step model) is to predict photometric redshifts directly based on the optimal
models created by those three algorithms; the other scheme (namely two-step model) is
to first classify the data into low- and high-redshift data sets, and then predict photomet-
ric redshifts of these two data sets separately. Among the experiments, the performance
of CatBoost is better than XGBoost and random forest. Therefore considering optimal
and infrared features, CatBoost, as the core algorithm, has the optimal performance of
MSE = 0.1059, oy p4p = 0.0872 for the one-step model; the optimal performance
of the two-step model is M .S E = 0.0970, oy s 4p = 0.0854. By comparison, the two-
step model is better than the one-step model, especially in the prediction of high redshift
quasars. Based on the two kinds of models, we predict the photometric redshifts of the
quasar candidates of BASS DR3, including 3,938 candidates with redshift > 3.5 and
121 quasars with redshift > 4.5. These prediction results are of great significance to the

statistical study of quasars and the identification of high redshift quasars.

Based on DESI, SDSS, LAMOST and ALLWISE databases, we apply EAZY and
CatBoost methods to predict the photometric redshifts of galaxies in the DESI DR9
catalogue. Using optical and infrared information, CatBoost achieves the best perfor-
mance on the training set with M .S E=0.0032, o3, 4p=0.0156, 0=0.88%. CatBoost
is superior to EAZY in the range of known redshift and with enough known samples,
but EAZY method is more suitable for faint sources, which is helpful to discover high
redshift galaxies. By means of CatBoost and EAZY, we have completed the photomet-
ric redshift estimation of all DESI DR9 galaxies. These data contribute to the distance

measurement of galaxies and further study of their properties.

In addition, in order to deal with the challenges brought by the migration and calcu-
lation of large-scale sky survey data, based on the computing resources of the National
Astronomical Data Center, this thesis carries out the research on the online scientific
platform, and designs parallel schemes for different stages of data processing, especially
the cross fusion scheme for large-scale catalog data, which improves the efficiency of
data processing and lays a foundation for further establishing large-scale data cross fu-
sion online service platform. Astronomers will make more and better scientific results
with the help of machine learning, artificial intelligence, high-performance computing,

online scientific platform and many other tools or technologies.

Key Words: Astronomical databases, Quasars, Photometric redshifts, Machine learn-

ing, Classification and regression



Research on Quasar Candidate Selection and Photometric Redshift Estimation Based on Large-scale Survey

VI



B xR

FBIE G S oo 1
L - S == 7 T 1
L1 ERRBYRII - vt 1
112 ZEREITRIEIETIE <o oo vvrrrrr v e )
12 FUBELTFE - oo 6
1.2.1 @U%ﬁ@ﬁ%ﬁ@ ............................................. 6
122 JUSELTFBEE AR v v oo e e e e et 7
1.3 PESREE N FARFIRIRIZE - oo 8
131 FEEREEN - v vveemem e e 8
BRI 7 21 7 -~ 9
133 T TEE R - o 10
HOE RYAEIEEHISEEES - oo 11
2.1 TN I B HETERFAE - oo vvvee e 11
20 MR AR EERITE BRI - oovvrrrreeeeeeneeen 14
PRI 5] = 16
231 HHEFMEIEBAL oo v 16
232 BB 17
233 PEHLERIR oo vvvvmerr e 17
234 KEEERRFEIREEME oo e 19
D35 XGBOOSt -« v v v vmmmmmeee ettt ettt 19
D36 CAtBOOSE - « « v v v mmmmeeee ettt ettt ettt 20
237 AT HHERRELE o ovovee e 20
2.3.8 JRIEEES] - 21
DA ZREEINGE 21
F3EF EKEBEMEIR - 23
B BB 23
32 BFBE BEBAIE v 25
33 MBS B ERITMMFERR v v 30
34 AyZRBEHIER - o 31
340 BRURIEIERE - o 31
3.4.2 XGBoOoSt ZIEAyZESRBHIIE - - 31

viI



BT RBUE KA Y2 B R e S LR FORBT TS

343 XGBooSt BITHEEHIIR - - v 34
344 EBEHLERMRIEBETTEL oo vvvverrrmeri 34
345 T e e 34
3.5 BASSDR3 BIIBHYSITE v v v e 38
3.6 ANERINGE -t 45
FA4ET EKEMFBMFELTIFE - 47
A1 BIHE - et 47
4.2 EVABEMBEIEMMFERR - v 48
A3 BRAEAETEFE - oo 49
44 —BEIFRERIBEE oo ovvee e 56
45 THEHEORERIBIEE o v re e 60
451 B—% KEEEEIESESE 60
452 B=% S RMESIRIBREARETEE - oo 62
453 THRAERUBGTTEL -« oo v vvvrrrmrre e 62
4.6 BASS DR3 %gﬂg{;ﬁﬂgmglgﬁm .............................. 68
AT AR BN e 74
FSE BERMNELIRE - oo 75
S0 REZREIHR e 75
52 EFREMRICEL TS SEITRI v vvvvvrrrrrreeeeeeeeeaa., 77
5.3 EF CatBoost BILIRGTRI - -+« vvvvvrvmemrrnenneaeieneaeaenan. 80
53.1 FRIUAERUAIER - - oo ovv e 80
532 RERIISIFETFE <o v v 82
S RERURTR] - v veennmme e 34
5.5 AR N 85
6 F MEEZEEFEFEMNLABMEITHELBHALES - 87
6.1 R T BT E v v e, 87
62 HFEEI R T ETEIEIEL - v, 89
6.2.1 FEEZMIEILL oo 90
622 EMEBEIT B IBRYEE S - oo 91
623 ETF MPIBIEREBEFNIEITAL oo oovvreeeeimeeeeeiiaeens 9
624 BEFERINENAMIEEIBE I oo 03
6.3 AREE /NG 95

VIII



%‘7% I EREE 97
TL BFGREETE o coveverreret i e 97
AT ==Y .- E 97
7.1.2 Unu%ﬂ*_g{ﬁi—]— ................................................ 08
713 HEEEBEEESIBGITHEERAES - - crreeeeenns 98
T2 BFGRBUBTEL - 99
T3 JEEERRER oottt e 99
731 FAETFRESIREEGIIETMEITIE oo 99
732 BESIRRKEBIEHTRESIBNESEREL - 99
733 H—H % REETERSHEE TEESHABMEITEE 99
734 §t33 CSST A FRRAS KMABMET EHZT - 100

B RTHR o 101
BT - 109

EEE I RBGEF R RZRIFRIEXESEMBARFERRR - 111

IX



BT RBUE KA Y2 B R e S LR FORBT TS




KIEESS

-] BEBRHIE REBE . v oee e
1-2 3C 273 BIBME B FEIE . o vv e e
B 1-3 SDSS DR16Q K E KR RELIRTHZEE S oo
1-4 SDSS DRI16Q # BRI RBIR [AI43T0. v vevvrrvemeaneanennns
1-5 SDSSDRI6Q KB r EEE B EE TR, v vvverrerrrennennennn.
2-1 EF Bagging (ERE T EEIR, - ovoverrneeaa
22 EF Boosting BIEREE S FTERIR, - vovereee e
3-1 EMFBZHER. [BEE. KEMKM Ag, Ar, Az 5SRNEER T,
FBERTER. ABRTEENR. BARTEE. AMERSH Ag, Ar,
Az R B MERE, ZBAER. ABAXER. BEAHEE.
32 ER. [HEEREXEARE 2 AR NAHBBTE LS W, FERTE
7. ABRTEER. EERTEER, EENEEELRTEENE
D 14 -
3-3 BR. [BEEREEMRE 2 #AMEXREREZE LS, K&
RTER, ABRTEENR, BREXRTEE RENEEELRTE
BT TIIRIT . v e et
3-4 $TRIREA TR 1T, XGBoost ik HRVFHEEEEHEF . B (A)
ARXRBAFEERFESERRSRIE: B B) ARAXRRBNAFRERE
EFRIBESEEN B O AXRBAAFRSLIMHESERFESRIR:
D) ARRBAFESOIMFESXKEESLKER. e
3-5 Xf BASS DR3 XF#H T EMMAmizE. ---oooveeeeeeeeenns
3-6 EFAIMAFOIMER, RAZKTHARBINEEARRHFEN
KR RAEIERBE r BRI . < vveveeenenennanneanieens
3-7 AESERSBBEKXRT 95% LR PRRANE r EZEHTH

P
3-8 EFAINANLIIMERE, RAZAMZ o LBFINMERK
F 95% IR BRI BERALIRRZHIS . oo

4-1 ¥ BSW #1 BS_W R NiZ I 47, EBRT BSW #AK, 46
RIEBS W, oo
B 4-2 #74 BLW f1 BL_W BB, BERZT BLW HEX. 46
R BL W REZR. v ceeee oo
4-3  CatBoost. XGBoost FIFEHLER# 5 iEEEIEREA BSW 24 HAY
BEAE R T EHERE . v
4-4  CatBoost, XGBoost FIFEHLFRM 7 £ ERHEREAR BS_W _ELL HRY
BEAE T EHERE . v

27

28

29

32
40

44

44

45

48

48

50



BT RBUE KA Y2 B R e S LR FORBT TS

4-5  CatBoost, XGBoost FFEHLFr# 77 iE EEHEEAR BS_W L4 HAY
WA AT A IS AE T EMEHE R . oo 52

4-6 RNEHAEARRZEIEEZRMNFEREREILE. (2 A BSW
A (OEF5LO5MFE) HEWER: (b) ABS_WHE (kx54
SMFAE) BISEIRZER: (o) A BS_W AR (HAEMAMNFHFE) XK

FEBL e 54
4-7 CatBoost. XGBoost B FEHZRMA = F7 £ E T4 BSW B

BEREIBHH SRS BE R Az(norm) 3B --ooooee e 56
4-8 CatBoost. XGBoost & FEHLFRM =F75 =& TR BS_W Byl

BENEABHBSAMER Az(norm) 3 HE. oo 58

49 MHRES5—FSRE S A EHZE BSW 5 BS_W _EREIES A
AR RE, HF (2. (b) AHFEBSWHKRER, (0. ) A
A BS_WMERER, ). © AAHERUHTRLER, 0). @ H—
BRERIEYSEIAZERR o 66
4-10 AP RBE—HEA S FIEHA BSW 5BS_W LRy Az o, H
i (2) JyHEA BSW RREER . (0) HHEABS W HZBWER. - 68

B 4-11 B TR TIEGRIE, o cvvvrrrrrrrrnenenaeaens 69
4-12 AFIEZATI BASS DR3 K EMKREKAEITUALBXESH. 71
5-1 ®ZAR DSW #1 DLW WMLAHB S r EESmEABE. -oooooooee 76
52 BEF BAZY FERNUALBSEABB<E (Eafib) 0
Az(norm) BN FE (BlcFad). - v 79
B 5-3 MEEEHEHR MSE. oxyap F10 BEHESH depth ZLHBALEE. - 81
5-4 [EIREYR A DSW BIER A IEAB SRV BH S mE R
Az(morm) B ARE] . - - v 83
6-1 ElPREI R T OB ARIEM, o ovrrr e 88
6-2 VizieR IR T HIBEBE R B, v 88
6-3 TOPCAT T ERE . v ovvvrrrrrromemmemee ey 89
B 64 BEFFEEBRIATFARBOTRAR. o 90
6-5 FEIEIMNAIECRBRRFEMAEZEH, i 91
B 6-6 AHBRGSHMAETHREMBEERE. 92
6-7 BT ERIHEITRNGTRER, - verrrrrr e 94
xEF
E2 1 SANEEETEHREIRIAE. 14
R 22 MRMEZEEEMRNEEREBREEHEEZ. o 16
E3-1 FTAAREEERITEME. - 24
E 32 DABERRTESEEIEAE, - ccocrr e 25



F 33 SR ERFHERIEEERE. e 31
%34 HERNESREN-THARBLOERE. BERBEE, - 33
*® 3-5 SEEEMEER XCBoost ZT 3L BRHAEMRE . HBERBMD

= 35
% 36 REMINSHETH XGBoost B TTAHBMIMEE. - 36
%37 WM TER SRR, 37
% 3-8 §t3AE HERMIERI A XGBoost 4y FEER4ER, oottt 39
3 3-9 BASSDR3 RN HKLERERTT, -covvvrvrreeiiannen., 42

K310 ARNEBZRAFEGERETEE. ERARELEFRHBE. - 43
% 4-1 XGBoost, CatBoost RFH MR BRI SHAIRMIERE. - 55

R 42 —HHBRTRESN KB S FRTBAMMRE. oo 57
% 4-3 CatBoost BRI TARBMETHRMMEE. - ccr e 59
& 4-4 &AL CaBoost —HHRE 3 AX SR B R FEITLA B A ITRIIERE
................................................................. 61
%45 FEINKE SHRTBIEMTHNRERE. oo 63
F A6 FESHKBEHYIEIETEBE, oo rrrrrrr e 64
%k 4-7 CatBoost, XGBoost. RF S} HIFES . R BHA R B MAIT1ERE.
................................................................. 65
£ 48 FHHEA G — SR BIMEEERTEL . o oo 67
%49 MRLABTMITIERF S ROTMER. oo 68
% 4-10 BASS DR3 K EKMRIE RIS TN E R 7B, A redshift_bp
EMSERITENLER, redshift_ p E—HERIFNLER, - oovveee 70
R 4-11 BERKT 95% KK EMRIRE R AR LB TNEE T AR
RBXEHIEIE . - - o 70
F 412 BAREBMEBEI. oo 71
3R 5-1 LSST B E#E R R AR = FER LB 7 A AT AL R fh it RO T RE
XTEE (Schmidt et al., 2020), + v v evrrrrre 77
2 52 BEAZY JUSLLIRBTIBYMERE., o ovvvvrreen e 78
%53 HE O, < | UM, BAZY MALBTMAMEE. oo 78
&K 5-4 CatBoost ¥ FAERIANRELSEIET Pattern 1. 11 0 1T 1E A% N4FAE S
BRI BRI MERE ., - v 80
K 5-5 CatBoost Eﬂl]ﬁﬁﬂkiﬁ"]%ﬁ'ﬁﬁﬁo ........................... 81
& 5-6 WIEHFZA DLW 533K F EAZY & CatBoost [H] IR FIMI Y PERE ,
TEEAZY BB ER O, < 1. +reeeveoemnne e %
3% 5-7 DESIDRO HE ZEARMNABK EHIEE. - -cocovvee-- 84
% 5-8 DESIDRO ERTHLIIEEFTRM. - ooooovvrreeeinmneeaaannn. 85

XIII



BT RBUE KA Y2 B R e S LR FORBT TS

XIV



Fl1E 5lE

ot

F18 35l

L1 KEHK
LL1 EEKNEN

REMZEFH P — A MR R, Shkoh . BEsY oS 76 7 5t
8F, FFFRN 20 HE2E 60 AFAURIC ) “PURAIEL . KEME—FRIARE S E
A, ISR ARG B, ol g — SRR R SRR, R FE R AR
MGE, 24 B AR rP I B S BE R AR B I SR T & s T
YIALE] y SR A R B . IR T, 2R X AT TR 2L B
111 A 5 2N R AT, TR ARSI (A AT R BER B AR SN A ) . A
ARG, EL-2ZEE R, WU, X ERE R ARFE AL, SRR I
By — 3 e A ] 1-2 AR 3C 273 REMEDLIE . @HEREARRA
SRR L. RLBEMANHE. REKHIEEERS AR, EE2T4H,
ERREEMTITR? MR BB RE XA IR, A R B s S 2 5 0 AL

Pl 1-1 BRI EAR I R

Figure 1-1 Artist’ s impression of a quasar.

1963 4F, AW IEE (HARY (Nature) Z275TH T 807 22 KOCF KR FF
(M.Schmidt) i3 €3C 273: A STAR-LIKE OBJECT WITH LARGE RED-SHIFT)»
(Schmidt, 1963). 3C 273 25— EHAEAR R E MK, Fr&E BRI T i .
b 8RB B R, KRR ISR SR BT B, mag SD-rs e 2k &

Uhttps://cdn.spacetelescope.org/archives/images/screen/opo2010a.jpg
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3C 273 and its Jet
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Figure 1-2 The image and spectrum of 3C 273.

&K (The Palomar-Green Bright Quasar Survey, BQS) (Schmidt et al., 1983) %
BT 114 FiZs R, KBS B REK (The Large Bright Quasar Survey, LBQS)
(Foltz et al., 1987) LI\ T 1,055 B E {k; WAL EAR LI R (The 2dF
Quasar Redshift Survey, 2QZ) (Boyle et al., 2000) $k 3| T 23,338 JizZ B & HrfsE
Bk (The Sloan Digital Sky Survey, SDSS) DRI16 iIFiA T 750,414 it B {4 ;
KRKXHEFRZ H G tis R e im4ss (The Large Sky Area Multi-Object Fiber
Spectroscopic Telescope, LAMOST, tHFRFFAEE c45 ) DRS WLz 1 72,061 Hii
KEK. CAHMGEHMERIE PR, AR RIS TR 52,

R EAAE R AW B R AR E . A 5028 AR ] DA
PSRN AL . SRR A A . SR B e DURIA . RS F EE R X RS
(Kormendy et al., 2013); 28 B &R 2 v DM R 2L R A0 1 B B I B 2R
AT ARER s RAEA 28 B AR W] AR Tl RS . T A5 ML
R B IA B Tk o Fuf FIH AR i AE 1L (Blanton et al., 2017), FH{ FJH FLH
& (Jiang et al., 2022). B RWEMSESE . EF R E AN F a9 220 5T ) 2
B, BRCRICEHEIR N TR R

112 EKEFNHUER E

M TREWTHE R ERE S, A PRERPRBAR, RICHR—HE
NTRIHEZHREMR . BRRERNEAFIAT EHEMMEEREHE R, H2
PEATYEREFATEI , FRATFF ZHR AIHHIA v RE A IE AR ARAR AL B, DASId AR
AR B AR ROERE . XA e B i L3 B A B (R i i R AR D 3 B A
TLEE . Py AR ANE . S A, As . B IFIA. Pl

() JeriB

MRS AR 3 S S R SR SE R RS 7 AL , FEYE~A B, RS
fHE. BERHAAFNBIE. FHit, #2IEREREVCR B O R PRk
R, 1T ELE (0 P PR X A e U 5 1A . B id il R B i i R EH
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TlRl—RE 2D EREG, i LB aTERA . B2, HAZIE
AR A B R B EE T o ARIESS BIAR AR SRR, R EAR R A
WAV, B, W U, B By B Sl n] DRI S AMNE TR . -
PR 5 - A bR S 2R AR TR 2 R X g A R B B A figeas f 1y, (BB 6
HA 7%, 1980 4EFJe i) R AL BRI R R ] 17X fp k. Ha AKX,
FIPEWA 2R N TR B R 2R B AR IEA R, W AME R, AT
B2 07 R TIRYR . PRI R BRI R U, By o R =AM B

B, 78 (U-By) - (By-R) “#E=s] bR B IR BEi. £T SDSS K
1) ugriz TIAGFPB, 20O ERECH SDSS CREIRN FE ke —, 26
T ERIEAMRZR 2R 10% . -0 5 5552 21 B B on SO A v T4, (7%
I BRI AL 2 2520, ARG 7 e A xE

P B IMAD AP BRI A EE AR AL, 2 BRI AR AR, (HAR
RN Meoh, FEEMRIEIRRE, HEFT N0, XLRHEH AT A2 R i
PR FRUE (Hawkins, 1983; Meusinger et al., 2002),

(2) P PE

BN KIS B 2 ST IS B AR, (H5cks FTmIeREARZy HRE
RSB 10% Zidi. BT S RAZ LR 0, 1 5 8 R mT e A 3
IR E &, FBQS (FIRST Bright Quasar Survey)(Gregg et al., 1996; White et al.,
2000; Becker et al., 2001) IEIAZE AR R m , Bl T 60%, &I T TRk
B,

(3) £IAhi B

MRS B AR B BOm Y ZL MRS RE R, JRATAT AT RELL /M B 5 2 e B
HHES AT IR TR (H2 2 RSB, LM B — M L BERI I 1.
SEYEFTIRI . Hi A A IRAS R (Soifer et al., 1986), 2MASS K (Kleinmann,
1992) Jz WISE i K (Wright et al., 2010). 1E# B RILLIMNRFTE 60-100pu JEL,
HE BN LL MR EIE R ATE 12-25u e Br. B, fE—Eual R i ALL
AN B B AE B, AT AR S R EARIEIARCR , WA BT A maBIE
(NS

4) v BrERPE

y SRR R R B A XK T E BN — MR B . REEG v SHEEEST,
Tl E B NATAE y AR (H2 HATfE S48 y STERIERIBOR A, 5
I 1) A3 RN T o B 2y BPE K305 1) EGRET B2 7845 (the Energetic Gamma-
Ray Experiment Telescope ), B354 K, A PAFEMIZ] 30MeV-3GeV {15l PN B HE 5t
fem, EMTADREK (Thompson et al., 1995),

(5) X Sk Be

X St @2 B AR = E AL, I a5 a] WGBS, 1= A2
HWEESEREA X WAy, Hit, X HEa8Rt g — a8 T ek
H) 7% . EMSS (the Einstein Medium Sensitivity Survey ) RAVE 5 T 780 *FJ5
JERIRIX, RZAKLI T 1,400 Y5, iiHA 30% 2R B S5TESNE R, XKW

3
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T X SIS T A I B AR =R

(6) ZPBIKREHLA22

AR B s B3 T4 A5 i, FIAA R M 2R B AR RAIERCE .
55 (He et al., 2001) 456 X ST EC S S BE B, TEZEIAY 30 - eik i
Hr, 3R CHRER, TR EAIE R EERGILANES ERE, H
B 20 MBI, AT 12 MESHE R, RE TR E. SDSS
WRAHE T ugriz TEBEGER, 2 RICFERKESH SDSS #yil't & 2MASS.,
WISE, UKIDSS 4520408 RAHES & #:47 3 B AR i A i i 5 (Wu et al., 2010,
2012, 2013), PAS A 205 15 e 8625 B AR g% & (Gao et al., 2008; Schindler
et al., 2017; Clarke et al., 2020), & SDSS F1 LAMOST Yt REE A0 5, KE
By REAR LIRS, #RE G A AT &R SDSS DR16Q, Hhtudif 75 75
FKEM, kB RIS KRB, WA RIEn2: > a2 ik B
R IE(R (Zhang et al., 2004). (I, REE AR B2 BBEIR BRI A
W3 R S A BRI 2R AR B R HEN , ALARS ) 5 YATE 2R B AR 5 A rh bk
2 B RICF BB, O RBARRAUZE B AT oK.

AL HFERREERER, SRREREARYI R, MsieE. Kim, H
PETI, S e WBLE S/ NT 23 B3 EAREE 2 BT 05 [ 304 4> (Palanque-
Delabrouille et al., 2016), [t 23 SFHEEAREARRFAEZL, FHit, S kHMER
PR H T T S BR 2R AR BE AR/ N5, T H A R IRAR A S . B1-3)%
/KT SDSS DR16Q & B KM a0 4311 El1-4//R T SDSS DR6Q 3 B K214
434 EI1-5/@/R T SDSS DR6Q KEIAN) r BE5E41. HEI-3AAKIEL, ©&
IR ER R 2 [ AR S, KERS A w4, 1 HAZ PR SDSS iy It
MR DR, IR ARZ R H AR B E-40TH0, 2RI B
RRERF TR AL K, RT3 MR BEARR D - iR, &
BRI r BEETE 15 %3] 23 2 (0], WE(HRATE 21 55, @i, £
SRR , 55RO TR R 2 MR S EE R X R B 5
BRIl . FE RS R A EEENE L BX AR, B, R
WA LIRS BIRIE G RN B A28 L 0. (IRAR S 2R AR R I Z IR T
BRIMTRIEE . HEG YN E MRESR . S B82E E RIS S A T Emsi
BB I IER TS . Z R ERgRkBonEm & vitk, £ THAE
(IR - BEFTR % (40 PanSTARRS. GAIA., WISE ), fifi] 4 alith. 5k
L HERA A S B A s R AT 2 B R R SCEE R R IR, B 24w TR AL
A R A ) S T R R I R AR AT . T RSCBAR S E iE
Ve ZUBE. k. ZUEME. BHEE, S R R B AR T, X
HIFZ A TRIAE IR H (40 LSST. CSST 45) (145 o FAF ot 30 e JE B
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Figure 1-3 The spatial density of SDSS DR16Q Quasars in Galactic Coordinates.
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Figure 1-4 The redshift distribution of SDSS DR16Q quasars.
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Figure 1-5 The r magnitude distribution of SDSS DR16Q quasars.

1.2 MR
12,1 AT

UL BT , L B BB e FL AT , B £
kS, BOMBLG RN “A875 TR , Belcsl iR s
R, HEST B, B0 TR . T aim, FHHIXE T
B DR, B, R A RARE . 5l ik
AT DL IE A SR S AT WU R, PR, AR PR A I 4k
K, WA R IR GOLTRS . 40 2 R ST

=2t (1-1)

4o

Ao, 2o IR R AR R B, A ORI ) Attty
Wek. 1920 4, S5 SCAE I A ZAE MLINBRIA, LA R BB
T TABRIF LIS 2 25 , U, 2 DO R BER BT BT BB,
MM S . W M KR S, R (e T A9 T =ik, i FL
T T R AR I B PR RG JrvE  RARIA R, X /NS
MM, BRSLBMER:

d =S~
H,

Hope By, Hy 2WEEE (15km - s~ Mpe™), z B, Tt T RaOBm
KK, HHESABHXERN:
__c _ i _
%—%%“Mﬂ%lmHMW 1} (1-3)
Hp qo WA T, dp @R, Wik, @aarfs, AT DA &7 it K
RRYRE S . KRR B E , YT RIR SR A E . TS RIS R

(1-2)
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PRI L o RS 3 A SR R S R S, ZER AT AR B el RARAYL
TR LB A B E  SRT, AHELIUSERLIN M &, SERe—f &
SR FBL, SR g T BIE AN IR, ASKE IR E R AR A T T
P, TP ERNBESAETACES . 1Hh, T RERERE, BARDE
TR TOR AR B R E R, I, ROCEFAR M E T IDCEE AR AT R
PRIYZLRS , X Rlad i (] AP B SERCBR D EE i BRI LLR% . Frh
MYELLAS o MICLLAS BRI A B R SRBOCB AR LA R, by Jm2:
RS R LR A

122 WAIBEAR

1957 4, Baum $i 1 A D GEAE R L AL 1 5 % (Baum, 1957), T 1962
SRR T — AT CLLAE Y BE (Baum, 1962). A AIGROEIEETHAN O Mk
Feh, B 3730A F| 9875A B KW . 15, MRS T 6 ARSI AT
wEFRA (Virgo) MR E R RE R BifE XSS T C109542044 B %
(MFRA Abell 0801) Hv i) =AM Rl B Rk R R 7 s ide, MR- P %
B AR PIRIGIE fE R0 11 511 C10925+2044 B2 A1 H GG AE &0 11 1 7E 7]
— ikl EFATHERS, B RE R Z IRAIES, A AT PAZRES: C1095+2044
HRUIWARE z = 0.19. XPERGGIGLE z = 0192 +p42ir, bR,
Baum [ VR R . AHIHAR IR T 4000A 4B MTHE AF S TR 2155
A RS TR E 5. 1982 4F, Puschell 25 (Puschell et al., 1982) #2 H F1]
S C R T S R L0A%, IR MDGLI A& . 78 1986 4F, Loh
# Spillar(Loh et al., 1986) 25— A CEME T T “MPearts” —id, E,
MCLLR AR TAGH) 12 Kyt 5 PR & e

720 A2, BHRPCHC 52 B R SCF FERIHGH (Wu et al., 2004), FF&
T2V T2, 45 LePHARE(Arnouts et al., 1999), BPZ(Benitez,
2000).HyperZ(Bolzonellaet al., 2000) . Z-PEG(Le-Borgne et al., 2002) ., IMPZ(Babbedge
etal., 2004), ZEBRA(Feldmann et al., 2006) A1 EAZY (Brammer et al., 2008) £, 1
HRPCAE Jy 3 BRI A B 40117 (Spectral distribution of energy, SED) #1477,
LIS P CRERE R LB Z M) KR, BLLLE AR . S8 5 REUL
BRI RS i SEAGETXTE, WY 1 (AR 1-4) /N, Sk
TRRRILLAS o o BiAT B A O S o5 A T e i e o AR PEE T3 ¥4
SRR, L B RO AR 7 R B e AREL R &R, 11 B R & AR AR ]
RESHCATERLEM. M8, ik 20 ER9fR AR, FBRZERGR THRAYEE. B
I, B PLECOTIABES AT R i R LR IR ] 1 6, TSRS A 1B 4Tt

Ny pl— AF! (T, z) )
)

@T A=Y I
i=1 o

: (1-4)
obj

R, Ny FROMEIEES, Fl JORAes | BB SR, F (T, 2)
FORHR T PRI 2 AW, o, FR SR
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BE AR R R GIEE R BRI 52 s 4T ML= T ORI A e, Bladir >
O YETE R AE I S 218 i vh i 5 8k R )7z (Ball et al., 2007; Zhang et al.,
2013; Way et al., 2006, 2009; Bonfield et al., 2010; Wang et al., 2007; Way et al., 2012;
Kind et al., 2014; Carliles et al., 2010; Schindler et al., 2017), ZL#%fLiTE THige~
ST AR, HR A O R RAR P ARAE S LR (H, JE a2 > Bkt T gk, AT
SERRFHE S LB Z AN KR, H AR ALY . i sy, AR XL
BN RARFHE , BT A3 KR ZLH . R SEERR IR GS LIRS i L8
2SN | ey = o NN = S ORI 00% = 5= mi o T Ao v =TI T E /B B9 S 7

RN BB S TR Z 0, &G B RS NS DI X
B, XFTARLIAS K, Hldsas > 07 vkl BB TR T, X B L
i 2 1) A AR VI GRE A, A i pLas 2% > [ AR A st AR T . (Ho2
YT AR T ERABEE AR, B UEE T %W S A L% (Salvato et al.,
2019). [H, FESEPRM AT, FEEEH BARRHER A B, PR aE
SIREIME DTV, WERYIHE, AT AR A 2, A H AR

1.3 #EBENXIARTAR

1.3.1 EFEX

b5 R A 5K K (40 SDSS . PanSTARRS )., iR (41 SDSS. LAMOST)
FHA I Bl ORI IF e, R SCEdR H 2 8 A B 4= . RO A et
RICFFAE . BRIz 8a 4 o 7RI TR A P Mlars T A TR R 20
FEAEREE R L, AR R L TR R MR R . RS R
ARG, REHY AR R SRS 5 T - RS 9E B2 — PRl 345K
RS, EECIER PR B 5. AR S B B I FLE TR0, RO
PR AT A R e B R AR, RS R B B i e R AR R R
B, A OGRS U R AR IR B AT I 20 R B B B i SRR
SR EINIE

KRKXZLZ HIOEL G R ks (LAMOST; Large Sky Area Multi-Object
Fibre Spectroscopy Telescope) & HFE H FBRITHIRMIAEIEK R midr . oz
RGEH—A> 5.72 K x4.4 KPR R UESE MA, —4> 6.67 K x6.05 Kk
58 MB ST =FB5 0. B THEFE B FINICE T 4,000 AO64F, #iis B
AT AR B 4,000 A~ RAK, SRECENTRGHE, 15 LAMOST ik 4 i3
TCHERBCR I B B . 2021 4, LAMOST FHis/83h — WL, THRlRber
e FRTIE] 10,000 AR, KFEFT MO A EIERERECR o KR B . iy H. 4]
PEHER W, A ST RIS, R LAMOST fei /1T, RIRPUE R
P BARREA T BE . LAMOST {1452 — I AMGEEIR K, B R L5
AR B R E B, AT DATE 5 A BB 8 = i 2 4544, iR
eI RE SR ) S5 A B AT

B BEECiE KK (Dark Energy Spectroscopic Instrument, DESI) ¥ 3€ [E V]



Fl1E 5lE

FARFF IR E K R SCE AT 15— IR U, I 4E . DEST JEii
R H bR KR ER . R ERKIEER. DESIFFERA TR
ZHEPEIREBOR, FEFRH _LACE 1 5,000 ARYELF, ATPARIRFERER 5,000 >R
PRREIE R, O B Al TS e R e e m i S e

N B B ISR, it A B e A R ITH b s ik &5
A EBADEHEE R IFK . AT B bs 3 25 = A7 . —2 anfar A AL
i S FOR MR I B KA e B iR . 2L R AR Bt (s e dT
JEMICLLRE BEARRIBIGE , BN R MICLLREAN T IE, R R B IR R
A ERMMICLLALT MRS —RAELRRF G T MY, 256 RSO A
oK, P ROCF R TARRER .

132 HfRAR
1.3.2.1 E-F BASS KR EHERI K 2 RETR

BASS H1 MzLS i K5 = ORI S 5 29 2 A8 5. 5 BASSDR3 5
JEIE KK SDSS Ml LAMOST %#i 52 UM 2%, 2R E HIFEARDEIE A A5,
FEAS ALLWISE ¥ FEVEAT 52 LIS, AR5 C AR MZLAME R, BF5E
fHE. BRNKERMNZ BRI LA Ym0 A, g8 A [ 2R
E B0 2 B B E e M A Z 4RSIl . FUEE . B RRSREARR T AR
A, FAET XGBoost FIAMIE AR K3 3as: — I I AMEZ 00 K. &
Ja, B s e AL QTR 70 264 % BASS DR3 B & H irfy i AT
e BRI FAR AR A ] A 70 248 40 1 o TG HH R A IS B Ao e (A
A4 LAMOST ., DESI s¢HAt 5206l R A B4

1.32.2 EFREKREHEREE KNSR

HT BASS T L9638 K Ficd . ALLWISE 21 /M& REdE . SDSS #l LAMOST
TeiE I REHE, MR TR EIRFEA, XTH CatBoost, XGBoost FIFfHLAR
MRTE 2 B AR TG £ R A1k 0 B 1 1 8 DA S HE R RE AR 20 S AREL RS R = L RS AR AR s 1Y
PERE. TR PR, RISER A S A FRLL A R4 (PAZL
3.5 M7, FA XIS o R — PRI PP AR B A PR . B
J& , FATRF CatBoost. XGBoost FlFifiHIL AR H1 P e R e A R S 2L
A A2 D, W — R B AR r i AE, T BASS K
Bm A 28 B AR R 2185

1323 EFREKKEIERE R NI

EF DESI 0] W68 K %kdh . WISE £ 4MK K &diE . SDSS 1 LAMOST St
R E G, BFoE B R A ELLRAG I k. W TR ICED (EAZY) FIMLAR#>
(CatBoost) PHFR 7 ¥EBEF T o X LU ik A A L 2R £0 A% Tl 1 1k e % 3
Mo MLERF T 2 R T ERIRRAS , 8 H 2RS4 £ R 701 0 DA Al DG e 353000
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e e CatBoost #4 8 YR AU A EAZY St 4=k DESI DRO £ffa i) B 5
AT YL RS T

1324 WEERXEFEFESABGEITHELITELS

KM R T2 B AR IR S A AT i R RE 3 T BRI Bk 3
ITEET HEAURSCH B3 1 R ZR IR 1 i 1) 38 B A e Y5 2L R Al T A A
ZATRF G BRI LR G R M E S e L BHITEREE, A5
SEAREL S, B TR T . R, FERRER . B ]
SRR AT I AR FATA BT, TS T T IO 1) AL P

1.3.3 X &EH

ARIEB TN T RERN AL BRI TEIE v, PARIDELL RS
MR TR 55 B VRN B A KSR R B 15 D WL A% 2 > B ARAE R B
EHCHIBRIFGE  H BR s 28 =R g BT 4 5T BASS i K& r9 28 B AR B IR A
FEERENAREERPMICLRE TN, =L BT AE R F o RIS
B, RZGRRICEFGEB AT B REE BN A ERWNDCL R T ; HNEE
FEHGRIERL2F -6 0 T B — LE 058 TAE, DAR R T A A X i 55 1
RO 5 A BRI 8, & AR I A R SCEE R AN AT D) KRR R — . FE S
TEHA AR BB K ILAH KFR BN W A 2L, RS i A B T 38 KB
R, RICEIE AT AR A PR, A G RMIR OR A2 R AR 1k
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B2 m RICREE SHLdA

B2E XUKBESHRFS

T, BT . MRS, NIRE T TR A E A WIER.
TERC I, 2 PR PFR RS, AT A BBl MR A B2, AR I B4R
HKAdsk, MIMABLREARLE . 1609 47, BRFRICFR . PHr s mamg &k
T NZEPr s 5 — G RSB, IR T A B Bt A 7 R SO B £
AR AN T FH AR TE RS . S8, T2 IR, & TR
R, NI TR TR R KIL—f, RICHAFINAGER TR, Hih. 5
S R Y

2.1 RIXHMBENKBIKREF AL

20 e P IAPAK , FFhHORIEAEZ Dy L To R pl ey K R e, R Rmgs
M EEAR . B hlE AR RIS AR HEPEERAR . MY
AR, AR RA R S e B ) e AP & I . T 2025 4, Bk
FRT 6 KRR Bk A i 30 & (Cai et al., 2021). IEAh, A VFZHIHE K
2 A EAE B B A GZ AT, RSO A T — A B B 8 R AR

R

Wil 47K (Sloan Digital Sky Survey, SDSS)" J2& H ittt I ey il ik
A RZM IR SCR ORI H 22— 350 H A7 7 30 18K 32 B AT 5% [ 3 28 v 5
I APO K4 (Apache Point Observatory) 151 —& L8N 2.5 K EH H KX
Bindi. WEILHNCE TG IR RINR L i —2 il 7% i CCD 4
Bl, FTA—W3AERE 1.5 PR RS RIS 7L, T A— kKA
it 600 PNRAKHBR. SDSS I KHLh I LR I 3RS E i o 1 & i ic
GO A AR B ) BE B . MBS =R FF IR, (RIS T R R 22 5 30 L K e ot
Wi magh B R SCE I 2.5 KEHROEAH R ss . #uk B, SDSS el T 4 Wi
K, EMHT 17 EdE (Stoughton et al., 2002; Abazajian et al., 2003, 2004, 2005;
Adelman-McCarthy et al., 2006, 2007, 2008; Abazajian et al., 2009; Aihara et al., 2011;
Ahn et al., 2012, 2014; Alam et al., 2015; Albareti et al., 2017; Abolfathi et al., 2018;
Aguado et al., 2019; Brad et al., 2020; Abdurro’uf et al., 2022), f# & DR17,
Him o mikE] 652TB, A& 7 HACAE B E R PMEEE, DAL 4 A 4%
IR -

KRKXZ HFOGE i R sk (Large Sky Area Multi-Object Fiber Spec-
troscopic Telescope, LAMOST), tHFRESSFACEEE: 2, B2 hmEE BN
KISR0 CARU4% 3.6-4.9 oK) IR E i (Cui et al., 2012), B RHIM

Thttps://www.sdss.org

Zhttps://www.lamost.org
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BTt AR — YOI AT DA R I 3R 4,000 A4S RARRGIE, BA R G 3R
K, WA OLEZ E. 2015 4R R AR — R (Luo et al., 2015), ifIFE T
i 200 Ty 550t0E, Ak 2021 4F 3 ], LAMOST kA 1t —T 2 J7 0t
Bl A R RAOSGIERIEE, TR R A R SFEIEIUE TIF 2 ER
R

I BE G K K (The Dark Energy Spectroscopic Instrument, DEST) F) &4 1
K3 FBLIR R AR5 R A& . DEST BI5K KATHE AN TR K - —AN 2 fr
T4 F] CTIO i) DECam 3K 5 53 A~ WL t- A SR (BASS) 1 KA MzLS
WK, SR KK 14,000 *F-J7EE . 2019 4, DESI EHRIE KA AT 155 JLitt il
JEEAE (Dey et al., 2019), Hrr K EdR L 100TB, B FRAFE T 20 A KAA M
JEfE R

W 1K K 28 [A] 228 5% (The China Space Station Telescope, CSST) & 1F7F &tk
i — DG RS, BamsE 4R 2 oK, I 1.1 PR, fahE
FNT 013 fFb, BRBEEEIGITEIN. v, g 1o i 2oy RFELAMEEL, X
2024 FEFFIRIGETT. BTt 10 AEETRFIM 17,500 07 BERYRIX, 3REEL 1L
KUK SPB Wy it . 2Ry B bR B e . I Joa A 52 o 5 4 1 J8C R
wAk BRI S 16 3h B R AR & R A A A KBH R M T
S R AR PH JR RARAFSE

F A 25 43 R B L 5% (The Large Synoptic Sky Survey Telescope, LSST)* &
B IEAE B TP A N — U B 4 KB 4% (Tyson, 2002; LSST Science Collabora-
tions, 2009), BRFBEEFEAER FINZEL - MAHIYN (CerroParanal) WL, , gkl
R A g B RSO I b 2 — . LSST SR E 8.4 K AR F55, AR
HARE 6.7 K, TR 4 6 MBI (0.3-1.1 f0K), ¥R iR K 20,000 -
TERRIX . 5P RIS F 12 LSST Atk JAER s, FoamHi#s
%) (3.2 Gigapixel) W] ARFIKIEDG 9.6 P07 &, HAF MR R Pk 3 0.2 AFP,
Fphge Ak 800 BRI At EIME , X AR T AT DATE— & PAOO A UL I K X 414 2
U, ARRICEFZAT LA LI H bR AT A 5T . LSST it aE A= 30TB 1%k
P, MR RPRF 7742 60PB [1%5ds DA St 200 24T E R B3R .

ZIAMEK :

WK 4 KK (The Two Micron All-Sky Survey, 2MASS)” J&—ANELL 4N
BRI EH, 15T, H & K =M. 2MASS it T W& mE 3k
1) 1.3 KREIEE, RESRIAFEY (1.25um). H (1.65um) K K (2.17um) 3 4~
BOU R 25 . BT T 2002 4 2R . 2MASS R E Tk 3{CFEE . 50
T BR KRR RN & S E & 12TB 1) EUR A .

JUIAT A R Bt 8% (The Wide-field Infrared Survey Explorer, WISE)® &

3https://www.legacysurvey.org
“https://www.lsst.org
Shttps://www.ipac.caltech.edu/project/2mass

Shttps://www.nasa.gov/mission_pages/WISE/main/index.htm]
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NASA % B i) 23 [B] R 4% (Wright et al., 2010), BT 2009 4£)/53), H iR RE
A RAE 34pm, 4.6pm, 12um 1 22pm PO AR B PO I B £ 40 %
ARRIRE] 6.1, 6.4, 6.5 F1 12.0 fiFb. 2012 4F, FECAH WISE KI5 % 1 5Ll
b, ALLWISE BERHHRZEIEX KM, W& 1T T2 RIEW T LLAMIER. 2019
4, 454 WISE J NEOWISE [ i iy 4 KA 15, BT 48 2 o B4
CATWISE, A5 78—y EREE (Marocco et al.,, 2021). BUIE 4% 1L 19
ACRABRLLANCE R . Lo BRI AR R Finis 2, FE T —
6.5 KOREMLL A5 A B G AT - 575 (The James Webb Space Telescope,
JWST) WizfT, Rt RMBERAR ) 2L s .

LR

500 >K K42 Bk 41 HL Bt 5% (The Five-hundred-meter Aperture Spherical radio
Telescope, FAST)” J v [ 2t 11y H i k550 F 45— Ky B 11 A S Pl e 5% (Jiang et
al., 2019), HAWA YT 30 MhpifE LBk R Em A, 35 T M 70MHz F|
3GHz UL Be . FAST Ficss T 7 BRI A ke B . 154k, SETI %%
PR A, AR SRR BH-Fs i1 1k %) 38GB, AR4F R Bl 20PB.

SN gt HL RS (The Square Kilometer Array, SKA ) 22— E fr A VELE &1
SRRSO, RFRCA A FEORR SR B . P ET 2021 4EIEAHHE Ol
S A BBEINRCE ALY, MM SKA fIEX A . SKA ZHERELE L
T BLES REYE B N AT B R UM 25 & LR S, SR = R
. maPER. SRR SET 5, HREAE B A s S — AR AR g
B BRIEMGEA. BReEtE. FHM. 714, EdrsrT SR S
L L RICHINTRA I8, AT, SKA Frimiis g b PRpk i A S, &b
L0 55 A e K 5 21 PB . SKA Eda iy iR B2 4 A AN R 20 11 T J LRI Y
DSBS PO SE . $5 B SKA B, AT e SKAT 75 2k 2
DIEEHE D AT TR A ) B B ik 21 T8 4F 300PB. F| T SKA2 firx,
M SKA KILE 7 A I TAL BRECR AR e 3] SKA S5 35 H 1Y 100 f5PA I,
iLE| EB B4, FIL, SKA BHAKRAEE . S, BdEnT ok BdEmras
BB BB T R Pk

eAh, A AHE= 1 KBixsE (Thirty Meter Telescope, TMT) . RKiJLHA5E
z5 8] ¥ 5% (The Euclid Space Telescope) . KA K K 4% (The Wide Field
Survey Telescope, WFST). Bl RiT 4% 2 MEAE BRI RIT G H . A XL
RECE I HE R AIBAT, RICWIA R ULG. S B e B LL Ak, EAh.
X SHERAE N BRI A NI B, T T &M B R . 2 2-1 9 T8 Bt
7 A BB B

R AR B ) 38 TN 350K OB 25w S R B I . R R SRR S RS
R THRREHNFEERFER, WTRCFEZFERBIFER &I T3
ML, SR, KRAGERIH WIS RSO T — 1 1RS48, TR 48

"https://fast.bao.ac.cn/
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% 2-1 24 BLE B0 H B LS .

Table 2-1 Data scale of multiple telescope projects.

R H BARAEL | KRB
2MASS 10TB 512
GALEX 30TB 31z
WISE 10TB 742
SDSS (DR16) 100TB 1212
GAIA (DR3) 150TB 18 12
DESI (DR9) 110TB 2012
CSST il SPB 100 12
LSST i} 150PB 200 12,

ARt o TGHER R K SCRL A0l , 75 2R BT R AL BRR DA S SR AR
YAttt VTSR .

22 HEEZEWEARRHEARIF LM A

20 {42 90 AR, Rl Z RIS B RGN AR e, B ERORIEAS]—
ANAHTBY B o B A A 1T BRSO i B LA Bl AL P AR BT
BRI, &0, 0. AR5, WEB TUH S 2 R AW E 298, $da &tk
SRR o NATIE YA BE R MG SIS AR 21 B 25 m Hh A I RSt i 5 B, . i T 4K
PEAZIBARA I A R R SR RS © X RG S 2 BURIZIRHR
TR, @M, R (Data Mining, DM) (Han et al., 2006; Witten
et al., 2011) ;& NITFEACPRERAE . - A B AN S 2500 BT T ) — & 58 36 1) ) v
H5TH, WEBIREMERCER AR, Gitatr. Plass>d . BialRE]L fEM
2. AR TSR ST . B2 BOR AT DA RIS Bh FRATA R E A b & B A
TE I

BARAZ IR R B & AR Rl A B AW 5 Y FF R A g, & —
AW AL R o B AZ R S PR U T AT S BT AR 1 B Bl
W, RIS 22 I — TR T AT R £ R Pldee > i R R4t
CVAHME BAE B AT AL, PLAE I 2 > 3K 2698 1 A8 A B B 00, AT
RO FEZE . BT CAEIRE A 75, FEARZ Y U %A 1A B AR 3L
R [FEE, FEEMAEMBEARIERS ZRE, HiR TERARZE AT RE. F
WILRAFRTILF , e EESG TR A SRR, LEitELE
1o 5 Ak SE R SR ff e B BE R, B KRG X PRI JER, T
WA WIR R SHLER AT AR LR, T2 ER0INLa > BIEAE S bR Y A
BUS TRGFMRHCR . BARZIRE R IO R ] BRIl > ok

BT, BARZIREARTEAR 2 GUERS 2] TIRE ) 2N, G S g AT
AR, AT A K B IRAZ P8 A5 AR T2 00 B A ) 17 i 4 - B 43- B (Asssociation
analysis), 220 #r (Clustering). 432 (Classification). 1] (Regression). Hf
J%/3 4 (Time-Series analysis) %,

14
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(1) XK (Association analysis) : 25 W~B 21~ A8 R HUEZ [R]F7AE
PR, TURRA IR . SRR H Y 3 Bl ROy S &, AT B 7 2K

TG NFERLEE . BRI, A GBI HEA T B2 3 . R AR R L.
GU T, AR B W AT AR T A, TRAZCER “90% B A A
— R RE B SE T A, WL B” 2 BAGHIH . IR il Ay ff Bk
B I ORHE . PR CHRSE o

(2) HESHr (Clustering) - FRMHRFG LSBT TR M, FHAK
P Z TR HRHE , ATT T — 7 1 73 JEA SR A 5 B T s r 2651 23 R
S A SR AT T MR g i o MG, “PILASRIE”, [Al—3%K
WA —E AR, SR AT E BT A B RSl 4R B AR AT (A -

(3) 2 Hr (Classification) : FEZEFE R E LS AL 1A ) 51 i &L
i, EACHRIREREICNNIGSE, SRR M ETEERINIE . 73K
Prt@ il IR BRI T A, ESZ SRR, RIS A XA~ S
XERRD FAREN LG A T 02 B R, FEAH DU
A, WEREAMEE, 22RAEfR e . HIt, 4R, 2
FAEFZ RS R 2 SUE A E T Z Y -

(@) [A1J370#7 (Regression analysis) : [0 Y= 73 A7 45 (4 S 5 2 9 Al Ao A
A ) R AR 2 i R AR — PG 0 505 o FERRAZ RN v, [B1E 234
FREET H AR b AR A AL N . S50 FE M A 2, B H
PRASE BRI SRR, T — IS

(5) Wf/yr#r (Time-Series analysis) : FEBUCHE S A, FAAER K
AR P, AR . A AEE . BRI AR RE ). R
G/ R Gy aer S IS i PO S ) S N DR e Vi s BURO B RS 4 6 i ]
T, KBRS IR P s Z BRI LG AR, AT B e AT TR R R SR A
PR, R LN AR Z0 0] B S A% B A T S T A

RICFR— MR, MR T et b 308 B R SCRR, kR
SCHE R R ICHFFE I T 20730 H 20 #4890 AR, RICEFR I TR
RHIF P R PR T A RIIRER , HE 2004 AR B TE OREL. JEHGZITA R, K
SR SR, BARIZ IR S RS A 7R S TR TR SRR
Ry 3 2-2 HIH 1 R ICRHIE P Y s 124 SRR R A ) — 2 T )

M 2-2 WAL, RSO AR Z R AT 55 £ BB D, A 2K 1]
. RIS F oM. RAE—RALS, AARZ TR RIL, B
PR EA S BN R . R, f PR S TR RE I AWHE R, S5
PR K RSHAS . T NS R 2 RIE
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A 2-2 PN B S5 UL 12 2R SOl B LR
Table 2-2 Main Astronomical Problems Solved by Data Mining Algorithms.

BHRIZ AT 55 RICIH FET
P S ik NILMAEMYE . RNl 2] Rk
REETNES Kl eokp. BeEreamk. BRIl
BERESHH DUmHT 2% REATLRRAR. Al ST A
2 Br Ry 2% C4.5. CART. XGBoost. CatBoost,
KIHE S LI, R
myE] BRI NILMAEMYE, SR RIE . R, g
FERMNLHRK FERAEIE. SRR, KIESmIE . RE2ES
H E S HAG T INTIREIH . PSR, BELARAR . XGBoost, CatBoost
RE NS F 4437 . DBSCAN, K-Means, OPTICS. Cobweb
Wik HAn 8- FTR A, HHZWL. t-SNE
RS BERZREE, BRI, WERE
Eps i R T FitlLAR#K. XGBoost, LightGBM, #:[a&Hl. RE¥>]
R AR ANIHEMLE . FIIET. AR AR
AR R B MA, H BIEE IR ARMA

23 WMBEIHEE

WEE B TR WG I, AL~ BR8] T PR R A RN AT, %L
PRAZIRAT S5 I BOR . AL > B9 28 B AR e i b vt A USSR Y
FIAT R, S AR H AR SRR, B ] R A s AR A
AT REAE X AR AL ) L T (Miitchell, 1997). JEH, Hldvas I iRIEEALAA
IR R WL E S = ko o BN | 3 = e B S = s~ 1 s B O = i O Ve =)
AR O E A SRR I SR A TR A . N GRAE T R B — s
Bl & — R AL H Anbnas, ISRFEAEIB o . B, A A A 2R Al ot
o JARMES ) BRI WIGFEAR B 45 1 hn %, HREMEERE T T HRETEZ
[E11 0 R i = e oS = R B VA R e e~ N 1 = 1P R = (153 5. A
PLERM . XGBoost, CatBoost %R & T~ B~ > 5k, AR B 2% ) Bk s
W T3R8 e B A I S5 AH G I, 43R 2-2 SRR rh i 91| S
TR B R 22 55k . P I I B I G A R i 2 A iy, R
ARG AR, FATITA SRR 2% 2, AR s
A QRN B AR S AR 25 2 ARAE D N [ RIS . TR M B > A
B, 2P I B Z AR EER R TS 0L N RCEHOR N, HERR L 2 L
B a2 W A AR R A AR AR IS A B AR W] BB B B Y H bR .
AR TR, FATEZERA T B2 05k, F I —28 = g2~
RS (BN P

23.1 XZ¥FEEN

S HmEAML (Support Vector Machine, SVM) (Vapnik, 1995) J& 5 i 1HY &
) H —, HER AR R AR m g A 0] N A Sottk R B eHMEAR , I AR

16
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23 [R) ) [) s R A FRE AN AT s . A — B N ANFHE RS I 2R
&, IFRrMEYTE N 4E25 [0 BT3NP, SN R 28 B RE S R
T . Bl fEfpE s mlr, XM EP S A E L, EBAE
73T WA, HEP AR, — IGO0 S, mUuEE-T e
A s s B P T ) R S e, AR X SR s T MR A, FTDAH
Tt .

ERIERZIENT, Z4EEMMBHRH AN RLMER 1 . SCRrmEVEIAT
KBTI, P AR R F A BIRE 25 8], R4 5 e =S [ b, ANIA]
LR MEHER] 0 T, NGRS . ZREE 2 /g,
R/ (IEZTIE= i/ Eh IRt E B el N = A LB =y R L VALY % S G = =5 TR
B PR, B INIAZREL . SR EFEE . e SEPR Y 55 BRI B s Ko 215 ol
HEATHERE. SVM Bk F W H T RIA 25, AU4E B £ 432K (Huertas-Company
etal., 2008). B £ 51HE /328 (Fadely et al., 2012; Krakowski et al., 2016), [HE 5
AGNSs 432 (Peng et al., 2012; Malek et al., 2013), {8 E 432 (Ksoll et al., 2018) 4¢,
(BT HBIEMIIGHE, RNae 2 KRR EK.

232 REH

R — Ml NG @ IESEe AL, DR B i i
TSRS A, SRR . e AT DA T 2R 5 R4 . il — &R
ISR R, BN R FRR — DR, mARHT45 SNFR—1 4026,
PR Y R FE S 1 A2 i AR . PSR RS AR — 2 WA AT FL I
ENNGREARLE N IUAT4E, R F DU RN A4 Bl 148, BIHXAN T
2, BB TEAGHBET F—KMEARRE L. 2RI ERR RS 2
B, FEAUFEHERAMEMGE RN . JORW W B AES R,
P, HERBEGAREN, 2T UESAN R BTSRRI 2R gk
A NIRRT e] e F2 B R 0 s T el ik o SR ¥ R A e 3 A T A
W e B e s N S5, W ey o 11 W I B = = 28y . i A R
e, T S FUI 14 i B S 2 A W BT R R 2 S k. SRR IR
—fid “Bagging”, FEHLAMGEILBIAZER, EARWMEEWE 2-1 Fin; 7—fe
“Boosting” #;, AL R AFERREE LA . LightGBM, XGBoost, CatBoost 5,
FRJFHANE 2-2 Fis o RO RSS2 T 48 A DU TR i, tn] DL HE 2
Ik
233 FEHLEHRM

MM AR (Random Forests, RF)(Breiman, 2001) J2&—7Ff o g S50 45 A 40 11
85, by 7l i 5] o )T 2 Sl i 5 v o o e B = 22 NI AN = | D K e
THEABA TR A . BRI G50 Rt 2 LB, SR AR A )
FRUESEATIN SR o REBLARAR b il SRR 1) 25 AR 1) B R 32 T e A A 2 400k F
FTICE . BENLARAR SR BE Fh B AR SR TS, AT e T 15 B AR SR AR

17
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LA
il A > BEaE
LA
FRHRE » Tt Nt ES
g meet |—»| mras
F Y
LR
RHRE o e o mEImr
2-1 J&°T Bagging R4 2] J5 ik RERIL.
Figure 2-1 The principle of bagging ensemble method.
e S
_E":]—p i » m¥aE
WEW2 e > -
g : : . sRet |—»| #raz

s+ snyIarTyitsnE—
WERWT s
—é—’ s i

P 2-2 3& T Boosting [ 422 > J5 T4 LRI

Figure 2-2 The principle of boosting ensemble method.
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AL . FEVLARARRIN AN B 122 2 OB T 28 5 AR 55, dn]
FVEAE MR 27 2] kb 7o S AR As D . B L ARARAE R SCOs B )12 1Y
H, fil4n: Arnason 2§ (Arnason et al., 2020) #| ] RF 232838 5 X SHERTEAE ;
Pichara ¢ (Pichara et al., 2012) #|Jf] RF 2p2XE 8 S8 Bk Carliles 2 (Carliles
et al., 2010) F| ] RF [0 BYEFEA T ELL AL TT; Plewa(Plewa, 2018) f T-1E 2 4
2 Ishida % (Ishida et al., 2019) JJT-HEH B 4204,

234 BEEIRFIRERN

b EHE T et (Gradient Boosting Decision Tree, GBDT) (Jerome, 2001) /&
—FET “Boosting” BT Ik, RIMEMAE N E A48, B—IK
RN AEZ B 2R 2 hih_ B S G i Pl & . BIUZE RN — &%) CART H
A Ty, ..., T,. AWML ARG RZA, AR T:

N
y=) f.0. f,cl @-1)
n=1

yARETMLER, £, TR n UGB BT 1 0 bR 2
2.3.5 XGBoost

XGBoost (eXtreme Gradient Boosting) (Chen et al., 2016) J&—Fh I J5 i #6
PeTHEYA, T 2016 FEIEE AT . XGBoost HA RAFIHHERE, 53] T L% T4t
XHIAT . Bl TR EHL T %M (Gradient Boosting Decision Tree, GBDT)
(Jerome, 2001) % JE 12K, J& TR B, @% ) 24590848 (W),
253 AW A T AL BB 4 25 8% . XGBoost BV R] FT-4r 28 A5, vl g ok [n] 19 ]
@i, 5 GBDT ML, FEitHRZERS, XGBoost XLREH E—Hrf _pr5:4k, 1M
GBDT H il —r 548, X2 M g2 X . XGBoost 11 H 7R ERT PAS AL AN
FAHBRARIT

N
Obj(t) = Z[gift(xi) + %hiftz(xi)] +Q(f) (2-2)
i=1

A, g VKB FA by BRI SR, Q R, EXT
RO AR, BT

T
1
Qf) =yT + 54 ; w; (2-3)

X, T FRM TR, o, FR50 jth A TR, 2250 2-3) A Bt fid
UH .

P —ARAE 0 AR, m IR RS D = (4, y)}D| = nx; €
R™,y; € R). BUERAHILA k MRLN, XFHAS x; BTINE AT 238015

K
$i= ) filx). fr€F 2-4)
k=1
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A, S RO, f,(c) F x, 15 K B LAREOAM, F FIRT
AT RN

XGBoost SFVA A B CAEVF 2 AL > FIBERAZ Pk A PR30 iz A .
Bethapudi % (Bethapudi et al., 2018) 3% ] XGBoost F2% M ki i X 23 H ikop B
“=; Mirabal ¢ (Mirabal et al., 2016) T %} FermiLAT 5P RHER 52 4
#%% (Jinetal., 2019) M PanSTARRS1 £l £ i A T28 BARSEE; A1 455F (Fu et
al., 2021) R H AR 18 AR IE T 28 BRI A 7T TAE .

2.3.6 CatBoost

CatBoost(Dorogush et al., 2018) th52 H1 GBDT & J& I > 046 12 TH A il )
Fk, MDD RG A E Yandex FFk, &R REI T R: > Bk,
Al SRR 2R S A5 . 5 HE GBDT Bk A F 2, CatBoost K] T Xk
TREMIAE g Lo S s, X RR DRSS e —BR5E & SR, Birfy JEm7-74y il A AR
()0 it XA BT IR 25 B DA St Ao i #U 5 . CatBoost FLEE S
RREHAE , M AFEFFTHIALFE ., CatBoost % G 1 HFrgt it (Ordered Target
Statistics ) 5 K5 38 BIRHE AT BUE BUAFAE .

4, CatBoost 71 2R 45 S A 1G L AR FT ASKAS SRS 4551, ATy
BSBAALITT] . CatBoost H 34 GPU 14, W] PATE— 25 s xR HURE A%
AL IR . CatBoost —Z8#fE i, ZFD AWM IHES:, feamt. RS, 97 a
A SUEA A T Z BN . AR RS, 17 A% AFIH] CatBoost SR i1 T{H
BEZE LT (Xiang et al., 2021); Coronado-Blazquez (Coronado-Blazquez, 2022)
. 1] CatBoost X ARIAUERI I LS LIEIAT T 7328, A5 TIREFIRCR . 1Eh—H
BTN, BARKMN G ).

237 ANIHEZMLE

N T H& M2 (Artificial Neural Network, ANN) & —2H ZE WOl 5y, H
RIBRIET A BN AP N 4% . N T A2 W 4% iy B 1 R s g5 AT JE L
PEMFH RS AT Z LSS, GRS, MIH. RE5E. N T M 438 5 b A
2. WZE RN EEZHN. B 2-3 R T— M EMELEN . mER, it
W& A B 2R R A RRUZAN, AR A S, Sz, 2
N . HERZZ S M a oot M e, (BRZ2& M BIiEE. W
g — AT E (MAZRIN) BRI—ZEMETrLEH A, fEEm H
PR H— AR G s AL U2 8 Mo & o SRl S AR
T A2 St Z s & o B IR IR IR 5 (O REmIE) ke L. 22
JENHL (Multilayer Perceptron, MLP) J& R EAAY N T M4 vESLH . AL
2 M 2878 5 R IE 754326 (Storrie-Lombardi et al., 1992), %42 (Singh et al.,
1998; Snider et al., 2001) . MJELLFEA Tt (Firth et al., 2003; Tagliaferri et al., 2003;
Vanzella et al., 2004). 5 2 Z:%u4kiiT (Teimoorinia et al., 2016). Y&iESEit11 (Das
etal., 2019) SFHRA M Z B 4Rk, HiE N T MR E ] K, L5

20
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01 28 09 245 Y B 1 R B TR
238 FEFEY

WJZ2~>) (Deep Learning) & N THIZ M 48 K TR T AL S k. B
St Gt e 2 B O B TRHER S @ il AR . R giblde s S Bk
e TR L PR S ACARRIE , TR B2 > i 22 )2 1 28 ) 28 1) B A A
JF IR B T B E MR RRE . R, TR > S ) T AR AR e 2 > T e
WRZEIE E N T R AR K IEHES: > 68 7, JoHAETT R
A R A . F TR A ) HEZL 0 FE TensorFlow, Keras, PyTorch, X
TIXUEHEDY , ARZE 5 A BRI I S B A 48 W 28 T BB 28 . 24 i 2 i i IR S 2 >
W 25 AR 2 FH A 442 W 254550 (Convolutional Neural Network, CNN) ., ¥4
2% (Recurrent Neural Network, RNN) . 4 ilixfHi™ 4% (Generative Adversarial
Networks, GANs). #ffk2#>] (Reinforcement Learning, RL) %%, JRE2# 3R
ST AR T R SCate, Fean g 50615438 (Hala, 2014) ., 85 B 2400 & (Parks
et al., 2018; Fabbro et al., 2018). T & 4MTE (Pearson et al., 2018; Shallue, 2018)
Tt # Attt (Pasquet-Ttam et al., 2018) £,

24 REING

i R SO A KB R AR, RSCER AR S RN , Hlgiai > BT
RICEAI T 22 Aok i R ¥ BB AR . ML ) R A B e L DTN
] B AN SRR B AR I, TR 22 S AN WAk i A v, DASE AN [ 1)
RS, OEAL T ) e R R AT BEAG A BB IR . FTRAACK, SRR
5 SCBLRALAR A S R BLRRRE, RO o TR S gR s S BRI T
fEHenghes et al. (2021) () TAEH , ATESTAH R BAEASXS o T2 48 mlH . Heli4h.
LR MR EEUORM . BEVLARAR . 2 2RSS 2 EE A B R LA Ty
TPERE, 2R &% IETIMPERE R SR TE] , 2558 Bonp e bt se i L, X4
TRIL T R E 2 BRI . BAR SCRR L. Fdli 8k M e SR 5 I
VR AW, AL DATE Y R BRI 2R sk, WA Bk EE y, SEER
GPU Hy:5%, (BAEE 2 2RISR X e, 8282 > 1) XGBoost, CatBoost 7%
B G  EE NE, HATIRRRE TR, BOCRFTEAR SCH SR = ~ SR
SR A 2P AR AR . X T H AR PR IR R 2R S R, B e e
RIAE B L RERE AT b, RBEE2A S i R EA R KINE T k. Hit,
TREE 2 2] B e B30 B A UL 1% 254 T H b > i it e, G SR A g A
FRIE [ 2 HAMEACE AN ZIIE LT, TR B N R R I A 48 s B
Po H, WP FEZER A XGBoost, CatBoost J7yA#FA T, B RAHHE
L5 )5 A 1% BUIRHIE «
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53 E KRR

BIE KEFER

BT, EEAIEARN EZ7 RS BTG, Wl iBLRiil, HZ4 il
KR R, e R AR S BULE AT, AT RS0
BARILAF] 2000 J5 4% FHXTTOGHE, RENGE B A S 55, BT
TETIA, ORALI KB I B A [ B B R s DGR . iGN, PanSTARRS,
CatWISE(Marocco et al., 2021), DESI [&1 18 K£#E DR(Dey et al., 2019), GAIA
DR3 &2 MNERER TR 20 12, UL, 8B ARBEIR R ST 2 A e A 284 H
B T, APkt b BAA R e R B AR ik 1A, AR5 PRIk 2
PRSP IS BRI B AT, AT AEASAEAH [ GG B s B[R] T, R AT RE
Wk U Z SRR, X A mAER I . AR TR BT
BASS DR3 [l R B AT AN 25, A @ i LR 73 28, FF A
I SeAsZ A BASS DR3 4 B2 2 P e iy LA E R0 28 R A e

3.1 HiE

Jb— A ZFE R H (BeiJing-Arizona Sky Survey, BASS) (Zou et al.,
2017a) ;2 — R E R K S0 H 5 L E ) SR 2E 2L A 1 571 2 @ B 5K
KIiH , /& DESI B8R B s 2 i 4 . BASS s8Rl (T Kitt Peak f—
ZRIR 2.3 R BEmge, g LR 30 ERAIEZY 5,400 ~F-J7 R KIX . BASS
K H 2015 4F 1 G, 22019 48 3 H450, UL T 250 AN, =200
WEH g flr. [EIEY, 55— 88K 31K MzLS(The Mosaic z-band Legacy Survey),
/2 DESI B8 R —4, 5 BASS K RIXKHA—5, MzLS RHKEN
R4 KM EIE, FEP BN z, MzLS 1R 2016 4F 2 H 400, ) 2018 4
2 A5, 36383 R . BASS S RILHAT T =08 & 11, S— Mg (Data
Release 1, DR1)(Zou et al., 2017b) F 2017 4£ 6 H k15, REIET g. r I E
PIEME KEAE E . 2018 4F, 25 i)t (DR2) (Zou et al., 2018) il &1, 55—
B rhAudE T MzLS 1R z BB g . AAJETE 2019 47, SURAN T 5 =Mk
it (DR3)(Zou et al., 2019), DR3 H A 55 73X i~ Rl iy e 45t , b 3R
FFFERR MG S eE R, S ERAATERE, ¢ rv 2 =D
Bt R A5y A EI T 242, 23.6. 23 (AB H%). FIEFEIRM TR,
AT U R B S50 B A R B8 AT T T

SDSS ;& H Rl -~ 1k A B R SGR R H 22—, 2020 4£#E47 755 16 At
¥ %1 (DR16) (Ahumada et al., 2020), 8 55 PU By Bl R8I 1) 86—k £ b
KA, AFEGEMNDEEE . [A4E, Brad 4% (Brad et al., 2020) Xf DR16 )28 £ {4
AT T RN, B AT TR ERE K DR16Q, 4UfE T SDSS PN Bk IR
PITA SR, HAg 225,082 MR R EIR M. FRATWT A FER A
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2 3-1 P HIWF 52 Bt ity B k.
Table 3-1 Websites for catalogues.

BASS-DR3 catalogue
https://nadc.china-vo.org/data/data/bassdr3coadd/f

Known stars, galaxies and quasars from SDSS

http://skyserver.sdss.org/dr16/en/tools/search/sql.aspx

Known stars, galaxies and quasars from LAMOST
http://dr5.lamost.org/v3/catalogue

SDSS DR16 Quasar catalog (DR16Q)
https://www.sdss.org/dr16/algorithms/qso_catalog

DR16 [#)5(1% E 5% SpecObj Jt DR16Q. “hy | {rEEEHy nlFEME, e RIAZIE
Fiok zWarning=0, 11531 880,652 fME & . 2,616,381 4~ & F1 749,775 M E
&

LAMOST fE A Efe RGBSR E, Z5 TR T 1 T2 506154
o FATERE T T 2017 4 KA B TUEH (DRS), L4457 152,863 MR R,
52,453 A EKAIE UL SN KT 10 ffi R 7,146,482 i,

eAh, BT REARTELLAME BRI R RAE, FRATA ALLWISE £ 4548
TR LM B E R . ALLWISE 2 5T WISE 3K EHR Bds SopAb B &
MR, BT 7TACMEAE LA Ber s . #H e WISE % 2%,
ALLWISE HA S m e R0 . MEFPER RIS . AUWISE Fis St 1
WISE W YA~ Be i B, R —Br Bog £LAMERMLIN, A 2010 4 1 7 7223
20104F9 H, 4B (W1, w2, W3, W), 55 B Bod e BT g% A6
RPAE TR A A it M7 B, #R2 8 NEOWISE, WA W1, w2
PN IEE . Z IR W3 Ml WA B B IRZER K, A R T wil,
W2 i Bt e . A B AR I T B 3-1 .

KI5, FNTHRT IR E, FEAAFFIT L5

(1) M BASS DR3 $¥fi thik /7 & A 0050, fFEESEEZAW: 0 <
gPSFMag <242,0 <rPSFMag <23.6,0 < zPSFMag < 23; BB 2K :
Flag_ISO_g= 0, Flag_Model_g= 0, Flag_ISO_r= 0, Flag_Model_r= 0, Flag_ISO_z=
0, and Flag_Model_z= 0, X LE7 B il FonfLAe AL S5 TE g+ ry 2 BT
&, [HRT On, LRAAFPRERS, FHERTEREST 0. RAEREDN
a5 5o 110,896,598 A~ KAK ;

(2) %% Schlegel %5 A\ )75 (Schlegel et al., 1998) X} RS Sk T£0 A%
1E, g, r. z HEBIRIER 4508 3.303, 2.285, 1.263;

(3) 5 SDSSDRI16 H1 zWarning=0, 2551 k10 E A E R %3k , SDSS DR16Q
H zWarning=0 [1)2% B A%dE, LAMOST DR5 B 2. KEK =MW (S/IN)
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KT 10 ffE B0 5 R — 22 B RO B X, Rk 2 fb, [6—
ANRRYAE LGSR AR B IR B ) —A, R UEMEER G, ol BASS-
SDSS-LAMOST #£4<, 42 [a]—/NJETE SDSS Fl LAMOST Hr#A b i 61
MH G- EH SDSS HH g%, FATRFILEEASE ) SAMPLE T;

(4) ¥ BASS-SDSS-LAMOST ££75 5 ALLWISE (4437 X, %5 X242k 4
AR, REOGN I W1, W2 JEEBIEdE, RATEMINGS M4 4 BASS-
SDSS-LAMOST-ALLWISE, T ALLWISE $1 2\ R0 2 VEGA E4, £
R AR AB B4

(5) %I BASS-SDSS-LAMOST-ALLWISE KEA i) W1, W2 BEidtfrerik
WIE, BIEHF2 518 0.189. 0.146, FATHMAEANIC N SAMPLE 11, #Zk:
A EE B B L 3-2.

#¢ 3-2 LEAC b 1 e B st

Table 3-2 The columns, definition, catalogues, and wavebands.

TERAN  FEAE K B W B
id YR ID BASS
ra  R% BASS
dec R4 BASS
gKronMag g Bt Kron S48 BASS FeE R B
rKronMag r i E% Kron %5 BASS FeE B
zKronMag  z J% B Kron 4% BASS FerE i B
gPSFMag g %E: PSF B4 BASS AT B
rPSFMag r B PSF B4 BASS FeE R B
zPSFMag z ){Ef PSF B BASS b = EY
Wilmag W1 HERES% ALLWISE LLAM B
Womag W2 B R4 ALLWISE T h B
CLASS  BHIFRZ SDSS, LAMOST
Redshift  JRELTRS SDSS, LAMOST
g THUIEEN ¢ B RE% BASS i) 25
ro CRIEER r BBUE S BASS T B
z  THURIESEH z BURSE BASS e B
W1 ERIEER W B E%  ALLWISE ZLANEBL
W2 JECRIEER) W2 B RS ALLWISE AN B

32 ETESHEISE

R AR5 R R LR AE , Kron BE45IEAE R, 1M PSF ESE A AHE
MEEM . FER—I &K Kron E455 PSF B4 2, BFEEERTSE. &
#4%: (Jin et al., 2019) 7£%} PanSTARRS $dE 4740250, Wit iPSFMag —
iKronMag fll zPSFMag —zKronMag 731, BERH X SyE 5 IR, HERRIA
27 96% AL, HILAIIL, [A]—J¢ Bt Kron B 455 PSF B 451 2 ] AR EX 7 ki
JEANJRIE, X T ARSI A S R B A MIFE R, AT ST T3
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TFHEA, A TEX Ag =gPSFMag—gKronMag, Ar = rPSFMag—rKronMag,
Az = zPSFMag — zKronMag., A4S Ag. Ar. Az B0 AR WNE 3-1 Fis .

H &l 3-1 AL, Kron B 455 PSF B 457 ZERBUS AR RRE B B a7 S 5 5 J Ua
WXy, ks Ar > 020 B Az > 0.20 If, 91.0% KR RAEWEPEERR. IR0,
W 3-1 25 ol L, s RS, BERSEE. RERBORBEDAX ).
Yang % (Yang et al., 2017) B TAEHFE ), MDGEHRIITES2ERHE, FER i X 5
BB ZE. M H., X TSR E R SR EME, WHEA B aE G,
R, J5 2G4 A RN 4 2 BN e . Ry T k25 e A AR T
RIS, AV R BT —A 2 gz mny el dide (B 3-2, & 3-3),
M R BRI T A 5B SIS R Z [ i a] 7 A o

M 3-2 I 3-3 TR0, WA SRR B PR AR AR R 5 26
HEARIAT AR A . (HAH AR 3-3 5 &) 3-2, Z0AMRREX TR B iR 51 B
FKEA MR, Xthit—2R, UM THREERR & S5 AERA
RKRETTER, X 528 BARRFHEA —2. R4 H i R EARm TR, REKREA
TP BLRETE 1, FESTHL . £0Ah. WO, EEAh . X GTERAN y ST B HAA
WRRHME, AR WoGEIE ESEEARFEAALL. B, 01T 23 EE %
CURHE, FETE e A 0] _FoR HALgR 2 ) Rk K fH B AR B A S TR 2.
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Figure 3-1 Panel Left: Panel Right: The distribution of Ag, Ar, Az of known stars, quasars,
and galaxies. The green long dash line represent stars, the blue line represents galaxies,

and the red dash line represents quasars.
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Figure 3-2 The distribution of stars, galaxies and quasars in 2-d optical spaces, green filled
squares represent galaxies, red pluses represent quasars and black filled circles represent

stars, the black outline is the contour of star distribution.
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Figure 3-3 The distribution of stars, galaxies and quasars in 2-d infrared spaces, green filled
squares represent galaxies, red pluses represent quasars and black filled circles represent
stars, the black outline is the contour of star distribution.
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33 HBRFIEZRITMIER

TEFREFE b, FeNTEFE XCBoost 1104 T #583K ,  [Al -5 REAL AR AR UE
T o TR 2SR ERE , FRATSCRE SO REN) T 248 hm . X TR0
5, E R R (Accuracy) . K5I (Precision), 711 (Recall)
1 F1_Score (F1) &5, MR H5 0 T 70 2EREA A 0 I 4 1) 2505 i 1t
FEA SRR EL B PAIEREEAS B, R (UARACHESR) 248 T IE Ay IR 36
HoEE TN IEFEA Y SRR L) Al (PR 4. REGE) Je 4l
I A IR 2R o S P IR RREA B EE Bl F1 Rp0Rs -5 44 Il R 2 ) A —
MBS . T o028, REEAA IR PP JEIE, RTDAM FLREEG
PR, HAEMOGBL . S TRET R, @R IRIEHFE (Confusion matrix)
W07 SORE . XTI, HERR . ORI A RERETT R R AN 45K
3-1. 3-2. 3-3M13-4 frzs, M TP A TN 23 5l o) Ik IR0 70 2R 1R
TERAHER, FP A1 FN ZORG R 800 IR M T SRR -

TP+TN

Accuracy = (3-1)
TP+TN+ FP+ FN
Precison (Prec.) = rp (3-2)
TP+ FP
Recall (Rec.) = —11 (3-3)
TP+ FN
2 X (Prec. X Rec.
F1_score (F1) = X (Prec. X Rec.) (3-4)

Prec. + Rec.

R T ET AR AR =R SE L R R IR TT O R, R 3B AT EAR.
fEE . REA RGN FIRE RN, XK. g RIZAK
HERRITT IR, 32 3-3 %, TG Fonfiiill 5 B0 S B AR FGQ R
PR R AR R R R FGS iR MEENEREE; TQ Fm
-5 FAEA R BRI ECR FQG Zondiitn N B R EMAR LR FQS
FoRPR A E B R BRI R TS Fon w5 B S H B EE ;. FSG
FORIRTY B R E R AR FSQ Fntiiiin hR E AR IE B .
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2 3-3 Ry RN R I H -

Table 3-3 Confusion matrix for three-class classification.

B - ER OKE  HE KT PENEI B
IEN
] TG TG
A G FGQ  FGS TG + FOG + FSG TG+ FGQ + FGS
; TO TO
*
REE FoG - TQO  FOS TQO + FGQ + FSQO TO + FOG + FOS
fEE FSG FSQ TS rs )
TS+ FGS + FOS TS+ FSG+ FSO
— TG+TQ+TS

TG+ FGO + FGS +TQ+ FOG + FQOS+TS + FSG + FSQ

34 SrESENE
341 EMRIFEERE

R GRS EE i A e — AL B REE, 2] B R R S A
{IE Y BBV T RYA R BE R A BORIZ . K, FrEZ, PEREELT,
B4 2 RS B PERE TFRIIE DL T 4R B LA e &, FA75
TOWRHME R B L AT VRN, B BRME, SO A T SR AT o RS A
FUOEE TR [RIRRAE 25 (R0 43 2R 0320, T 5535 XGBoost 7 Bt 2L AR A
REJST, TIDAZH HAMFE MRS . B 3-4 25 T VUi A RRAE 7320
DL T RHE B HET

M 3-4 A h, % SAMPLE TREAS 75 FOR T AT WOGHRIERS, 328 s
AR IE R SR HE P MR BN Az, Ar, Ag, g —1, 8,8 — 2,1, 2,7 — 23 T X733
BARSEER, ¥ Nre—z 2z, 8—r, Az, r—z, Ar, Ag, g. % SAMPLE II £
ARME, ZEA] WG HLLAMHE, 432 RS FRUR R, RRik B 2 HE T R H
N Ag, Az, g —WI, WI1I-W2,z—-WI1,Ar,g—z,z—-W2, g—r,r—z, Wl,r,
gz, r=W2, W2, r—wl,g-W2; RpREKGEENWFHEHNT N z - W2,
Wl1-W2 g—z,g—r,z—Wl,r—z,Az,r,r—W2,z,Ag,g—WI1,Ar,W1l,g—W2,
g r—WI1, W2, [& 3-3H1 3-4 3R], FEE LS 0 2RAE5 . AR B3
Ko

342 XGBoost —IT4yFEEHIEE

— A TICAr AR R TR AN B I 43 B, AT T E R fHE . KE
PRI XA DA AR e A, BIYEREAT 0 (TEEFZEER) SRIE (BR) 5
2%, RIEEX AR TR SR EAN 2. R B R EE Y, K
1158 BT T 0 R i BB S50 e 8, . FRATTR A% R (grid
search) [ AL AT 10 722 LI U PN SR 1, X XGBoost [1) 3 E 4 S
AT Bk $E, FE max_depth = [5,7,9, 11, 13], n_estimators = [100,200, 300]
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Pel 3-4 S1RFFEAC TRIFEAS IT, XGBoost Bk I MAHE TR LMD T . B (A) W IURADE Yk
BERFAE S S 05 55 B it Pl (B) S SURNDE A B BEFFAE S et AL SR 445 Pl (©) AR
HDEYA S LLAMEAE S R GRS DR P (D) S RADE Y S LM AR sy Fet i R AL 1A

Figure 3-4 The feature importance rank with XGBoost. Panel(A) shows the feature importance
only with the optical information when classifying extended sources and point sources;
panel(B) shows the feature importance only with the optical information when classifying
stars and quasars; panel(C) shows the feature importance with combined optical and in-
frared information when classifying extended sources and point sources; panel(D) shows
the feature importance with combined optical and infrared information when classifying

stars and quasars.

il learning_rate = [0.1,0.3,0.5] %@ S5 a5 0] L7115, BRI RIFREES
B A max_depth = 11, n_estimators = 100 Fl learning_rate = 0.5, %X)5, FAIXT
BAFHEHITZ P GINGR, 3R 3-4 50 TR ARHERE, 2028 I 5 iR
RERFAFHIMER R . K BRI YRR

% 3-4 KW, A HADGARHER, SUFRIHERRZN 97.28%; R G2 52041
HEFERT, B HERRIA ] 98.67%, X T VR kS B 5 73 0] R R3] T
98.30%, X T~ & YR HRG P 5 4 [ SR AR A T 98.80% , L ey 36 1 (1 (1) 28
WA 7 2Rk BE . PG, FTRAV KT 624 S LLAMFIE AR 45 1), XGBoost 5303
T RS R 4 2 R A . ATRERY

KRG, FA1EIRELE SAMPLE I A1 SAMPLE 11 _|i#tf71E B 528 B AR 43251
Yro 2 3-5 | TR ARHER, 2r380E B 5 2REARPMER R AR, A
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N ZRRf ]

TEGNER 3-5 frid, HORADG2ARHIERS, 152 52K ERR 5 a0 d o T ry ik
%R 93.22% , H W0 FHEE 5 1 I 550R 93.33% H1 93.71%, 2R 4
ks BE 5 A1 2 )43 512k 93.11% Fil 92.69% 5 1M1 24 [w] I 2% 2 5 21 AMERAE N
B UFE LT B TER R IEE] 99.15%, fH B B4 20k B2 5 14 1R 4531k 99.00% F
99.46% , BRI SRS A 1251k 99.33% F198.77% , 43 ASEREI] R
Tto ARG R, MR THEE 5 R E AR X B EERE 0,
X 5 R A AL 25 SR SO R E R B AR S .

0 B R oo BA, R R RE S HARE R B 2R
R I, BVARMEREW] AR R A BRI AR, BV 20 KA st i 2
. HE. KEKWSER, SAFHERSA 97.83%.

3.4.3 XGBoost ZT4rEEtaiE

P2 oo 2Kde, 27070 KA R T {8 52, XGBoost A] DA
WS HE SR AT A TR XGBoost BIALYIIZR1Y Z4L objective T E K
multi : softmax N num_class=3. #K)JGFATEAERH MASEE R 10 $738 L
WERY TR, I I UL S 50 max_depth = 71, n_estimators = 200 Al
learning_rate = 0.5. 3% 3-6 3|1} T 2 7070 JE4% T ARy AR I I Il R0 432
aRvERe, WIEPIAH RA R LA 52U AMESE A IIRHIE . 24 A DG
SERFAER, i R UMER RN 94.49%, 0246 ] J62F 5 40 AMEZE A R,
B3 RUER IR B T 98.43% , 43 RKEARIRGE 5 A B2 53 512K 97.07%
M 97.95%.

344 SREHARMIEREXTEE

% 1 XGBoost, FATHR HEEHUARMI AT T 1B 5 IR AR 73 55,
kY25 XGBoost BA—H. AT FFLLEAT 1S 20 e A S A RFAE
Wil 2% 3-7 5 THE SAMPLE I #l SAMPLE I _E /7326 PERE. AR A%
JESCFHRE, ST RE M ERAIR 93.27% , THEH JEG2E SLLAMS BT
HERRIBE] T 99.14% . BIRMERGTES XGBoost FIRAREL, (HAEA[FAY 73 2E H
PSR L, XGBoost HYTTRHE AL LBEMLERARIR 2 A, X HE—235W] XGBoost
VR IEE AT REEARINGR- > I7E

345 Hig

FMTHBFFE A 172 20 XGBoost Ty iA MM e hxt AR L HE . KR K
ATy, RAMEEE N =B (g0 ry z) RSN (WL,
W2). IEGIE 3-1 fiR, WEdRTHEEX T ERE 2 HEAS . T ERE
JREFIE, Ag. Ar Fl Az (UEAIAET 0, MHESREMD Ag. Ar Ml Az 4
XHAZAER LT 0. AL, Ag. Ar F1 Az A4 T XGBoost 73 JE I 1Y B 2 A
FAik. [, XGBoost R4S T HERHMEN — LA ZE R AT G518, 2Rk
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% 3-6 Al AHFAE B ¥y XGBoost £ T4y J s HITERE

Table 3-6 The performance of multiclass classifier for galaxies, stars, and quasars by XGBoost.

EA fHE KEK
WARHE  IGFEAR HERR (%) REE (%) B (R RE (%) HEIR %) R (%) HEIE (%) IZEE ()
Input pattern I ~ SAMPLE I 94.47 97.74 97.32 92.96 90.59 88.68 91.63 326
Input pattern I SAMPLE [ 94.49 97.76 97.34 93.00 90.60 88.67 91.65 260
Input pattern Il SAMPLE II 97.90 98.36 98.76 98.32 95.50 96.37 97.62 160
Input pattern IV~ SAMPLE II 98.43 98.85 98.97 98.74 97.28 97.07 97.95 330

“ Input pattern I {838 Ag, Ar, Az, g —r,r—z,r, 3L 6 MEHE.
b Input pattern I {43 Ag, Ar, Az, g —r. g — z,r,r—z,z, 3£ 8 PMEHE.
¢ Input pattern I {0 z — W2, Az, W1 - W2, Ar,g—r,z— W1, W1, W2, L8 HE

¢ Input pattern IV £ 32 z - W2, Az, W1 - W2, Ar,g—r,z—W1,Ag, g —z,r —W2,r—zr, 311 M.
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R BT 2y T B ) S SRR R RAR R PR RE 31X 53R 3-4 B3 3-6 nY IR g R 2
PH—E . BICR AR RENG —oh s 520 Eds, HEon5 25t
ARIRTEME A A B B B 2. R R — N IRAE A 2 d v i
PZEBUAH—FL, AR ANCHIX AN K T EER o BRI, SR PR o 2SR E A
HIEWE— k. R 3-4, 3-5 5% 3-6, FATLIYRHAWE T
rRasnt, HESKERMEES QR T RHZ 00548, MerEag
SAMPLE I i@ SAMPLE Il [yt H], X T EAEs X Ek 2k B AR5, R
TIOU R G R S ] FE L,

TE Stern %5 (Stern et al., 2005) F1 Hickboxt 5 (Hickox et al., 2007) FYBF5T H 3=
HH, LM EXT T XK E A2 IERHA RN . 7E Bovy(Bovy et al., 2012), DiPom-
peo(DiPompeo et al., 2015) 454 T35 B AR EBEA R TAEY, [FFEd R T 2040
R EZNE . AT SLIRH ke, Z04ME BT A Yegids i X 42 B Ak
BHAEFEENIEN.

KB L, FAOTHER A XGBoost 1528 F2 43 KA i), 5 H FEVLAR
M TE R SRR BRI T IR . 3= 3-7 21t 59 R H B BLARARET 1 432
PERE. X SAMPLE I FEA% , S b iy RE M HER 4 93.27% , T SAMPLE II #+#
A, EIFPIPERE M IERA R 99.14%, KEKPIREEE N 99.53%, #1n]#K 98.54%.
F95R 3-7 53R 3-5 W R, EARPIFMEATEYERE A2, {H XGBoost 1)l 2k
(B RHSE TR . R, X T AR LR AT, XGBoost ZALT-REHLARA, 1M H.A4
W, XGBoost £ RE L TE BA WY 7.

3.5 BASS DR3 #i#gH)49r

AR H T A S8 S AT RIS HE, FRATR T XGBoost FYA . e i Hi AFFAIL .
RSB T I, 36 3-8 Sl ik SR AT RAR (5 ., /S
I AT X AN FRAN R Y 7338 H AR RAEARRAE . Q2RR ] — o0 R, 5
BRI NER . HELERER 22, MR RAZ 034, WA
L — R PASE . [, 583 BASS DR3 Al fif KB R R 2 21515
Befd SRR, JATER MM M ARIERY 2 2685 . X2 Jed il T
XF FEA ML Lt A FAE A PEAT I . BE T 75470 64 4T BASS DR3 KRy
RITAEAIE 3-5 fron, BIPLAEZRR AR il B, 2R P4 T U 2R 5L
L HIURSPANERAE S

H1F BASS DRI Bl A KA g. rv z ZAEE(EE, #4IRIE 3-5 Froniife,
FAMIBE 73 J&4% 14F BASS DR3 (110,896,598) F 73 MR IR-5 50, AR5 106 ]
o2t IRE IR R B SRR, [l (8 ] 73 28488 T 5 BASS DR3 {4
HigEE . REARGER. RSHAKF BASS DR3 (5 ALLWISE %23,
R HA LML B S . 0 BASS-DR3-ALLWISE, 34y 43,859,467 4~
P FRATEH 732 TV HF BASS-DR3-ALLWISE BEAT IR 5 IR 7328, HE6E
Mr3as VT HE 5REMN 2L, FRHR A 73340 VI B3R BASS-DR3-
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Figure 3-5 The classification workflow.
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ALLWISE 7 B ai B 2 . [HEMRE M. 8000 B E5RATE 7 Fhr s S B
BRGNP 3 RGP IR RARIRRY ID dEF 7 &9, TR ESR, BRY
BHEEEF IR 3-9 P, AP gh 52 2k 4%4% Ahttps://doi.org/10.12149/101065 .
TP ARG A X KA 5 et — 2 RIS AR e R i A B R 726
(LSRN

FATX BASS DR3 KN RIS RIEAT T H— 2 G . 3K 3-10 51
THRFE G240, A2REOR P ER ., HEMEEERNEE. R ERADE
FHRHIE, T2 oeor R as A ) BRI RT 75% R R EEME
KRB 49 19,829,533 (Pg > 0.75). 49,483,839 (Pg > 0.75) #1 7,095,580
(Pg > 0.75). HHEAFEIRF] 90% (12K B AR EN 2,775,970, EAFEILF] 95%
WK B RECRIRS] T 1,166,517, M AR RN ot 5L AMFIE, —JukZIi0sr
KAFPM S RAH R, BAFERT 75%. 90% . 95% 118 247 5ok 12,785,232
(Ps > 0.75). 12,561,500 (Pg > 0.90) F1 12,375,838 (P > 0.95); EAf5 KT 75%.
90%. 95% 11 5 R E R4 7k 25,068,898 (P > 0.75). 21,890,547(P; > 0.90)
F 18,606,073 (Pg > 0.95); BAGE KT 75%. 90%. 95% 1925 ERE =4 5k
1,500,099 (P > 0.75). 1,033,486 (Pg > 0.90) #i1 798,928( P, > 0.95). HI2R H*% &
Se . ATAIDAZGE & 05 2 um B as R, i 2R s nl Ee e, AT TATpA
RS LA B 73 AR, XMIEOLT, KEMEBE AR EEIL N
1,262,964, HA EERERT 75%. 90%. 95% HIRARSSHIA 694,260 (Py > 0.75),
375,591 (P > 0.90). 235,713 (P > 0.95). #R4f§ BASS DR3 §y3-7fi KX, il
Y28 B A B AR 4 B 55 o B PR ) JE e RO SRR A5 B AR — 2 (Palanquee-
Delabrouille et al., 2016).,

AT HATZLAME B RIAEAAE T HE— 004 18 3-6 o T o3k
AR RATARIA IR A SR B AR A RO 1 3-7 o T A [l 70 2R g 3R
FHMER KT 95% HIRE MR IEREES r BERRR: K 3-8 o 7]
T ICHZ T0r AR IRIF IR T 95% 112 B A e AR AR T AR AR AR A (A
WA 24 r> 23 i, KRERGEEARMNEERIIEE. IE0E 3-8 fR, KZH
REMRGEA DI LRI E R, Wi i a2 B A R p R, A5
REMRB AT

SIMBAD (Set of Identifications, Measurements, and Bibliography for Astronom-
ical Data) ' 2 ¢ v B WPRFRLIT 68 RSO .0 (CDS) SIS AT 4ES 1 — A R3¢
e, Hoh EEARMVA RAASCE RIS R R, BRI AL E. 36
A BHE aBELMIT I RKAREE . #I1EF] 2020 4F 6 H , SIMBAD i 4 42
TRy 58,000,000 ifE . 5,500,000 MEEHEXNS (MER. B, BH. &
BESE) | H A ISGRI KRB 2 OB HER . FATTRAERAS R W] RE MR 95% 11
REMMEIEAR S SIMBAD i R T2, AN 1 AR, ARG
184,376 KAk . M SIMBAD %idfa % rp R N 28 BAKRYA 175,292 4>, 35 95%.

"http://simbad.cds.unistra.fr/guide/simbad.htx
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4% 3-9 BASS DR3 K5y RERALRS
Table 3-9 The sample of predicted results of BASS DR3 sources.

id ra dec Class_b P, P, Class_m P, Class_bi P, P,  Class_mi P,

95373011289  135.04541765729505  84.39853006107745 0 0.992  0.993 0 0.981 0 0.997 1.000 0 0.999
95373012270  137.06618290826282  84.45571948189149 0 0.999 0.965 0 0.994 0 0.999 0.978 0 0.993
95373014038  135.24278336054908  84.55902133199768 0 0.962 0.999 0 0.963 0 1.000  1.000 0 0.998
95374009915  145.63427167809962  84.3344909394295 0 0976  0.999 0 0.980 0 0.956  0.999 0 0.993
95374010728  145.64322900143938  84.37462462607955 0 0.997 0.993 0 0.956 0 1.000  1.000 0 0.993
95375006879  146.35493428612986  84.18153150948889 0 0.999 0.996 0 0.983 0 1.000  1.000 0 1.000
95375008769  146.7341471886791 84.28327327388713 0 0.963  0.980 0 0.970 0 0.999  1.000 0 0.998
95375010415  146.783645308867 84.37315314289253 0 0.999 0.936 0 0.943 0 1.000  1.000 0 0.999
95371004745  123.71207464080723  84.1579130418392 1 1.000  0.998 1 0.999 1 1.000  1.000 1 1.000
95371004752  123.76995258941326  84.15844883612738 1 0.989 0.996 1 0.961 1 0.998 0.999 1 0.997
95371005233  123.80162434791758  84.18398863492929 1 0.999  0.999 1 0.998 1 1.000  1.000 1 1.000
95371005325  123.79929150615568  84.18879820615973 1 0.996 0.938 1 0.963 1 0.999  0.999 1 0.999
95371005366  123.70596853052086  84.19100324818724 1 0.970  0.997 1 0.970 1 0972 0.997 1 0.998
95371005498  123.91422908428144  84.19767799033559 2 0.965 2 0.952 2 0.946 2 0.968
95371005594  123.61974576953872  84.2038370079812 2 0.960 2 0.974 2 0.991 2 0.991
95371005759  123.91886392365679  84.21438506899153 2 0.995 2 0.995 2 0.951 2 0.990
95371005789  123.15220933495931  84.21426532956772 2 0.986 2 0.978 2 0.995 2 0.974
95371005812  123.77907625197672  84.21706698284555 2 0.995 2 0.991 2 0.996 2 0.983
95371005951  123.84673982200142  84.22579958818966 2 0.973 2 0.988 2 0.998 2 0.988
95371005960  123.77794020713335  84.22598315903795 2 0.912 2 0.970 2 0.994 2 0.991

¢ Class_b R/ R AR T RO 1

PRI IR I RGN EE, Py T Py TR 43254 TN L4521 73 45 R A

* Class_m &7 R 4326 L 133153 KA RAR4E, P, 2 I OARE

¢ Class_bi FR R r et IV Koy 2Heifit V ARBI M I & T JEERAREE, Py A Py 203N RA 73 264858 TV ALV IR .

¢ Class_mi FR R A28 VIAFEII B0 BREE N8, P, WL SR .

CPRERAREEE L 0 FORKEM, 1 FORER, 2FRER.
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Figure 3-6 The number of quasar candidates by binary classifier with optical and infrared
information as function of » magnitude for different probabilities (P, > 0.95 (red dotted
line), P, > 0.90 (blue dash line), P, > 0.75 (green dotted dash line, all (black line)).
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Pl 3-7 ARl 53 R85 1 B RE R K T 95% i et s e e AR B S5ty o A L
Figure 3-7 The number of quasar candidates as function of »r magnitude with larger than 95
per cent probability by binary&multiclass (red dotted line), binary (blue dash line), mul-

ticlass (green dotted dash line) and binary/multiclass (black line) classifiers based on op-
tical and infrared information.
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Figure 3-8 The galactic location of quasar candidates with larger than 95 per cent probability
by binary&multiclass classifiers based on optical and infrared information.

WA | AGN 28 AR ST R RAR, MAE] T 97% . BubsiRit—R0,
WFE A 7 e A BORIIZALRE T, 7 RE R W EER.

3.6 ARENG

AREFHRATR Ak B SDSS DR16. DR16Q & LAMOST DRS5 [f)3¢i 5i5 5
BASSDR3 i g. r. z, ALLWISE ) W1, W2 46245 20 /M5 —ik
WHOHMER., HEMEEERFEAR, FIH XGBoost % 3 HE#HIT T —u5 £t
) R EESE . FoAT12 BIHEA T T 43 AR 3 AR 5 S 20 i iift, B
TR 2 B AR AFHIE S AL . TELR A% 86 B 4L AMRHIERT, 10 7
GRS HER R IR T 95%. SRIG AT AISR FH —oc K Z e R 2
X BASS DR3 R T T35, ST & 544ME BryEdE, R
M e 5 205 KA NS T 45 R 2 KB R B BMERT 95% my 28 B 1A%k
P 798,928 . AT L840 5 SIMBAD #¥s FE A 728 SUIHIE, A2 X E5R
95% IR G P T — 3. AT LG L L T of 2.4 KE
LB i LAMOST it W SEeaes A 2 R B RS EHEA.
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F4E REFNWLLE

LIRS e TR RN B EURRAL, JUHRTIANRAA . LR I&, IR 7K
PR, X TRR SRR 2 EAE . S . SCRE kB T R RS
5 2 3 B HE A R S T EEL RS 2 AR 2R a8 R R ) SR 22 5 Bt
MR ARBATLRE R T4k, MEEWFS RALER B I AT,
MELMR TRERTHRENZ B BAEE, WIRAES R 2L RAR Y LA e
MR, 5 T AZ I 787 1) = 4EZS[8) 70117 SDSS. LAMOST 25 KA
R A FATIRBE T RBLIMAE 0 3] 6 Z [ 128 B AR R HERRZLAS Bicdls, il
FELLRS TR BT SR B TR RN AS . MTELLAZ Al T I IR K BT LA S P
K QI TTIEMERICECT 5 . SRRl RITEC A R B b, 4
W%k, FELIAS S 2 Bl YR T e R, PR e R R
TN R AR TN ELLAS o R DC IS 7 32830 5 o8 P S0 ' 1 AU B A R
IR S5 R B B IR E A A e . il 2B AR, AT B I e LIRS A T Y
Bt , BVZLRS . ZUBORE (BA). Bl SaREZ AR KR M . XMITIES
AR, TEMDELLRHTTE A E) IZRIN . ABFTOR R TS ) 5K,
B R [R5 58 O b — 1SR B AR IR R L AL FL .

4.1 HBHE

SDSS DR16Q %11 T ik 75 T RIK, Ric4 R 1k RINE BRI,
LAMOST DRS5 k1 | RZy 5 IR EM, X8R R EHAZ L tikubiAg, 4
PETHERI ISR . N TRk, AT AET—FE T BASS DR3 (1455 B 3%
BB B2 B AR A, Bl Class_b, Class_bi, Class_m J Class_mi g —
MER O, XEELGIRERPCALUE T (BASSDR3I K g. rv z =R KX
LLAM B (ALLWISE [ W1, W2 iBr) Wi, S B8k 26,200,778 K5
FATRF SDSS DR16Q J LAMOST DRS Hr )28 B R 43 | 53X S0 356 135 0 i A2 3L
RIAERR 2 ffh. XL Hich BS_W M BL_W. %5, RIESERAH
RWZLAME ., B Wlmag F1 W2mag WHET R NULL 80524, FRATHER
A BS_W 431 BSO Fll BSW WiMEEAS . [AlFERY, BL_W 435 BLO #1 BLW
A . FATIEFEA BS_W FI BSW AIEUIZEATIIM LA, B4 BL_W
A BLW JHAESNRIN i, PASE— 2546 10 [m] 5 &5 B PERE Sz ALRE T . El4- 11125
AL A EA-2 R INRFEAR L0857 A . AEI4-1 S 1E14-20] DA, IR
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Figure 4-1 The distribution of spectroscopic redshifts for known samples BSW (blue line) &
BS_W (red dash line).
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Figure 4-2 The distribution of spectroscopic redshifts for known samples BLW (blue line) &
BL_W (red dash line).
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Az = Zspec - thot0° llz‘igéﬁx'—jij%ﬁ (MAE)\ i@ﬁ% (MSE) /—\HF:X;UJT
1 n—1
== =2 4-1
MAE = — ; |z; — 2] (4-1)
1 n—1
== = 2)? 4-2
MSE = l;(z, 2) (4-2)

I z; FIRIEIELLAS, 2 FORTAIMEL R, n FRFEAREE .
TEVFZHAR2= T D CLL R TAE T, MyERZE A TSR R, B
AT Zer — 2
Az(norm) = %Spim 4-3)
FIEAL TR ZE I 2 N HE /N T3 — 5 e (E AR AR R 5 BREAR R R L], E
MAEPEO B BEEL S W 4545 (Schindler et al., 2007). BT, 2445 (H M 0.3
HE SR N
|Az(norm)|<0.3
Gy s = —anormi<0.3 4-4
03 Ntotal ( )
HEM T ERE A% 2L (R?). 2 (Bias). tRMEMmMZE (oa,). B
B FE 45 2 (onmap) A HER (O) (Henghes et al., 2021; Curran et al., 2021),
A3 5E AN . )
R? = - Zi=0 i~ %) (4-5)
2?2—01 (z; —2)?

Bias =< zgpee — Zphot > (4-6)

n—1
Oa, = \‘ % D (4z)> (4-7)
i=0

Zenee — Z
oamap = 1.48 X median | PPt (4-8)
Zspec
N|Az(norm)|>0.15
Outlier fraction(O) = 4-9)

Ntotal
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Figure 4-3 The feature importance rank for Sample BSW by CatBoost, XGBoost and Ran-
dom Forest.
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Figure 4-4 The feature importance rank for Sample BS_W by CatBoost, XGBoost and Ran-

dom Forest.
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Figure 4-5 The only optical feature importance rank for Sample BS_W by CatBoost, XG-
Boost and Random Forest.
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Figure 4-6 The performance of different methods with different input patterns for different

samples. Panel (a): for the sample BSW with optical and infrared information; panel
(b): for the sample BS_W with optical and infrared information; panel (c): for the sample
BS_W only with optical information.
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Figure 4-7 The performance of photometric redshift estimation with CatBoost, XGBoost and
RF for sample BSW.
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Figure 4-8 The performance of photometric redshift estimation with CatBoost, XGBoost and
RF for sample BS_W.
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X . ARLLAS TAEA I IR I A g . AR LRSI EE R, AR CatBoost
YER ERA Bk, e s, PR BB IS TAEAI T . RIS FRATR AP
AR OV TIERE SR IE, CRFEAE S BSW, BS_W., BLW Al BL_W,
NI TR, BAHERA-8H R A H 7 PR S AR g fi e, H
R PERER 5 R4-3. K4-951&14-107) Bl /R THEA BSW K& BS_W 1y
TG LLR S ML R BRI LA S Az B IXTR] 731 TG DL . A EI4-9RT DAZ I,
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Table 4-6 The performance of different classifiers with different training and test samples.

DR T ADTE

&

i

FTRBE R B 2 AR PR M

High redshift Low redshift
YR HE 207 W ANFE B GE #£ Accu(%) Prec.(%) Rec.(%) F1(%)  Prec.%) Rec.(%) F1(%)  IZRIIH] (s)
&S &S
BSW CatBoost  Pattern II BSW 99.96 100 96.27 98.10 99.96 100 99.98 0.25
BS_W CatBoost  Pattern V BSW 99.99 100 99.94 99.97 99.99 100 100 0.27
BS_ W CatBoost  Pattern V BS_W 99.99 100 99.91 99.95 99.99 100 100 0.36
BSW XGBoost  Pattern I BSW 100 100 100 100 100 100 100 2
BS_W XGBoost  Pattern IV BSW 99.97 99.60 98.00 98.79 99.98 99.99 99.99 1.5
BS_W XGBoost  Pattern IV BS_W 99.97 99.68 97.90 98.78 99.98 99.99 99.99 2
BSW RF Pattern 1T BSW 99.96 100 96.27 98.10 99.96 100 99.98 11
BS_W RF Pattern VI BSW 99.93 99.53 94.16 96.77 99.94 99.99 99.96 3
BS_W RF Pattern VI BS_W 99.92 99.33 93.07 96.10 99.93 99.99 99.96 3
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Figure 4-9 Comparison of the photometric redshift with the spectroscopic redshift for the sam-
ples BSW in panels (a) and (b) and BS_W in the panels (c) and (d) with two-step models
(panel a and c) and one-step models (panel b and d), respectively.
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Figure 4-10 Comparison of the Az distribution for the samples BSW in panels (a) and BS_W
in the panels (b), respectively.

4.6 BASS DR3 EEMREFILZ TN

FATR N AR 73 5% BASS DR3 A i 28 B AR G AR IEAT 2084 1T
FAF T A R TN R A SH, AN 85— 2
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Table 4-9 The models used in photometric redshift estimation workflow.

T2 FINYE WARHE LR H B N
Regressor 1¥  CatBoost  Pattern II 4R A

Regressor 2"¢  CatBoost  Pattern V 43 BHE, BRANE
Regressor 3 CatBoost  Pattern II 2185 2> 3.5 e

Regressor 4" CatBoost  Pattern II 215 2< 3.5 e

Regressor 5 CatBoost  Pattern V 21%% 2> 3.5 S, ARIANE
Regressor 6 CatBoost  Pattern V 215 2< 3.5 HHE, BRIAE
Classifier 1 CatBoost  Pattern III AR SRAEE S BN, AN

AR A4 11 TARRL, E et — R U . BASS DR3 28 B A e AR

P A LM B I AEAS s — AR o B s 5 — A
WE T S LAMFE . XTS5 A SLLOMFAERIREAS , FATTR A B4 1k
AT o AT G RE RREAS . TR [ 48 T SEA T, — A2 T
M LLR G RARAFAL T B red shi f1_p W o SRJGFA TP MEARBEST G, B F
RF S T PR EI AR . 2 )5, BTSRRI, @i
Fetie THRR2E BB R ) ORI ZLR S IR P AFEAS . X R Lnfsiias, Al
RSl L SEATLL RS T o X FRELAEAEAS . AR 148 IV SEATH0
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Figure 4-11 The photometric redshift estimation workflow by two-step model.
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UM SARAFLE redshi f1_bp “FE. SRIRFREPIARERGIE, TBRGEE %&7
Rk, BRI TR RSB B . % I AR R, Fe4- 105
B T AR TIGER A BN SHEhtps://doi.org/10.12149/101 166,

4 4-10 BASS DR3 J& )2 {f ik fA ity M 2048 il e 4Bl , Hovp redshift_bp & 2B BB il
MER, redshift_p j&—BEOMHIIMEIR

Table 4-10 The estimated redshifts of BASS DR3 quasar candidates, redshift_bp is predicted
redshift by two-step model, redshift_p is predicted redshift by one-step model.

ID RA. Dec. redshift_bp redshift_p
95429001151  133.48449872099638  84.64760058245369 3.612 2.755
95375007162  146.34468863159154  84.19521072349899 3.756 2.967
95375009802  146.70683096395808  84.34011991887981 3.853 3.071
95376013790  156.8204830082884  84.55993969686726 3.820 3.462
95432000953  156.68410784655092  84.62164596197978 3.770 2.216
95433002683  162.41293319964882  84.75661154235415 3.831 3.252
95379009607  172.10642294951734  84.54070384254878 4.290 2.970
95435000350  172.16026329686127  84.59069887892409 3.584 2.644
95439001178  204.45978967988097  84.63147943935314 3.703 2.324
95440003112 208.24299714603515  84.74509303019737 3.835 2.349
95440003256  207.3572024876584  84.75161970723823 3.657 3.329
95441002154  214.02787846450985  84.7184000420548 3.643 2777
95372005855  128.4637617956736  84.17660965013285 3.690 2.329
95372007632  127.96938333672199  84.25455113312614 3.818 3.120
95372008421  129.9774226081903 84.30134401378302 3.753 2.407
95373007697  136.73203714550777  84.23113544297041 3.875 2.745
95373009831  138.71782967532423  84.32491202628485 3.725 2.288
95374010575  143.50234604548734  84.37099267752663 3.858 3.136
95312008225  151.1039377338386  83.5936910539942 3.716 3.013
95312012685  150.5329880180199 83.78811573097289 3.861 1.869
95376009700  153.0999380695831 84.3246689896127 3.738 2.487

ARYEPIRN T IE T A 45 2R S 2R AR - I AOMER , JATT 0 BIGETT 1A AR
NREKRLA XA A WE4-120] W, KERBERAR LA M ATE 1 <2 <2
Z 18], NER IR AR LLRE T 3 DAL, XA A il £ A I 2L A @ A —
2.

K 411 BB KT 95% 928 R PR 2 P CE WA R ZLAS BN TY T Al D282 DX IR] i) £k
Table 4-11 The number of BASS DR3 quasar candidates with P, > 0.95 in different redshift

ranges by two models.

iR 1R <35 35<#4M<45 4A5<4H <55 LHK>55
— AR 796,078 2,822 27 1
[t 794,990 3,817 97 24

— B AR 796,100 3,960 125 24

— A H AL 794,968 2,828 24 1

RGFATRIMEAR KT 95% B2 AR A PEAT 7 AN 00 64 I ZL A% IX 1)
WECESET, SXERECRTRIITERA- 1R . NFEITRIRRM, PR E R4
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Figure 4-12 Left panel: the number density of quasar candidates as a function of photometric
redshifts by two-step model; Right panel: the number density of quasar candidates as a
function of photometric redshifts by one-step model (Regressor 1°). In both panels, the
quasar candidates contain both optical and infrared information with the same predicted
results by binary and multiclass classifiers for different probabilities (P, > 0.95: red
dotted line, P, > 0.75: blue dotted dash line, all: black line).

MXARGEY B2 2 T— 2R, A TR R R AR A . R4-121F
MHV T A — R e A U A ZLR KT 4.5 YR R i 4
% 4-12 LR kA
Table 4-12 The BASS DR3 quasar candidates with redshift,p> 4.5 or redshift,> 4.5.

RA. Dec. g r z Wi w2 redshift_bp redshift_p
351.205 -0.006 23.126 22275 22278 16.882 16.176 6.346 4.086
134283 32.176 22908 19.646 18.592 15.681 15.214 4.767 4.578
149.133 32270 22.604 19.853 19.114 16.051 15.607 4.632 4.559
190.684 32295 22435 20.254 19.440 16.606 16.011 4.466 4.535
221.632 32814 21.324 20.299 19.258 15.834 14.909 5.536 3.563
242,088 32.659 20.135 19.505 18.844 14.716 13.237 5.102 3.172
245430 32750 21.885 20.869 19.757 15971 14.812 5.670 3.379
247594 32876 22429 20.876 20.017 16.227 15.153 5.157 3912
129.096  33.649 21.246 20.768 20.731 17.187 15.882 5.576 1.695
143279 33432 23454 20.282 19.407 16314 16.007 4.641 4.530
104.497 34.186 23.591 21.033 19.839 17.307 16.170 4.609 3.257
129.173 33793 22336 22465 21.828 17.126 16.188 6.289 2.832
143421 34.056 21.697 21.489 20.999 17.053 16.297 6.510 2.049
146.400 33908 21.688 21.372 21220 17.275 16.528 5.776 1.993
152.664 34.168 23305 20913 19905 16265 15.448 4.563 3.079
192.426  33.832 23397 20.373 18918 16227 15.456 4.775 4.107
218.300 34.035 23.305 20.378 20.009 16.488 16.012 4.525 4.240
114.161 34975 20349 19952 19.669 15509 14.664 5.570 1.716
132.063 34.721 22.644 21272 19908 15.613 14.140 5.643 4.294
154.882 34988 22974 20.364 19.650 16.556 15.897 4.506 4.490
BELTR
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#* 412 Bidé.
RA. Dec. g r z Wi w2 redshift,, redshift,
232.056 34.715 19.775 19.813 19.892 16.934 15.545 5.126 2.398
252206 34.743 21982 21904 21.576 18.003 17.360 5.787 3.310
254.569 34469 18216 18.026 17.832 15.102 13.775 5.107 2.297
196.266  35.330 20471 20.057 19.517 15.858 14.725 5.071 1.819
247.825 35342 21596 21.114 20.685 16.585 15.846 5911 1.830
255302 35432 21.873 20963 20.149 15.624 14.588 4.527 2.212
125.337 36.136  22.784 20.254 19.329 16435 15.848 4.598 4.583
133.966 36.087 21.331 20.879 20.628 15.866 15.082 5.625 1.334
167.604 36.003 20.189 19.989 20.050 16.630 15.407 5.726 1.756
218.510 35990 22.102 21.162 19.988 16.789 15.042 6.941 5.715
242453  35.850 20.702 20.525 20271 17.288 16.124 5.765 2.130
126.990 37.035 19.421 18.736 18.466 15.035 13.484 4.722 2.225
225374 36.531 21.454 20300 19.387 15.559 14.149 5.338 2.469
180.242  37.211 23.125 20.875 19.754 16.698 16.169 4.685 4.586
182.842 37901 23.717 20.692 19.587 16.815 16.115 4.687 4.382
194.325  37.792 22,692 19.835 19.033 16.193 15.837 4.703 4.465
218.562 38361 21.161 20933 20953 17.851 16.835 6.459 3.635
224.144 37789 21.866 21236 20353 16.363 14.938 4.818 2.843
257.212 38260 19.658 19.510 19.958 16.620 15.280 5.146 3.434
264.033 37.838 23.689 20.878 19.726 16.725 16.423 4.711 4.870
137.814  38.620 22751 21280 20.015 15734 14.423 4.869 2.537
274.064 39.686 23446 20.788 19.944 17.193 16.707 4.630 4.584
144219 40263 23.419 20479 20.090 16.508 16.119 4.550 4.431
244.582  40.041 20.958 20.101 19.465 15.654 14.142 4.924 2.629
256.319 39.701 21.159 21.003 21.048 16.744 15.823 5.892 1.663
151.207 40.765 24.122 21.181 19.763 16.928 16.279 4.770 4.237
160.857 40.814 23786 20.649 19.106 15.874 15.062 4.769 3.447
220.677 40.602 21.405 20912 20279 17.103 15.713 4.507 2.500
104.559  41.107 23.547 22368 22387 17.173 16.529 4.533 2.586
212368 41.327 21.186 20.626 20361 16.196 14.792 4.661 1.549
255.287 41.326 21.534 20.579 19812 16.624 15.513 5.571 3.047
175.801  42.195 22.613 20.456 19.675 17.048 16.209 4.552 4.519
256.399  42.535 21.057 20.565 19.946 15.745 14.504 4.595 1.910
150.896  43.126 23.019 20.766 19.689 16.224 15.273 4.754 3.315
193.152  43.016 24.110 20.692 20.026 16918 16.346 4.581 4.323
269.101  43.181 22997 20.121 19377 16.594 16.237 4.671 4.606
225.116  43.700 21.944 19383 18.738 15.968 15.486 4.619 4.506
185.175 44.705 22.819 20.510 19.603 16.633 16.059 4.545 4571
202.105 44.750 23921 21.030 19.936 16.248 15.507 4.608 3.741
229.256 44341 22961 20.856 19.119 13.742 12.346 5.277 1.636
236.896 44.781 22.860 20.568 19.546 16.469  15.980 4.589 4.402
112763  44.997 23.802 20.329 18.756 15.824 15.300 4.934 4.520
256.581 45465 21.022 20.498 19918 16.062 14.595 5.274 2.787
253.398 45930 23.557 20470 19.462 16265 15.790 4.651 4.626
261.382 46.271 22.888 20216 19275 16370 16.040 4.617 4.504
203.209 46.852 23904 20.549 19.431 16.077 15.385 4.557 3.209
253.583 46.321 23.163 20477 19.664 17.067 16.429 4.537 4.518
131.394  47.045 23.604 22345 22453 17.134 16.684 4.547 2.621
194982  47.283 23.644 20.557 19.797 16.455 15.857 4.539 4.253
BALTR
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#* 412 Bidé.
RA. Dec. g r z Wi w2 redshift,, redshift,
228.520 47.638 23.085 20.754 19.742 16.745 16.382 4.614 4.594
123.578 48595 22.774 20446 19.662 16.759 16.252 4.490 4.584
194317 48330 22421 19.789 19.256 16.348 15.954 4.566 4.459
147.250  49.539 23432 20921 19.821 16215 15.796 4.545 4.304
169.759  49.525 20.006 19.108 18.909 15417 14.154 4.634 2.106
229.330 49.001 23.046 20.265 19.259 16.600 16.231 4.676 4.692
218.205 49.982 20.846 20.419 20575 16511 15314 6.935 1.517
234209 50.136  23.003 19.928 18315 15.128 14.520 4.894 4.601
265.605 50.032 23.866 20.467 19.445 16.171 15.755 4.643 4.380
185.129  50.840 23.685 21.109 19912 16.543 15.910 4.523 3.676
280.928 50.451 22.884 20.120 18.907 15916 15.438 4.654 4.292
244.068 51.560 22333 19.545 19.165 15950 15.609 4.523 4.285
288.622 51.355 22.664 20455 19390 16.345 15.932 4.576 4.307
227348 51.721 23.109 20.511 19.551 16.500 16.158 4.488 4.613
185.568  52.647 22931 20382 19.534 16.291 15.801 4.519 4.431
196.744 52,707 21.380 20.884 20.072 16.145 15.235 4.573 2.525
142.080 53.673 23.589 19.763 18.464 15.156 14.627 4.671 4.389
169.309 54.155 23.962 20.895 19.875 16.708 16.501 4.612 4310
224310 53.720 20.977 20.705 20.458 16.867 15.748 6.328 1.890
231.208 54.040 20.841 20.554 20322 16.188 15.172 5.316 1.717
233961 53.728 21483 21.146 21.145 17.629 16.390 6.545 1.955
241.894 53.706 20.301 19.407 18836 15.563 14.338 4.751 2.499
190.627 54383 23364 20423 19.652 16.212 15.688 4.642 4.458
242266 54.644 21.872 21355 21.840 16.855 15.587 6.353 3.974
276.157 54.690 23.729 20.329 19.234 16.382 15.766 4.769 4.566
239.431 55.067 23.787 22510 22320 17.144 16.446 4.568 2.065
150.759 55.614 21.646 21.056 20.343 16.326 15.009 4.874 2.182
166.619 55.682 23.303 20.212 19456 16.389 15.727 4.575 4.477
226.878 55.620 22928 19.890 19.339 15969 15.570 4.538 4.345
269.518 56.179 23.886 20.714 20.183 17.048 16.552 4.550 4216
121.416  56.817 23.618 21.093 19.983 16.591 16.276 4.576 4.072
140.904 58.008 21.102 20.117 19.763 15.562 14.551 4.838 2.782
205.681 58.647 23968 21256 19.959 17.218 16.617 4.723 4.058
195574 59467 21.866 21.747 21.483 17.704 16.859 6.010 2.382
198.837 59.076  21.741 20.881 20.461 16.511 15.413 6.252 2.308
232.089 59.180 23.136 20.695 19.836 16.882 16.420 4.491 4.592
145285 59.790 24.018 20.548 19.415 16.441 15877 4.725 4.603
126.623  60.926 22.574 20909 20.244 16.735 15.642 4.582 3.124
194712 61.961 23.936 20.237 19.486 16.090 15.629 4.635 4.098
268.876  61.712 23.699 20.414 19.697 16.652 16.489 4.625 4.326
137.219  63.382  23.859 22.581 22730 17.277 16.566 4.876 2.188
203.227 62.888 23472 20.161 19.526 16.168 15.657 4.596 4311
257.693  64.003 24.112 21.155 20.051 16.791 16.306 4.719 4.250
152,723  64.809 23.174 20477 19352 16377 15.928 4.674 4.677
201.775 65.785 23904 20.793 19.935 16.642 16.038 4.584 4.176
123.384  66.655 23.143 20.348 19.949 16.556 16.236 4.557 4.360
201.749 67.378 23370 21275 19.616 15327 13.838 5.406 2.798
248.683  67.575 22.865 20345 19.096 16.073 15.493 4.645 3.642
209.675 68.986 23.611 20.517 19.837 16.593 16.167 4.582 4.345
BALTR
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#* 412 Bidé.
RA. Dec. g r z Wi w2 redshift,, redshift,
283.249 69.332  23.047 20383 19.597 16.763 16.477 4.595 4.618
184.502 70.148 23.103 20479 19.848 17.040 16.825 4.523 4.294
148.458 73753 22319 19.993 18965 16.161 15.215 4.542 3.331
139.314 74732 22915 19.642 19.022 15.658 15.235 4.548 4.439
217.540 76.814 23.225 20266 19.583 15984 15.444 4.502 4.304
137.349 82513 23312 20.329 19577 16.584 16.354 4.602 4.506
161.075 84.577 23.486 20.843 19.969 17.073 16.408 4.524 4.420

4.7 IREING

AEEE BT R AW B TR B AR S AT ST . X
Fb T CatBoost, XGBoost FlFEHAMEELEMFCLL LA _ A PERE . 38 SC86UE
i}, CatBoost H%:5 XGBoost B L EAVEREF Y , (AXTFAREARM 7, CatBoost
FHA LS, (HAETH RS [, CatBoost Z AL T XGBoost SFEHLARM. Tt
TR AT R B S WA, — DA b AR B L
X A TN, @ — 2R EaE s AR RIRNR H e 2s, BIE
FR BRI N EHAR SO R ERBTRIE, SRGFEN R RER 25 Bk 222 [m]
VAR . d5 i R FH Sk R X B —FE T () BASS DR3 28 B {R ik (R AT T
IR, HA TR RO BT AR KT 3.5 W3S 3,960 4, LR KT
4.5 PR E R GEGER AR 12514y, AESEE TG AR AL T2 R sk i .
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FSE ERNMELE

A R BRI TR 36 T AT, 4 LRI A RN K
K (the Dark Energy Camera Legacy Survey, DECaLS), JLHC-J7ZEAFIKK (the
Beijing-Arizona Sky Survey, BASS) Al z i Bt K (the Mayall z-band Legacy
Survey, MzLS), FEAZE] 3 5[ [A] LTI T 3L 14,000 -5 BERIX, 145
g vz AR B B . 2019 4F, DEST BMGUK R A A T 5o — MU £
(DRY), fIEMDEEIG RER, HPERMUEIET ¢ r z 2405 5EE, &
F4E T H unWISE ZLAME SRR 4 AL BGRB8
HI B4 ‘“TRACTOR® M KR FR IS 3] . BB R4 T 20 /04 Kik,
HYPERA 1AL, @ R B R AT 00, W] DA S 1 =
AezS A, TR T8 2 I AK g 52 FHIE RE 2 i AR ot 7 B8 HAA B X

5.1 HERYHE

T EHMERFEANLR, FATRMEH SDSS DR16 X LAMOST DR7 H!
() B R ERE£L A% . DESI (il %11 7 SDSS DR16 5 DESI DR it B2 4% 1.5 f#b
RXGWEIRER, 3 TO6E MID, PLATE #1 FIBERID 7B, FATRHX A
iR E 5 SDSS DRI16 {8 RRIMATHR G AW, MGE THNERIDGELE,
ENEHIFEARRRH DSW, FATRAE 1.5 A Fb#fT LAMOST DR7 5 DESI DR9
MRS, BANTR R ARE SE— R HAR, 153245 R 23R8 DLW,
IRIGIATHRIFEA DSW FI DLW JEAT 4T #24% -

(1) KA DSW 1 DLW s (AAEBAL I ML R E ) Blit i
MRS, WHEAAN M =22.5-25Ig(F), FRjia, M JXfE RS,

(2) EBRTCRCE. ToRCEZ PRS0 AR B 2 A E ] (g > 24, r > 23.4 3
z > 22.5) FIDCEHE 2= (maskbits!=0) (&R . Heoh, XFTHA DSW, FATEK
z_warning=0, [fj %} FAE4 DLW, F3K z_err < 0.01,

K5- 1474 DSW 1 DLW (2L 8 501 EH 7 Bl , #EA~ DSW BGIE L1 A5 0 H
90 3] 2, TFEA DLW BPRGIELLAET0HE D 0 2] 1. dES-17s, CHFEARTLE r
BB AERT 22 ) M A HEA R AR D . B, FRATR AR VLHC 5
Blgs= G G 1 ok T B R DG Al
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Figure 5-1 The histogram of redshift and r-magnitude for the samples DSW and DLW.
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52 EFRRTE 7 ERT

FETBARVCEL 7 EA e TRARGAMRZ , il LePHARE, BPZ |
HyperZ. EAZY 4. Euclid Collaboration (Euclid Collaboration, 2020) >4 | 44 Euclid
IR AERN LA IN E, 2R T TR, Hh Bk Ve ik
145 7 LePHARE, CPz. Phosphoros #1 EAZY . EAZY 7£ £/ FEAS T BT 3kAs:
T EIRESR O FoIREl e S Y, T o a4 p FEVMES 1) LePHARE J5{A45 K
B AER L. Schmidt 45 (Schmidt et al., 2020) Sy /&2 LSST (853Kt 72/
W TAE. AATIRPEA B PLHC 7 245 BPZ, LePHARE 1 EAZY . T WA
#5451 PIT (The Probability Integral Transform) {1 CDE (The Conditional Density
Estimation) PEREFEIRAN5-177R, EAZY JikRBLE LT HAWPI R SR M RE .
LA B TRR, FATEERE EAZY 1Fh 3 BB VLT 7 ¥Rk 24T B R AL
FAlit

2 5-1 LSST Bl Btk R 0 = R BB P C Jj 7 A 7 208 A VHmp A P B X LE (Schmidt et
al., 2020).

Table 5-1 Performance comparison of three template fitting methods for redshift estimation
on LSST simulation data.

Ty PIT 45 | CDE #§#5
LePHARE | 0.0486 -1.66
BPZ 0.0192 -7.82
EAZY 0.0154 -7.07

EAZY (Brammer et al., 2008) j&—~ R H AR VT IC T 04 7 2L RS A 11 B T Ui
R, HFEREAE BN, BB S TE. PiaSn X 2. RIGHE
T 5-1, RFNCEIRIFHLR, 15 22 BN

N,
filt (Tzij _ Fj)z

2 -y 2y 5-1
Xzi Z}, (GF,? (5-1)
N o BBEEE, T, 468 0 X 2IH z SikB j BE R E, F; 2B j
S, OF; XML& F; iR .

A, EAZY SYER] DARF 2 AR AR R AT . 23X 5-2 22 MR
WA TR, H o R4 nm X R 4L

Ntemp

Tz = Z aiTz,i (5'2)

i=1
XA AR T HERR I A B Rt (BB 2 2 iy S ] .
O, BAZY 1EATR—IRABAMIIN, SRS 0,, 1Ry
BINAK S-3 . —BokiF, XTRALBMTHE, R 0, <1, MHANEER
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S A0
A Zpg)
" Nrijer =3 Paz=02
KM, 27 Npier FARK 515 A, pa, FmAbFMICLIRAGHER £Az {5
DAY F A o5 B s R B L £

A1 E SR M BEAZY J5 i3I RE A DSW BEATLLAS TN . 16 A LI
BT TR AS O BEAR B, B T T 9 MBI, FRATTIE SR
TEMPLATE_COMBOS = a, RGN, Z8 N_MIN_COLORS
=4, FORAPERA 4 MBI, HESECRAEHE. K5, RAITERE
SEITBTEA I BRI 2k, 1518 BEAZY st 7 I 230 18 DECaLS i
K 5 BASS&MZLS 8 KAE g, r, z =AWz B Wi 7 th e A MR, T ATR ]
SRS DSW 43 B R JE 30 B 2 BT . 25200 7% T WIS T-REA B0 1
fiE. RBHERT 0, > | WIHNGSGF I EIOERE . X H&RS-2f%S-3, %
10, > L WG, TEHREA TR . O, RWeHiMES Fa i, okt
K, FORWIEARZE . ES-2RR THT BAZY J7iEHDERLI R 5 ML A5 Y
S IR Az(norm) FrIAM L

A 5-2 EAZY MDEZLRS Bl Pk RE .
Table 5-2 The performance of photometric redshift estimation with EAZY.

(5-3)

0,

FHA  MSE  MAE Bias ONMAD  Casmormy  903(%)  O(%)
DSW_south  0.0301 0.0719 -0.0217 0.0243  0.1128 98.79 5.12
DSW_north  0.0341 0.0621  0.0104 0.0224  0.1283 99.18 3.43

X 53 O, < 1 554EmE, EAZY MDCZLES Pt Ph e .
Table 5-3 The performance of photometric redshift estimation by EAZY when O, < 1.

THA  MSE  MAE  Bias  oxyap  Oasmormy  903(%) O%) Q,> 1(%)
DSW_south 0.0088 0.0521 -0.0149 0.0219 0.0539 99.73  2.06 10.43
DSW_north 0.0085 0.0464 0.0044 0.0209 0.0574 99.83 1.77 6.56
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Figure 5-2 The scatter figure and Az(norm) distribution of estimated photometric redshifts and
spectroscopic redshifts for the subsamples of the DSW sample. In the scatter figure, the
red dashed line represents Az(norm) = +0.3, separately.
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5.3 EF CatBoost RJZLFz il

SRERMLI, BREAERMHEARYE, JCHAERKRIYE K EF M X
Sk PRI, FRATIRN LR FI B 27 > TR %t B AR LD RS b AT i

53.1 TR R

Pl I Ik S — P R IR R U AL . FEAFFIEBR R AR . 4L
SMEFIESN, AUCESEIR AR R T 5 ANBBR LA AE. DEST ERIE R
¥ DRO i R Edm T, BB & T 8 MU A, LR/
0.5, 0.75, 1.0, 1.5, 2.0, 3.5. 5.0 }2 7.0 f8%>, ZI9MEEREET 5 MUERE,
LRI AR 3. 5070 9 Je 11 AR, X EIRATFFE AN T AB B4,
N T AR AERTZLRE AT R MR, AT AP S DL EA TS50 . 3T SerE
i AN AP AR A LA AE , S8 P B B P S DU AR Y 2H 5 52
BRI B ASRE, FA1E XM Pattern I SRJ5, FoAT 1 I FLARERAENE J i AL
fiE, 52 ABREE XN Pattern 1. )5, BT RHEGH—E, RAHE
FER AT IR AR LSS, 2 m Ui ARAE, FAT]5E S Pattern 11,
#5-471| T CatBoost R HIERINE LS4} Pattern T, TUA I ARy iy ASFAE 73531
HAGI B AR E
# 5-4 CatBoost R HIER NI S B} Pattern T, T AT IXX {5 4 A FEAIE 53 518K 150 Jpe DL B 7Y

PEfE .

Table 5-4 The performance of photometric redshift estimation by CatBoost with default model

parameters.
BEAS  #jAMME  MSE  MAE Bias OnMAD  Casmormy  903(%)  O(%) ] (5)
DSW  PatternI  0.0038 0.0304 1.0x107° 0.0180 0.0406 99.72 1.08 88
DSW  PatternII  0.0056 0.0412 2.85x10™* 0.0250 0.0504 99.64 2 154

DSW  Pattern Il 0.0034  0.0291 3.6 x 10* 0.0173  0.0384 99.76 0.95 143

MFS-4FT AR, Hi AFFIEA Pattern I E, P GBI = T Pattern IT, jX FRHJ A5
A1 (model ) A X FFE -5 FLERFH I RRIE ST I, 15 8] M RE R e ) , FLARFRAE
X ERARBAHE 2. B, FRAT482E7E Pattern Il Pattern I _|- 347
RESEIAL « FRATTIAIAE R FH AR 152 2 ) 1 AE depth=[3-15], iterations=[1000-
5000] i Bl NI S8 BERRINZRR A 5 $r38 SUAIER 5 3R 3 1) 1 R
Bl . EI5-3FRA depth 1), VEREFSAR MSE. O I onmap HIZEfL. #5-53
TR R RE R

FbAg Pattern 15 T (R APERE, R Pattern I £F A 4 ARFAE B3R AS 102
RES2 IR, AT HE— 2 A FLAR A Xm0 RS T (1 BE 2 A FE By« i)
e 2145 Pattern TIT A A 14 S (0] A28 (g s A RRAEE
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le—2

—— Pattern |
1.8 e oSN e Pattern Ill

5-3 PEfESTHR MSE. ongap Al O Bk S5 depth 28 4L i 21 .
Figure 5-3 MSE, o ,p and O with different depth.

4 5-5 CatBoost TEYIZEFEA LIt e R PERE .
Table 5-5 The performance of photometric redshift estimation with the best features and op-

timal model parameters by CatBoost.

7]~$Z!§ éﬁiﬁ/\q:% *ﬁﬂ%ﬁ MSE MAE Bias ONMAD O-Az(norm) 503(%) O(%) Ej‘ [‘Eﬂ

fiE (s)
DSW  Pattern | depth =8 0.0037 0.0299 4.8x 107  0.0175 0.0405 99.72 1.06 381
iterations =
4000
DSW  Patternlll  depth =12 0.0032 0.0272 33x10™* 0.0156 0.0371 99.76 0.88 3,484
iterations =
5000
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532 #REWIESITE

BT AU AR BB S 4L, FEOAREAS DSW 47911 %5 , AT 28 37 [ U= i )
7% o Al A B T 22 X I ZRAE A< DSW BEF T 2L A5 Fil , B il M .S E=0.0009,
M AE=0.0181, 5y 3 4 p=0.0127, 6 snorm=0-0199, 5, 3=99.98% J% O = 0.13%. []5-
4J R T R HAEA DSW #E4T B Btk i 1) GG £17% 15 P00 i £1 8% 1 R 4311 1 %
Az(norm) 15311 Kl SRJ5 , FATT R AEAS DLW YRR ANERREA AT IR IE « FAT IR
WA A EAZY 7355 DLW gE47 710, A, FeATRFERAFA 4324 DLW _north
A1 DLW _south Pi#R73. A Tl 45 R i P RE AN RS-0 7

A4 5-6 BRUEFEA DLW 43515 )1 EAZY K2 CatBoost [MIJTESRI i PERE, R EAZY Jjik
Ik 0, < 1.
Table 5-6 The validation performance of EAZY with O, < 1 and CatBoost for the test sample.

WAL DR MSE MAE Bias ONMAD O Az(norm) 8p3(%)  O(%)
DLW _north EAZY 0.0354 0.0632 0.0545 0.0321 0.1538 99.25 5.85
DLW_south EAZY 0.0247 0.0503 0.0399 0.0227 0.1314 99.46  4.95
DLW_north  CatBoost 0.0014 0.0160 0.0040 0.0076  0.0294 99.79 0.79
DLW _south CatBoost 0.0014 0.0163 0.0035 0.0078  0.0292 99.79 0.81

HIERS-6n] AZCEL, FATTA B (] I AR B A A A DLW B T 25251 511
GRREARIPEREARLL, WAL AY [ B2 W) 2 8t B Bz AL BE Sy sl
GBS BAZY J5iRHE, CatBoost F4# AY FMIAS LA Fir A M BE 4 b _EAREEAL
T EAZY, (HZ2HMEmL, FATHFAREUALE -~ J7 3k ] PASE e AU AR P I 75
Ro Mlged T WS RUOB T UIZRREAS, TEC RIREAS R 0% 2 M E RN 21 RS 1o Bl P it
FriEfedl, Plasr Ik R —2 . 2R, BEE SRR, &
ATTULIN B At A HBBEIRE ,  3k BE SR A 55 KA T E AR AS R 2L RS R 45
SRR, SEEN AR A W EEE R E . TR, r AT 23
WA 6024, z BAERT 22 S5 A 4,657, HUIAEAR HLHIAZ] 0.1%, i
& DESI [0 RAE DR BRI B A Kb, r BAE KT 23 el 17—
A,z BAERT 22 FRE M S BAEEN Tz —. el i, YIgREEA T
RS AL EEAS, JEHRS TG 55 KA, XA O0 T AR PLE 7 ¥R
BEE T W, FATRMPIFIT L2 5% DESI EBE KA DR i) B A&
HEATEZLRE T -
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Figure 5-4 The evaluation performance of photometric redshift estimation with CatBoost. In
the scatter figure of photometric redshifts vs. spectroscopic redshifts, the red line rep-
resents Az(norm) = 0.3 separately. For the Az(norm) distribution, blue dotted curves
show the corresponding Gaussian distributions.
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54 #&EEIN A

FA1 4 51R HH EAZY F1 CatBoost [A] 7451 % DESI DR9 H it B R 4T 141
FoAlitt. DESIDRY 1l RERW KNS HIEN ‘REX . ‘EXP’, ‘DEV’
B ‘SER’, MAEH 1,160,568,989, FATHITMALT AT T HATAL (GE4T
WHESHZERNENE), RAEZRR R dE O E R T B R T
FrA T 2R T O RIEEA, SR B L%, 5588/ N T
2, 1M EAZY FiEPMNRIARAEAE 0 2] 6 Z 1], SRIGFHRATXIFF A maskbits =0 J
Q, < 1 E#AT T4, ABXIEGEITINERNERS-THR.

4 5-7 DESI DR HUR R AEAN R MDELLRS DX [ iy £t
Table 5-7 The number of predicted DESI DRY galaxies with maskbits = 0 and Q, < 1 in
different redshift ranges by EAZY.

HE O<redshift < 2 | 2 <redshift< 3.5 | 3.5 <redshift< 4.5 | 4.5 <redshift< 5.5 | redshift> 5.5
EAZY 348,853,174 15,826,023 3,328,406 1,635,656 127,971

BAVE I TR BTSSR, B8 T — 88 T DESI EG & R A
DRY Hfirff E RWLIREEFR . BRI BIRINRS-SFIR, TR E R T HbEE:
“Ahttps://doi.org/10.12149/101162 . XfT- B4 AER PR B 460 BBl N o i , FRATTIAH
TINS5 F & HERA I S, XTI B R, T DMEN S . KEIE B
RAMBEETMENE R BEFARSH LSS0 Al
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FSE REANNICLE

# 5-8 DESI DRY : RMDGLI B i #mBil. z_cb &y CatBoost BEXIFANMILIAE, z_eazy hy
EAZY Jj i NIZIRE, O, s EAZY JiiiM2L AL VUi, nfilt 247 200 Be

Table 5-8 The estimated photometric redshifts of DESI DR9 galaxies, z_cb is predicted red-
shift by CatBoost, z_eazy is predicted redshift by EAZY, O, demonstrates photometric
redshift estimation quality, nfilt is the number of used filters.

release  brickid  objid RA Dec z_cb z_eazy 0o, nfilt
9010 465328 3933  140.605 23.897 0.447 0.277 5.420
9010 465328 3935 140.605 23913 0980 1.395 8.351
9010 465328 3936 140.605 24.087 0.520 0.375 0.047
9010 465328 3937 140.605 24.075 0949 1.206 3.747
9010 465328 3938 140.605 24.033 0.871 1.142 4.221
9010 465328 3940 140.605 23998 0.650 1.125  56.022
9010 465328 3942 140.606 23946 0969 1.677 13.574
9010 465328 3944 140.606 23912 0.889 0.932 2.866
9010 465328 3948 140.606 24.028 1.140 1.305 1.543
9010 465328 3949 140.606 23.874 0913  1.804 0.011
9010 465328 3954 140.606 23910 0.844  0.500 0.333
9010 465328 3955 140.606 24.007 0.858  0.850 1.715
9010 465328 3956 140.606 24.045 0.738 0.711 1.145
9010 465328 3957 140.606 24.110 0.824 0.884 1.728
9010 465328 3958 140.606 24.106 0.468  2.298 3.353
9010 465328 3960 140.606 24.117 0503 1.766  39.261
9010 465328 3964 140.607 24.048 0.605 0.320 0.889
9010 465328 3965 140.607 24.057 0953 1.741 0.882
9010 465328 3967 140.607 24.031 0.246 0.297 5.305
9010 465328 3968 140.607 24.066 0.483 2.658  10.795

[0 N I N LY T N LY Y T Y Y N Y I Y BV

5.5 AREING

ARELEMNZ T WIRP R R MDCLLAR TR, B PLAC S tLas 27~ 7 YA
REGR KA ERIN . FAIPIIR%EHE T CatBoost 105 FH AL, BT E AN
GRREAF R T A TN, FEAHSSL Rt EVEA TSI, PERE A — 2. 2
2, PlatA ) IR RT EHREAR R, RO R8s B R M IREL RS B
Fo BT RAER B WL I A TR EFR B AR A, R 2 ARRA A R AR 55 K
P, B IEECIT IR IR AR %
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56 & T R E AR DL AT LB &

F6E HRREFRFMNAIBMGHITHEZBHES

FEBL A IR, RICKBIT 45 KICE R AORLE, EZH
PR RICREIRI SN B WA BRI 76, T8 &0, G
JEPE . TTEE . AT AEZIRSE LA A2/ NIRERI A, A2 I 5, e R
PR e IR PR . R B, RO R S5ITRAL. [FE. Gt
LTINS Iy, TR — R TR fF, A AR, da
W W, BEE R SCBIRIRSE K, TR SEAR MBS # & A
b, PASE BLAS B 2 S A RE -5 S TR REEOK o

M =ERNHE, BATHEMGIE TREREFEMNELE Y RIR 5
itk 1E28 BB IR e ML AT SE ML I I v, A AT SRR 4L
PR AU o FEXPAER T AR, 3 OEH ABO R 2 B R, Tk
AL REAR A MR R AR BRI, A2 e AAE T HRAIRRNE . K%L
A DHEFRBOT LB R T IRME, BAERrE . A, RS2 AT LS
HIBIF TR PR T Rk (Cui et al, 2015). AFE F A e ST R ALK KA Rt
FroR B AR LIRS A M Ny, FATER AL BEERS . B . Bdlrl .
RN, S50 TR T B — 2R AT A it DA 2t 18 R SCRAE A BT
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Figure 6-1 IVOA Architecture Level 1.
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Figure 6-2 VizieR footprint.
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Figure 6-4 The research process in China-VO platform.
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Figure 6-5 The architecture of cloud Resource System in China-VO.
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Figure 6-6 The integrated architecture between Cloud and HPC.
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Figure 6-7 The parallel cross-match workflow in a HPC.
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