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1 35l

SR8 AE Dy — MBS T AR RIS BB R AR (R TR O 1IN ER 5 20 . Gt E Gt A B
FAUB IR T A AL Barabasi Al Albert N BFFURIN, AT BENLINE, BRI 4% | fZ2 25 128
2RI 2 X 28 55 K 22 B L SE X 45 N o JE N 4% (scale-free network), B4 15 55 14 B AR AN T3 40 A5 G
T £ 19 5% 18] S R AR 2 10X 246 v DK 20 19 iU BEARL /IS, A7 AE BE AR R D B0y . BRI, AR TAn iR
SHIFFT I 2% R S, DT B S X 25 1R D RE AN AR IEANMY R AT Be = , B B SEBR AN E.

EIFAY (graphical model) 2 Ay —Ff o4t WX 28 G546 1) a2 B e — 2K F IR R R B
PR S BR A MEZ o A0, FEEE T I o A it 7038 5 (R AH B8 BRI TV, — M, IR 7 Syt el R g
AP AR ST TR T R ) 1 BRI B (Gaussian graphical model, GGM); B #HUH &
B0 E BN Tsing B, ASCIET GGM FHR TSR 2RI 4MHT. GOM I4CH T, B
X (X, X0 B p HEEAIME N, (o, 5), Fob, o WAE, 5 BT 25, FIUF o AL
DT Np(p, ) BIFEAR X, ..., X, 1T © = (05))1<i,5<p = S (W IT ZFEFERIY) % Dempster BB R
NPT ZIR B, AT RN, 0,5 = 0 M EACY XD 5 X0 FAar, BgGEk X0 5 X0 2 Ak
AR, XO 5 XU MEMAL. @EM, MR AERTUH - NMERE G = (V,E) o, K, v AR
AT, BN A B N BELE R AN R B AR, AT A2 AITEI 2 HAY X AN
Xof LRI AE B 25 A AT, B 6,5 = 0. DRI, BIF 0 W0 2% ) G5 A S5AN T I T B 7 2 FE R © AT
FARETN 0. I T INE RS SRR T ZHRE S i, SRE4 6 = (2) 71 AR A EAE T

SR8 Z05%, skifE, R0, BT IohRE Ju e ) IR 4y 2% 2] . hERLS: (5 BRL%, 2016, 46: 870-882, doi: 10.1360/N112015-
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BRI © FEAEXS B — AN e AR B, TR R BN 4 G5 K (5 8. 53— R S0 7 1R 5 AR B
PESRES, X © BELEEAG VI M T 4ih H R 25 ) 5 445 2.

RZH I SN Ly T BB 7 R R A% 28 3k £ R0 S 4048 11 17 . Meinshausen F11 Biihl-
mann °! $EH T ABIIERE (neighborhood selection) 7575, ¥ © Bt &AL p /4> Ly IEMIAL 4 ), B
S LA EE R, AW AR, BT L, BN R REES AR EN KR, f£— &
SRS, AATTIERE T ARk £ AL S B — B, (R, O IEAEE A EE R H—, 1077
BN © B THARAG X FRIE; H =, EE B p A Ly IR I B T 0 A 2 E0 U [F) 2500, a2
T AN R X 45 (1 5 ) o0 AR 3 B0 o0 A, S8R, IR R AT & S PriB L. 2007 4, Yuan 1 Lin 6] #5777
—Fh SRR B IRAEZS . BPFTIE A Graphical Lasso, 2KFEAR Meinshausen A1 Bithlmann BT#2& 771
ANFLEMERNAERFRAE, FF M 7z AGTHEARLETS T T () Oracle 15, [FII 4 HZ B AT LU Maxdet
HEA OR . *FF Graphical Lasso #78Y, Friedman 25 [7) B G2 H T 58 @ 80K 70 He Ak br R Rk R
fif Graphical Lasso, i A ¥ 72 KN H. Ravikumar 25 8] 53877 Graphical Lasso [ 4E40 i1
A, 2009 7F, Peng 45 9 32 H T ECA RIARETY SPACE SRAGTHmAH < R B A v IRAT IR - (1) Sk . J8
Io P REAN () Y i 0 L AN R o AR R (1) RS M R 1% T VA I — K A R, AT DA AN A
(AN R 55 08 1 R PR B8 LA, K T 15 381 0 TR 5 DX 48 1 TG o 2 X 5.

FIRTTERZ @SR AN Ly IR G AR BRI SE5, M Bayes fREKRE, BRI NEEAS
ZH 0;; RIS HIYRI Laplace 7340, 810, WA SCHFSKPTIR, FUSE M 2% K 22 BA Tobs B 147 A
DRIt S AE oA FE S0, TSI AL I 45 4 2% oF [l UEA B A S PRl B Ik A i 38 %
VEIX — )L VR BN TChR N 42 B A0 a5 (Hubs) [, Hero Ml Rajaratnam 10, Tan % M 2 5
FM 2 B sl SRS B8 S TR YR A 7 VSR . ANA T Peng 55 O (1)) e UARL 2011 4F,
Liu I Thler (21 B8 F 2615 SO B IR AR 0 AT X — 63045 5, $2 7 an PR AL

O carg max{S(X,@) - aZlog(H@_iHl +€) — BZ |9ii|},

Hoh, S(X,0) NIKRIEEL, o, 8 ABEL, 0-i = (0,001,001, 0ip), [[0-illh = D2, 1055]. L
b, AT ERAUE ARV R SR X — AL, ¢; > 0 2 IR/ NEE, DMRIERER AT AT, fTUE
2, Liu A1 Thler F 6_; B 1y EEC (|0 ||, ETRVEARTT R0 4 BB di B0 Y, Tra,, 20y, RICMR Lo 7RI
HENACT . SR1, L IR EN IR, RZRARERY, L0 <q<1) b Ly HAFERRK
PR 0 Knight A1 Fu 18] 3E8F 7 L, TEARYEISTE T W iE YL W Oracle 15 (1], Huang %% [19]
BB T Ly S4TSR TR TR ZE R Xu % 09 38T Ly o IENEEE. 55— J51H, Liu A
Thler 12 Fri@ i A sh = BB SCHE, NI AN AR N ER I8 b 2 fh TH 45 5

AL R FH W26 o bR BE S B 45 A R IR AL e R 78 B A B Y 1 358 5 2 50fl o o) . 3@
ok BIN 2 S SRR A AT AE B AL AR B JE S, B8 T IE AR A FE AT Log BYAH L,
RUTETT R B R A, AR SO B IRAUE ARV SR 2 AR A, 4 0] B O B Ly m) . 76— 2%
PR, AR BUER T EIAURR L R, fJa, S0 R AR Hh AR Y AE S50 il o R Rk 5 07
TR R AP ROR.

2 FirEEER
ARV THS TR N GGM [T,
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KT TAREMNL G = (V, E), 7555 1B AR MR35 A, Bl
P(d) o d~°, (1)

Hr, a > 0 ARESHL, d AT R BB IRBIBIBER R, W rili (i =1, p) B di N Y, Lo, 201
B0y — (Br1ve B Bt Bop)’ €0 T BTHE, %5 1B5) 1y HRHEENE 2 SEAE AL 2o b e o B
AT 0l Q8 dy. SCRRBEA R, 50 A B S RIS, IRIET: L,(0 < q < 1) I L, B
AR A 815,16 10—l R d;, Hr 10-illd = [0:|T+- -+ 10; 1]+ [0; 1|7+ - +[0ip| 7.
A LR B R,

p
logP(G = (V, E)) x H(Ilﬁ_illz)*‘*- (2)
=1
T X ) n UM Xy, ..., X,,, GGM [FIXELR R %
P(Xy,...,X,|G) =log|®| — tr(O%), (3)

Hor |- | AR IR, te() NHERERIIE, S ONFEAR YN T AR, 45 A AT AU Ko A 15 R U K
LM B e, $RH BLR IE AR
max 1(©),

Horp ,
1(©) =1log|®| — tr(O%) — A log([|6_i[|§ + €), (4)

i=1
KA 1(©) AR RITChR B SE 50 EIRLRL A 1 5 ZE A B O3 A il i
E 1 6>0(6G=1,...,p) Rk Log MIEEFED KT 0. A > 0 NIEMWSEL. X ALoTs
RMEARZ IR W 28 (RS54, ASCU © MIARR AT REHT AR, 30 (4) IENHETICN Log AN L, A%k
TRB RS, 4T 9 N R I 0615 2 UL MR s e 4.

3 EBMBEREZE
AT H BRIV R AR (4) FRUEIE— %M, ERMAUREE—DEAREIHES Or-
acle P 5 (141

p
1(©) = log|®| — tr(O%) — XY " log([|6_i[|2 + ;).

im1
HT 1(0) X MRS IUN Log 5 L, BET RIS &, Fr LA EEERAE 1(0) /A/ENAE. FET Minorize-
Maximization (MM) 5y 07 [ AR, )i 1(©) # Minorization BREL, N g(©,0"), H on NREE
5 n 2BAfTE. Minorization B 27 E23 2 DL R 2 VE

ci. () >g(0,0");
co. 1(O")=g(O",0").
YT EVERIE n B AGTE O, BT 2 > 0 B, log(1 + 2) < @, i

> log(l10-ill + €)= > log(107:14 + &)
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16:]3 + e o
< Z m -1 = Z A1]|91]| + Conbt7
—1

@ i#]

&

1 + 1
167117 + € ||‘9§j||g+€

9(©,0") =log|®| — tr(O%) — A Y <

i#]

HEH] A0 const REFEL, SLbr BA 1(0n). BHEH ¢(0,0") /8 c,co MR, HCH 1(0)
[¥] Minorization BR#(. TR ERENEEITR (5), ¥ (5) B HEREY Ly 78 4

)|9ij|q + const. (5)
J

- 1 1 q
h(©,0") = log|®| — tr(©X) — A 0; t, 6
(6,07) = logf0] = (0%) ;(neznzﬂi*||9"j||z+ej)|9z|l—q+eij' il + const, — (6)

ontl = arger)nax h(©,0m). (7)

SRR B BRI
BLAN—RINAN>0,6>00G=1,...,p), €; >0 #j, ,§=1,...,p) KYIIHE €°, k =0;
&2 WA A, N T k=12, BT AEERSEE B ZRIEARE:

Qk+1 — arg@r)nax log|©| — tr(O%) — )\; <||9’iz||13 s + |9]ij||13 n €j> |97,:€j|17qq t e 103515

3. A BIC #ENERE N\, FE4H AN © MIfdTHE.

N T PRUESVE RS2, 2 1 AR IRATEOE e M ey MUME. BUILS 6, MM EUHEE. 28 2 24 T K #
—] Graphical Lasso [, ¢ )8, Yuan 1 Lin (¢, Friedman %5 [7], Witten 25 8] #H4R$EH T &
BRI EE. VEREIT T i 7E58 k PIINE S AL b — 1 XN E R AR, IS k-1
(P REEGER R, FEE K 200 AR TR/, DRI T 25 5 15t B A A3 0 AT R D 245,

T HTEIER S, H S AT S, X S A © AN 0 IR MRS, 5S¢ N ©
HON 0 LR MRS, MM, O, O D RIFRRIEX N IR, 4

O = arg min {—log|©| + tr(O%)}.
©5c=0

O JZHTIE Oracle fift, BUAIIE FLLHAL (A 0 J0E) I HEBARSAE T, T E LA S0 HAIE

— B EIALIE 6. 4

© = arg min J(O),

Hr,

- 1 1 q
J(©) = —log|®| + tr(OX) + A 04, 8
(0)= HloelOlH(O%) ;<||90_i||3+eﬁ||90_j||z+ej)|e?j|lq' i ®

00 = (09)1<ij<p = X1 HIT 00 WUEAN 0, #ak (8) MBI, 10010 BT (0919 + e, H
e
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FE1 Y /nd— 0, 02\ = oo I, © A UTF Oracle PEJR:

(1) AF R — 5k, P(Ose =0) = 1;

(2) W IESYE, 4 0 — oo I, V(6 — ©) = V(6! — ©), HIMMIER M. Hrh, =y o
A AR [

R 4
v
n

U U\ - .

@—i—’—i—log@ +tr{<@+>§]} —tr(0X
1 q

2 162, ”q"’fz ||99j\|3+6j 167,14

7]

Vo (U) = J(@ + ) — J(O)

= —log

’U/”

f

0ij +

m)

U\ -~ ~
= —log|® ' + log|O| thr{ (@ + )E} — tr(0Y),
T vn
1 q ( Uiy )
= 0:; + 0;
2 TAY (neo e s m (% v 1o
N]
Vo(U) =6 + L.
vy
U = arg min V,,(U) = v/n(© — ©).
U
U El 2U21 2
1 —| =1 =log|ll + ———
0g|O + NG 0g|O| =log|I + NG ,

Horr, T B AR, SRR SY2USY2 KBS RN B/(SY2USY)B = C, H, BB =1 H
B NLL SV2URY? [RHE R A SRR R, O Xt AR RE B 2R n BN SV2URY? BIRHIE
B, T IR R, A

21/2(]21/2

21/2U21/2
| = )B’ = log

ey £ sy

Hi, o) FoRFEREIE « MFIEE. BT

(1/277y1/2 (1/277%1/2 2/ 11/277501/2
log{lJrU’(E Uux )}O’Z(E Uxt’=)y  of(2Y2U% )+O(1>’

Vn vn - 2n

B’(I+

log|I [+‘

n
R

> aH(BVPUSY?) =3 oy (SVPUSVPEVPUE?) = tr(R/PUSULY?) = tr(USUY),
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: log|o + ‘ log|©] = tr(&? - tr(U;LUE) + OCL) ()
ERR, ENHB 7Y p [ iX—% A
7T
o o) o B () o

esE 9) 5 (10), 153
L= %tr(UZUZ) + t{UVR(S — )} + (1),

X+ I, N T BEIE, i

1 1 q
! (||99i||3+ei ||9°_j||3+€j) |9?j|1q(

UU

NG

;5 +

|9ij>~

NI}

nly = Ty

i#]
M0, #0 B (4,5) € S B, 5%
\u% %Sign(gij)y

Hrh, sign(6i) 79 6i; RS BREL T M(0°,€) = oo + o fore - W

0 + —10i;] =

q .
T;; =nAM(©° e )|9 0 [1- qfslgn( ij) = VnAM (0", e )WuijSIgn(eij)~
ij

FHOSCHR [19] WA,
Vn(0® —0) —4 N(0,171(9)), (11)
Hdr 00,0 3 HNERE 0,0 MG IR, 1(0) N 6 I Fisher 15 B AEFE. #H1 Slutsky & FE7F 3
M 0, # 0 B,
0, —p 0ij.
SiAER 1M Vi — 05 M(0° ) A, B3 0,; £0 B, T, — 0.
2 0;; =0 Bl (4,7) € S¢ WY,

uij

NG

q
T;; = n)\M(G)O’ 6)7|90.|1—q
ij

=n'"120Y " M(©°¢)
i#]

q
Nz

= (11), 3382 0;; = 0 I,
\/ﬁagj = 0p(1).
WA 1 56 n' =12 — oo, ATLMSEI uyy = 0 B, Ty = 0; 25 gy # 0 I, Ty — oo,
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Rk, 254 L 5 L WEnNates, xFEER U, B

Lr(UZUY) + tr(UW,,), Use =0,
W) g V(D) = 4 27 )+ r(UWn), Us
0, otherwise,

Hrt, Uge = 0 %75 U 18 FHEES ¢ ERTTERIAR 0, W, = a(S — %) BISCHR [13,20] $145 R F

IS¢
U = arg min nV,,(U) = v/n(6 — 0),

H

N 1
Vn(© — 0) —, arg min{Qtr(UZUE) + tr(UWn)}.
Uge=0

E=

R 1
ﬁ(@t — 0) —q arg min{2tr(UZUE) + tr(UWn)}.
Uge=0

Rl PR (2) RO
FHAEMIEGR (1), B (4, 5) € S¢ W, P(0,; # 0) — 0. {5 0,5 # 0, W1 KKT 44F 7] U35

V(=071 4+ ) jyese = —An' " 2sign(8,;) M (6°, ¢) (12)

7
[V/nby [~
HI T n1=92X — 0o o /nb; = 0,(1), X (12) AT T K. 1
V(=07 + )i jyese = V(=0T + £ = T+ 8) jjese,
W (12) ZER ARSI T IEA o0 A, R, 2550 (12) AROT, SBEFJE, il (i,5) € S¢ i,
P(0;; #0) — 0,

PERR (1) BRAL.

£ 2 PLEAEWAEET Yuan Al Lin 0 Knight 1 Fu 8] PLE Zou A1 Li PU g8, Hdv, Zou A
Li P 50— R H1AEN IE AL 40 SCAD, MCP, LSP, i B 7 4n SEAME i 2 — e %A%, BB —
HIERAF RN B A Oracle £

F 3 B 1 AR T ENGORIE, 1M Liu 5 Ihler #2H pUREA 02) JEARA FIRBG MR,

4 S

A543 ) FH B S 56 AN B SR B0HE 9206 LR A% Graphical Lasso 161, Tan ZE3HEHI A Hub Graphical
Lasso MU, Liu A Thler M2 [REAY & Bt th AU LE S Ul v o AL £ DL R B 25 T b B2 R ALE
e 77 I 5.

4.1 HEXE

PR B A A4S Liu 5 Thler 21 (1 757%. B 56, R¥E Barabasi Al Albert 1221 £ 1 5L AE i TC AR
W&, WX AREEAERE N A, SR)G, FIFT A (5 BA b 7 Z8EFE 03 ©. Bk, 4 L =nD — A, H
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#z1 BESSBER n=100, p=20
Table 1 The simulation results with n = 100, p = 20

Model KL loss FPR TPR FP TP FN TN

gLasso 1.113(0.213) 0.23 1.00 38.50 19.00 0.00 132.50

hgLasso 3.196(0.337) 0.21 1.00 36.60 19.00 0.00 134.40
2sLog L1 1.147(0.230) 0.14 1.00 24.60 19.00 0.00 146.40
2sLog Lg.5 0.767(0.163) 0.05 1.00 9.10 19.00 0.00 161.90
1sLog L1 1.124(0.169) 0.17 1.00 36.60 19.00 0.00 134.40
1sLog Lo.5 0.874(0.140) 0.08 0.98 14.30 18.70 0.30 156.70

D Ot F AR AR F LR G R ONAR S S, AR L AR R T 1 E L 4 © = AT LA,
H AN L1 B AT R AR AR, EREIPT EMRE Y = o~ XML T R DR &
WA BT ZBN 1. Ba R n MR p 4EIEZS 3 N, (0,071 FIFEAR X, ..., X,,. ASGHATT
4 S FEARANE n N 100, 455 p 435104 20, 30, 50, 100. XFFEEH (n,p), 2K 10 ANJESTHIHE .
NS HA T A B B 7 TH LR & A OIS S8 T B HER A Yuan F1 Lin 16 BirR
(1) KL 4 2R ke i
KL = —log|®| + tr(0%) — (—log|= + p).

Hl FPR (false positive rate), TPR (true positive rate), X FP (false positive), TP (true positive), FN
(false negative), TN (true negative) HINEVE N ELEKYE, MBI ERE I —8E. K FP N E
LM TCi, BAE T ONA ARG TP N E LM E L, BT AL G FN Y HE LM 2%
Hil, BRAGT NTCIA A TN NESERZToil, BT NIl i)~ %; FPR=FP/(FP+TN);
TPR=TP/(TP+FN).

S HR, AR BIC MRS E NS4

logn

BIC()\) = —log|O(\)| + tr{& )} + — > e,
i#]
Hrp, i éij =0, N éij =0; AR, é;j = 1. X T Graphical Lasso, H Friedman 25 7] PEH G 4 e sk
B T BEE SR AR, T A K Lin 5 Thler $2 B, JoAT T SEBUSRVESR i, Horbr, A5 20 H A AR T
By SR AR SO A R JS 1 Ly TE UKo . AR 1 22 SR s SR 01221 P2 B OB SR g A o7 [ SR I
BRI, S5 R T WIMELN Graphical Lasso HIP9 D EIBBURAR. LEAh, 8 7 ISIEARSCERE 1 A R,
RSO THME N S 25 EIRAL 4 R

K 1~4 35000 4 HEEGAE 10 ML EER S EAP IS R, R lr g RO B AR bR . Horb, #5
FHRECT N 10 OHFERIPRHER ZE, gLasso 183 Graphical Lasso, hgLasso fA#* Tan £ H A Hub
Graphical Lasso, TATERE ¢ = 0.5 1ENASCHEALR K, 1sLog L, REVIE N S [— 25 HIRBUR
FEARSCERHIBLAL (¢ = 0.5) & Liu 5 Thler MR (¢ = 1), AHRIH, 2sLog L, fREVIME A Graphical
Lasso HIP325 EIRBUCR A SCER B IR (¢ = 0.5) & Liu 5 Thler KB (¢ = 1).

M 1~a WTRAE H, S BT T, ARSCHR H R B SN ) KL a2k, b rH e 2
SR ), XA BT BT R AR R (WMAHICKR), bR AR R, T Graphical
Lasso A& Hub Graphical Lasso 37425 F& W28 Tobn X — S 5645 5., Fr LSS THERR R T AL
FEHIBAL LK Liu A Thier FREAL.
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#*2 BESSWEER n=100, p=30
Table 2 The simulation results with n = 100, p = 30
Model KL loss FPR TPR FP TP FN TN
gLasso 1.999(0.406) 0.15 1.00 58.90 28.90 0.10 347.10
hgLasso 3.692(0.539) 0.22 1.00 90.20 29.00 0.00 315.80
2sLog L1 1.786(0.267) 0.10 1.00 40.50 29.00 0.00 365.50
2sLog Lo.5 1.049(0.222) 0.04 0.99 17.10 28.80 0.20 388.90
1sLog L1 1.890(0.381) 0.11 1.00 44.80 29.00 0.00 361.20
1sLog Lo.5 1.360(0.320) 0.06 0.99 36.30 28.70 0.30 379.70
*® 3 HELWER n=100, p=50
Table 3 The simulation results with n = 100, p = 50
Model KL loss FPR TPR FP TP FN TN
gLasso 4.463(0.519) 0.06 0.98 75.80 48.20 0.80 1100.20
hgLasso 6.308(0.845) 0.13 0.99 151.60 48.60 0.40 1024.40
2sLog L1 3.639(0.515) 0.05 0.99 59.80 48.50 0.50 1116.20
2sLog Lo.5 1.849(0.372) 0.03 0.98 38.50 48.10 0.90 1137.50
#z 4 BESELER n=100, p=100
Table 4 The simulation results with n = 100, p = 100
Model KL loss FPR TPR FP TP FN TN
gLasso 12.021(1.162) 0.02 0.90 98.50 88.70 10.30 4752.50
hgLasso 12.718(0.714) 0.26 0.98 1289.00 97.10 1.90 3562.00
2sLog L1 10.149(880) 0.02 0.91 108.20 89.70 9.30 4742.80
2sLog Lo.5 4.918(0.844) 0.02 0.91 76.90 90.40 8.60 4774.10

TERERLEFRTT I, p = 20 I, P th BB AL a1 8 b 2 S DL H); p = 30, 50,100 I, A —H
BERLE R 2R AR, FTHH p = 30 BIPPEARE R AEIUET. 355408 30 B, Liu 5 Ihler
IR 2R R A ST PR A AR B PPN B, T — 2P LU, Liu 5 Thier MREBY TR 1IMLE 10 1K
¥ FP, TP, FN, TN 4353128 40.50, 29.00, 0, 365.50; AL (¢ = 0.5) 10 X*FII FP, TP,
FN, TN 43514 17.10, 28.80, 0.20, 388.90. 7£ FP, TN JjiH, A HIMEAILL Lin A1 Ihler HIRERID T
23.4 SR, BT AR B B AT T Liu A Thler fOARERY, 48 TP, FN J5 1, A SCHIREALEL Liu
A Thler PIALAY/D T35 0.2 2 RN, OB RE I 4, BE A SCIBE AR S5 T Lin A1
Thler MUREAY. FrLL, BARAH — MEERTA T TR AL, (R L55 KRG, AR SO BYLE L4 (1 75 T
BABONA B ILH, e AR TS R A RE 1A Y. A aT U B, A SCHIBEY 1 H IR ) 25 58
PR, SEAF G B 52 X 45 R AREAE.

LR G SR TR B B, A SC R RN T AH AR Y.

F 4 Y p BUN, W p = 20,30, — 5 EIRAUF H I AELE S B TR TY 6 0 T 3 R I R 4T
SRIM, 4 p WEREE, 4 p = 50,100, HRIAEZE (FRATME IR, X2l Fel 1 R4 R, 4
p =50 I, REMS O KLAE 1250 4, SECEH 1 K80 Fr UM 7R F 4 S iH M FUR AT A K
[ TAE.
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5
N/
4&5‘&4’;{“2

(a) (b) (©)
B 1 (MERFE)3 RN R T2 E MM BURE AR

Figure 1 (Color online) Network estimated on gene microarray data. (a) Graphical Lasso; (b) the model proposed by
Liu and Ihler; (¢) the model proposed in this paper. Each of the three networks has equal number of 120 edges. Red nodes
are hubs and non-hub nodes are colored by green. Obviously, in (b) and (c), hub nodes are more distinguishable from
non-hub nodes.
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Figure 2 Log-log plot of the degree distributions of the networks estimated on gene microarray data, where the horizontal
axis stands for the degrees of nodes after log transformations, and the vertical axis represents the corresponding proportions
of the number of nodes after log transformations. (a) Graphical lasso; (b) the model proposed by Liu and Ihler; (c) the
model proposed in this paper. Noticeably, in (b) and (c), the estimated networks are more scale-free.
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Abstract In this paper, we consider the problem of structure learning in graphical models under the prior that
the underlying networks are scale free. We propose a novel regularization model, which incorporates the scale-free
prior, with a penalty that is a hybrid of the Log-type and L4-type penalty functions. An iterative reweighted L,
algorithm is employed to solve the model. Numerical studies show that our method is both effective and practical
and performs well in terms of parameter estimation and model selection.
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