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Abstract: Penalized programs are widely used to solve linear inverse problems in the presence of noise. For now,

the study of the performance of panelized programs has two disadvantages. First, the results have some

limitations on the tradeoff parameters. Second, the effect of the direction of the noise is not clear. This paper

studies the performance of penalized programs when bounded noise is presented. A geometry condition which is

used to study the noise-free problems and constrained problems is provided. Under this condition, an explicit

error bound which guarantees stable recovery (i.e., the recovery error is bounded by the observation noise up to

some constant factor) is proposed. The results are different from many previous studies in two folds. First, the

results provide an explicit bound for all positive tradeoff parameters, while many previous studies require that

the tradeoff parameter is sufficiently large. Second, the results clear the role of the direction of the observation

noise playing in the recovery error, and reveal the relationship between the optimal tradeoff parameters and the

noise direction. Furthermore, if the sensing matrix has independent standard normal entries, the above

geometry condition can be studied using Gaussian process theory, and the measurement number needed to

guarantee stable recovery with high probability is obtained. Simulations are provided to verify the theoretical

results.

Key words: Linear inverse problem; Compressed sensing; Stable recovery; Penalized program; Tradeoff

Jry

515

2 30 i) AU R AN PO R R SR
To FEARZ SEERMHT AR, AT I8 B He 4 R A 1
oL, s S A s, R AL, pLEEAE )l

W T 2018-12-06; tilmlF1391: 2019-04-01; MAZ%HAR: 2019-05-28
*EAEEH: 5K zhanghuanl3@mails.ucas.ac.cn

o AERXMEOLT, BT Eb TR S YRR,
P, X BRI e N TR I — A
WO R A R S by, AR5 T SR AL
AT R R LA o A0 5 ST R0 B P i R o
W CUANIN AT R A AR AL ) ORI R AR 55 1
E S SR ATGE P B SE I RS, — R
TRAL i R R A 5


http://radars.ie.ac.cn/CN/10.11999/JEIT181125

2940 I I =

'f SN

H

0o 41 %

AR TR SEBr ) b S Tz, DR A
TR T B, P2 EHEX M T K
AR, i, SCER[6-8) ST T 4 i KN v
Ly /MU R PERE: Bayati®® NOWFIT T 5 4 Jk
SR @R AHAS ;. ChandrasekaranZy NMOAFSY T 26k
T ) e A AR A ) R R R 22 5 Amelunxen
S NDUBIFFT T oM 75 4 AT 2 P () 8 ) S AR AR B
%5 Oymak5 NIRRT EAHD IS S & M. 1
W HETICAL ) J, NegahbanZi NBIHFSY T 24 454
PR HICHE A2 T A R R O, R LA R ) b ST
e, P4 RERMNEZSEL K. Thrampoulidis
S NI ST R ZE AT Rt R 43 Mo SCHR[15-17)
ST SE R PR R AR ST R P R e . AR
R WA AFAE LU R AR — BABE SRk
P EOR (AT ESR R TR IEEE) ;s My
EESR/IERET A I

EEXF IR )8, ASCHFFT T A7 AT S 75
TETARAL I R R R 22 5. B o, ARYE I ) L
fil, AT —ANJUTAAE, X —&4E T2
W P R AR AL I L P REDY . SRS, RIATIX —4
PEHERIFRAT T — DA IR R R 22, AR
TS T AT 2 B S BEROU I s 75 7 1), 9 HL
TRUE T IR R AR E ). X —25 5 a7 A 45
HUTFAR: ZrZEFUNESRNESHEER, H
W7 M %, Xt 1 T e TR R A
Srrsem, DA S I R A R 226 3 AR g 7 i) 22 [ 1)
KFR Bz A, o SR B A2 bt B e 17 4R
B, 3N JLART 5 A0 mr AR v s A B8 R
ARG T ORAIE =y Ak 2R A8 e Y &2 77 1R U I 4
5 Ja, T ESEEER T TS B 2 R IR .

2 ZMElERETRA G E
AT AL ) A SR AR S A T i
2% 15 )
SR 0 I L PR UL A 7R

y=Ax" +z (1)
Hr, ye RMEWINES, Ae R™ 7 Wl FE,
€ R"EHEEFES, z€ R"EMIMMBE R, X—
] R H bRt Oy AR Sz
2.2 ESALE)E

ff : R" — RAZ&— M EWMEREOF HARKR T
FSE S BRI A . IR R S R
SEIf () MG, ] DLk SR fg 2 (2) B 2k Sk
A ) R K R 2

1
min J ly - Azl}+ -/ (2)

2.1

(2)

Hrb, 0 <X < oot PMUESH
3 JEZHEIR
AT G L5 BRI TRE 2 H B 1 R A AN
3.1 RBE
T —AMEFMNEEhL: R"— R, {ffwe R"
LRI P
Oh(w) ={u e R": h(w+ d) > h(w)
+<u,d> VdeR"}
3.2 TREHERIIAE
HEF—MEF LKL R" - R, ffweR"
RN B
D(h,w)={te R":3a>0,h(w+a-t) < h(w)} (4)
M hfEw € R" SINEHER
N(h,w) =D(h,w)°*={u € R" :< u,d ><0
Vd € D(h,w)} (5)
UeAh, BB EOR(w) AR . B HAVE,
T IS ATEHER RS B R AT K (6) I R R 1

(3)

Nhw)={ue R":3t>0,u et Oh(w)} (6)
3.3 SEEE
WTAEEESTC R, s e h
w(T):Esup<g,t>,g~N(0,In) (7)
teT
3.4 TFSi%AR

AN S BT S AR, AL,

®1 AXHFSHEA

(i) e

Y R

A LI

z* HIfFs

z pOWIIERY

€ MBI 7 2 P

m RIS (WIAE 5 y BIZESE)

n HSE T A

f TLE T 2" A R 2

A RSO P B I 1 2 4
of (=) BRI AE s (IR L
D(f,=") PR A ™ T A
N(f,z") PRELfAE R (R HE

w(D(f, &) N S") FBEHED(F, ) BRI 75 07 55

4 FELFHR
XA ARSI EEE L. 15, W T IO
PRI ) B, SCHR[6,7) B SE A T % L L



12 K OREE:

7, B ORAIE T M 7 e 308 ) 08 o B R L ) LAy
P SR JE AR v i R PR B AR 23 A BRR T R B
FUIX — JUAAT 2 R RAT R I A H 5 Pk 521 BE A 5%
Fo (EARIR, (E¥IX—HFFCEH, FFEH, AL
HSEWEIT T ORI AR S0 A 1) RS E M= A — AN J LA
A, SRJE R B BRI — LA S A1
B PRAIE = B FSUE W2 P = FRORL I 5

o4y A ORIE RS TIEAL 1) E 8 S DR e T R
HILT 4, JF Har 7 BRI ZE

SEH BT R ORI R LS S 2,
WERIM AT . BBELAN LT A AL

D(f.z") Nnull(4) = {0} (8)
Horpr, D(f, 2" )UK FEHED(f, ) I, JF H
BB LA & Of () 2 AF 2 B HA G
Ko itz = s- e, Hs ORI, e = || 2]
TR IR . BEAh, ida = Ne. MAHIK

(9) PRI iR 7= 5t
I 2dist(A" s, o - Of (x*))
el W ey ©
Hoh, (s, o) AMHE, 520
C(s,a) ={t € R" : Vw € 0f(z"),
<ta-w- ATz ><0} (10)

Umin(A) C(Sa Oé)) E(J’}_‘TE’X%

UIIliIl(A7 C(Sa Oé)) = ||‘4d||2/||d||2

de C(Eg),d;éo (11)
dist(A" s, o - Of (z7)) A % A" s B4 Ba - Of ()
1)

dist(A's,a - Of(z*)) =  inf

oot N4 —dllz (19

IR WMEEe >0, HERAze R™IFH
WLzl =¢c. Wd =2 —x*. ©ITzREILMK
e 5L 1 i

1
5 |Ad — 2|3+ ac - f(z* + d) <

1

SlEB+ac f@)  (3)
B, i
SllAdIE < d, A"z >< ac - [f()~ f(a" +d)] (10

R Erw € Of (%), MR VRBRIE i 52 L
fl@)—flz"+d)< - <w,d> (15)
aia ()M (15), 1

1
|\Ad||2 <d,A"z>< —as- <w,d> (16)

L3 ) R SR AL R S R ZE TS 2041
el
|Ad|)} <2 <d,A"s — aw > (17)
Hr, s = 2z/efRKM SR BN KE Lk

Ci(s,a)={a € R": 3t > 0,YVw € f ("),
J|A - tal|} < 2 < ta, ATs — aw >}
={acR":3t>0,Yw € Of ("), t
-||Aa||% < 2 < a,ATs —aw >} (18)
WA A _Eordr, nJLUSEId € Ci(s, ).

HEr Rk, BLEUEBE AR A 244 D(f, z)N
null(A) = {0} . FERIX 5, TLIGH]
Ci(s,a) Nnull(A) = {0} (19)
H RGIEVEAE X — 45k . R saC(19) ARG, B4
P Al LR B — AN HER W I B ag € Ci(s, ) Nnull
(A). 4 C(s, )X, N TAFEMNwW € of (z*),
<ag ATs —aw >=< ay, —aw >>t
|| Aaoll; =0 (20)
X ERE < ag,w >< 0. HTREBEESOf(zF)
e B, HAGE AL, MR
FEHEZ MM KR, Haoe D(f,z*) . X541
D(f,z*) Nnull(A) = {0} FJE. KL, X(19)FHIE.
ok, —Jrimn, MAH(19), FTRAGE], X
TAEEMa € Ci(s,a) Ha#0, %fHagnull(A).
BP0 (21) s
ac Cis,a),a# 0= (a,aw— A's) <0,
VYw € Of (z™) (21)
51, TR e € RMHL (a, aw — AT s) <
0,Vw € Of (x*), Ma—&r LLE S| — A 2% /N 1)
t> 0ffife
t-||Aall} <2 (a, A" s — aw) (22)
XitiHa € Ci(s,a). BINZE, H
(@, aw—A"s)<0,Yw € f(z*) = a € Ci(s,a) (23)
gia (21 MK (23), mTLAKNIE
Ci(s,a) ={0}U{a € R" : Vw € Of (z"),
(a,aw— A"s) <0} C{ac R":
Vw € of (z*), (a,aw — A"s) < 0}
= (s, ) (24)
TIE, Ade C(s,a)s MWHomn(A, C(s,a)) e X
%HW@—B’EE?Z(%JC
A, C(s,))[|d|l3 < 2¢-||d]]
A" s — awl| (25)

Il'llIl (



2042 m 7 5 F B

41 %

Wi onn(A4, C(s,a)) >0
2||AT s — awl|,
O—rgnin(Av C(S, Oé))

WHw € Of (x)Hi15]|A" s — aw||o I/, BT
EBIIR45 8

a2 < (26)

2dist(AT s, a - 9f (x*))
(4, C(s.0))
BRI, HiEE B, KT EAIE W omn (A, C(s, «)) > 0.
TR EEC(s, o) A, Fr DU AT 2R ]
C(s,a) Nnull(A) = {0} (28)
KIX—HMW, HREAEEaenull(A)Hay# 0. H
Alag =041
(ag,ow — A's) = alag, w) (29)
JEH, HFD(f, z*) Nnull(A) = {0}, »Efag g D
(f,2*) o HIORBRIE S N B S AT HE 2 18] R K 2R ]
A, DIRAFAE HE A wo € Of (2%) 115 (ao, wo) > 0,
K, ao ¢ C(s,a), #C(s,a)Nnull(A) = {0} -
IR
YEAL MRIEA S E B, WA Ea > 0,
EERESHON = a-e. WamHF 1R
2dist(A"'s, o - Of (x*))
Trin(A, C(s, )

A T e 75 i e o DAL, 24 LA 46 50 (8) Bk
SEW, KR ZE
|7 —2"[p< B¢ (31)

HA5e k. XUt W an AT S 40E L T4 75 s
B, BAESHRAL B iRt e 1. IR, i
RE], R AR S, IR AVEZ T
NHITAE, WSCik[6,16], ¥7358) 7 AE S5 Y
IEThRiE 22 (G518 o 1 Thnve 22 3 1 36 N 75 1
FERIN, DR 3ok o PR 2 B 57 s 2R ABL

YERB2 SCHR[13)WFIT T &85 M R 2 f o — M
B ELIH L — 58 W2 AR 5 I AR A e PR A
e, g REDRESHUL A, A ST E B
KfR-—AEER N R, LU IKEREOf (24)
2 BRI E A, T E N EAESH
WAL T — AR R =T

WA — MM, AL R, R
77 A AR R R 22— e . B 38
TR R ZE S W T I 2 AR R . BRIk 2 Ak,
RN R B ESHN IR R =N, T4
S8 R RE R 7S T S AR 2 55 5 6 75 7 ) 22 [R) PR B
Ro HE L, BIRMRESEA

Aopt = Qlopt * € (32)

|z —a’[|; < (27)

B= (30)

o, agpe /MBI (30) R 503, 185 e S T
BB

SE BEL AP IR G50 MO T LA 252X (8) o 2 WLl
JE B —ANBEALA s O B, 3K — JLAT 45 A mT LA
F i BEBEARORAIE T, AR 5wt A 30 PRI =i
G E PR LT e (RO 4

HEIST BV IN A A TR 0 2 A LR ST Ho A2
WEE A, I HERNESEN N =a -, Hi
a> 02— MNEEME L. S TAEEK>0, WHE
LA Fm 5 /2

fim > w(D(f, &) NS + ¢ (33)

A2 TSR AL 1) AU RE A% STDR AR S T AR 4370y
1 —exp(—12/2). H, p, = El|gl|l2,g ~ N(0,I).

WERR AR LA UE B2 AR AER,  Lhan SCHR[10] .

WAR4 R p, AW R Em -1 < p, <
Vm oo B, HER TR G S AN

m > w(D(f,z*)NS" ) (34)

T2 3 S AL ) gt 2 DA e it 6 S AR s Pk 5
5 AEXE

ARATR A7 FLSEE R I UE T 3R 2
Ro ERXASLI T, FORE S EMmEn, I HE
el i) R (2) il CVX PR SR il . HARSZE % &
WR: fF5YEEn =64, MWIAEm S SR
sM1~640 48 (DL REL), I H W 75 i e BU(H
[0.001,0.01,0.05 : 0.05 : 1.00]V. *FFHERhikFE, %
Wrr PR T S -

(D) AERESEE Sz € R": s AN b bl 2
btk oA HAHE AT, 554bn — s BN 0;

(2) IR A € R™": R ITCEBIRM
PRt A, HAHE AT

(B 2z € R™: 15tA iz € R™,
HICEZ MM R AT HAHE ST, B2 =¢- 21/
|[21]]2:

(4)REMNE Sy e R™: y = Az* + z;

(5)Bta =1, RMMEITAL R LL(2), il
WHBEZE|| & —||o

(6) LA ERIFEE 200k, FEUMFFIIRZE .

SR A WL TR . LA AR T S8 K
HiRze, M EMFRAARER IS 2 R k&
e, Blw?(D(f,z*)nS™ ). ATLLESR, ZM
TABKR T w>(D(f, )N S™ I, A2 5

DR e AR IR CA TR AT 05 B 5256 0.001, 0.01, 0.05,
0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55,
0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95, 1.00.



12 ik WA

L PR [r) 0 PP AT T VAR S IR AT

2943

DNSE P R R R L, PRFR A ST Ak 1) el e 8
PR A (S b L, 5 TS 2 ) PRk A e Y A 1Y
B AR A SCHE Ve 145 HH B R EER K2, X

A, AR 1S 2B — B, e T
3.0 . - — 1= 2.5

[ e

WS iRE

0.5

[F] B ST 50 Y0 M 28 55 7 Pk 52 FN 50 % ik 26 AN Fe e Pk &2
)53 Ft me PR, 37 BESRA e I I S 4 T
1, 2RI bl 58 B A 8 1 B4 1 R — 207,
RUE T A HE S & S IR

o O g

o

WL

0 60 50 40 30 20 10
PRI
(b) FEEEEE 32, WESH A=c

1 5 '
'//h,’/g;g.-

1 B P B as

£ . 3 5 R p 0
/1,%,1/,,[_///“ 060 50 40 ‘.s()” 20 1
e A
(a) FETLE RS, WESH \=c
e S
6 ZERIF

ARTCWFIE T AL ), A5 HUA )
RGN E R . AT —4> )L
A, e R AR T AR eR R B HERDOLI
M. R4, S TR A
AR R R ZE e 3K R 22 SO T R
ST E A5 (1 75 18], JF HARIE T2 A
SEM. [N, X iR ZFHE ] TER N ERE S,
I A7 T Wm0y [ R AR ZE R, DA SR
BCEZ A W 7 ) Z KR . BEAh, s
W2 — A REL R A I, R 3R LA 45453 2
T ORALE e WA VR P 5 AR A B8 7 LS 6 U
TS RIIERTE . ARRIIBEFTTT 17 45 A [ R
DHERAE . AR AR 28 3] DU e PR B R 2

2 E x|

[1] ELDAR Y and KUTYNIOK G. Compressed Sensing:
Theory and Applications [M]. Cambridge: Cambridge
University Press, 2012: 210-268.

(2] WEHER, Marh, MBIR, . S TR UL 2T IR S

MNZPEENT]. T 5E B4R, 2018, 40(9): 2150-2157. doi:
10.11999/JEIT171238.
YOU Kangyong, YANG Lishan, LIU Yueliang, et al.
Adaptive Grid Multiple Sources Localization Based on
Sparse Bayesian Learning[J]. Journal of Electronics &
Information Technology, 2018, 40(9): 2150-2157. doi:
10.11999/JEIT171238.

(3] EdRA, Dk, T, A SR TR M SRR
WG ST [T]. BT S E R, 2018, 40(11):
2570-2577. doi: 10.11999/JEIT171040.

WANG Yilin, MA Shilong, WANG Jinjin, et al. Estimation

of unknown line spectrum under colored noise via sparse

reconstruction[J]. Journal of Electronics & Information
Technology, 2018, 40(11): 2570-2577. doi: 10.11999/
JEIT171040.

[4] STARCK J L, MURTAGH F, and FADILI J. Sparse Image
and Signal Processing: Wavelets and Related Geometric
Multiscale Analysis[M]. Cambridge: Cambridge University
Press, 2016.

[5) BISHOP C M. Pattern Recognition and Machine
Learning[M]. New York: Springer, 2006.

[6) CANDES E J, ROMBERG J K, and TAO T. Stable signal
recovery from incomplete and inaccurate measurements|J].
Communications on Pure and Applied Mathematics, 20006,
59(8): 1207-1223. doi: 10.1002/cpa.2012.

[7] CANDES E J and PLAN Y. Matrix completion with
noise[J]. Proceedings of the IEEE, 2010, 98(6): 925-936. doi:
10.1109/JPROC.2009.2035722.

8] DONOHO D L, MALIKI A, and MONTANATI A. The
noise-sensitivity phase transition in compressed sensing[J].
IEEFE Transactions on Information Theory, 2011, 57(10):
6920-6941. doi: 10.1109/TIT.2011.2165823.

9 BAYATI M, LELARGE M, and MONTANARI A.
Universality in polytope phase transitions and message
passing algorithms[J]. Annals of Applied Probability, 2015,
25(2): 753-822. doi: 10.1214/14-AAP1010.

[10] CHANDRASEKARAN V, RECHT B, PARRILO P A, et
al. The convex geometry of linear inverse problems[J].
Foundations of Computational Mathematics, 2012, 12(6):
805-849. doi: 10.1007/s10208-012-9135-7.

(11] AMELUNXEN D, LOTZ M, MCCOY M B, et al. Living on
the edge: phase transitions in convex programs with random
data[J]. Information and Inference: A Journal of the IMA,
2014, 3(3): 224-294. doi: 10.1093/imaiai/iau005.


http://dx.doi.org/10.11999/JEIT171238
http://dx.doi.org/10.11999/JEIT171238
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.1002/cpa.2012
http://dx.doi.org/10.1002/cpa.2012
http://dx.doi.org/10.1109/JPROC.2009.2035722
http://dx.doi.org/10.1109/TIT.2011.2165823
http://dx.doi.org/10.1109/TIT.2011.2165823
http://dx.doi.org/10.1214/14-AAP1010
http://dx.doi.org/10.1214/14-AAP1010
http://dx.doi.org/10.1007/s10208-012-9135-7
http://dx.doi.org/10.1007/s10208-012-9135-7
http://dx.doi.org/10.1093/imaiai/iau005
http://dx.doi.org/10.1093/imaiai/iau005
http://dx.doi.org/10.11999/JEIT171238
http://dx.doi.org/10.11999/JEIT171238
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.11999/JEIT171040
http://dx.doi.org/10.1002/cpa.2012
http://dx.doi.org/10.1002/cpa.2012
http://dx.doi.org/10.1109/JPROC.2009.2035722
http://dx.doi.org/10.1109/TIT.2011.2165823
http://dx.doi.org/10.1109/TIT.2011.2165823
http://dx.doi.org/10.1214/14-AAP1010
http://dx.doi.org/10.1214/14-AAP1010
http://dx.doi.org/10.1007/s10208-012-9135-7
http://dx.doi.org/10.1007/s10208-012-9135-7
http://dx.doi.org/10.1093/imaiai/iau005
http://dx.doi.org/10.1093/imaiai/iau005

2944 I I =

41 %

(12]

(13]

(14]

(15]

OYMAK S and TROPP J A. Universality laws for
randomized dimension reduction, with applications[J].
Information and Interference, 2017, 7(3): 337-446. doi:
10.1093/imaiai/iax011.

NAGAHBAN S N, RAVIKUMAR P, WAINWRIGHT M J,
et al. A unified framework for high-dimensional analysis of
m-estimators with decomposable regularizers[J]. Statistical
Science, 2012, 27(4): 538-557. doi: 10.1214/12-STS400.
THRAMPOULIDIS C, ABBASI E, and HASSIBI B. Precise
high-dimensional error analysis of regularized m-
estimators[C]. The 53rd Annual Allerton Conference on
Communication, Control, and Computing (Allerton),
Monticello, USA, 2015: 410-417. doi: 10.1109/MASS.
1995.528223.

ZHANG Han, LIU Yulong, and LEI Hong. On the phase
transition of corrupted sensing[C]. 2017 IEEE International
Symposium on Information Theory, Aachen, Germany,

2017: 521-525. doi: 10.1109/ISIT.2017.8006582.

[16]

[17]

[18]

[19]

CHEN Jinchi and LIU Yulong. Corrupted sensing with sub-
Gaussian measurements [C]. 2017 IEEE International
Symposium on Information Theory, Aachen, Germany,
2017: 516-520. doi: 10.1109/ISIT.2017.8006581.

FOYGEL R and MACKEY L. Corrupted sensing: Novel
guarantees for separating structured signals[J]. IEEE on
Transactions on Information Theory, 2014, 60(2):
1223-1247. doi: 10.1109/TIT.2013.2293654.
ROCKAFELLAR R T. Convex Analysis[M]. Princeton:
Princeton University Press, 1970.

GRANT M and BOYD S. CVX: Matlab software for
disciplined convex programming, version 2.1[OL].

http://cvxr.com/cvx, 2014.

e S, 199144, WA, WS MO R GESS M55 T ST
W RN

B, 196344, W5,
A

I LA, BESET7 A S
7 S B PR  BOR T AT

B


http://dx.doi.org/10.1093/imaiai/iax011
http://dx.doi.org/10.1214/12-STS400
http://dx.doi.org/10.1214/12-STS400
http://dx.doi.org/10.1109/MASS.1995.528223
http://dx.doi.org/10.1109/MASS.1995.528223
http://dx.doi.org/10.1109/ISIT.2017.8006582
http://dx.doi.org/10.1109/ISIT.2017.8006581
http://dx.doi.org/10.1109/TIT.2013.2293654
http://dx.doi.org/10.1109/TIT.2013.2293654
http://cvxr.com/cvx
http://dx.doi.org/10.1093/imaiai/iax011
http://dx.doi.org/10.1214/12-STS400
http://dx.doi.org/10.1214/12-STS400
http://dx.doi.org/10.1109/MASS.1995.528223
http://dx.doi.org/10.1109/MASS.1995.528223
http://dx.doi.org/10.1109/ISIT.2017.8006582
http://dx.doi.org/10.1109/ISIT.2017.8006581
http://dx.doi.org/10.1109/TIT.2013.2293654
http://dx.doi.org/10.1109/TIT.2013.2293654
http://cvxr.com/cvx
http://dx.doi.org/10.1093/imaiai/iax011
http://dx.doi.org/10.1214/12-STS400
http://dx.doi.org/10.1214/12-STS400
http://dx.doi.org/10.1109/MASS.1995.528223
http://dx.doi.org/10.1109/MASS.1995.528223
http://dx.doi.org/10.1109/ISIT.2017.8006582
http://dx.doi.org/10.1109/ISIT.2017.8006581
http://dx.doi.org/10.1109/TIT.2013.2293654
http://dx.doi.org/10.1109/TIT.2013.2293654
http://cvxr.com/cvx

