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00O (Abstract)

In this study, we developed guidelines to realize long lifetime sensor networks, in
which many sensors gather some information and send them to a fusion center, in
most cases, via wireless communication. In the last two decades, sensor networks
have attracted great attention for the application of monitoring environment, infras-
tructures, temperature in farm, and other engineering areas. One of important issues
in the sensor network technology is to prolong their lifetime, and much effort has
been made to fabricate low cost and high capacity batteries, low power consumption
sensors, energy efficient network operating protocols and so on. Here, we report two
results as guidelines for designing long lifetime sensor networks by using statistical
mechanics methods. One is about robustness of random network, which can be uti-
lized for estimating lifetime and coverage of sensor networks with respect to failures of
sensors and other defects. The other work reveals typical reconstruction performance
of distributed compressed sensing (DCS), which can compress data with low compu-
tational cost and can reduce communication traffic, and accordingly contributes to
realize long lifetime sensor network.

To evaluate robustness of random networks, we develop a scheme for evaluating
the size of the largest connected subnetwork (giant component) in random networks
when sites (nodes) and/or bonds (edges) are removed from the networks. For this
purpose, we employed the cavity method from statistical mechanics of disordered
systems. The random network is fairly regarded as a model of sensor networks, and
removal of sites and bonds corresponds to run out of batteries of sensor nodes and
blocks of communications between sensor nodes, respectively. An advantage of our
scheme is the capability of handling targeted attacks on sites/bonds in the presence
of degree correlations beyond naive analyses on random failures (crashes) in networks
of no degree correlations. We apply our scheme particularly to random networks of

bimodal degree distribution (two-peak networks), which have been proposed in earlier
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00 (Abstract)

studies as robust networks against random failures of site and/or targeted (random
degree-dependent) attacks on sites. Our analysis indicates that the correlations among
degrees affect a network’s robustness against targeted attacks on sites or bonds non-
trivially depending on details of network configurations. In addition, the size of
giant component and the percolation threshold, which means such a critical ratio of
failures that the size of giant component vanishes as N — 0o, do not have the same
tendency especially when we consider influences of bond attacks with various degree
correlations.

To investigate how we can reduce communication traffic of sensor networks, we
study DCS problem with noiseless measurement. The DCS framework provides an
efficient and low computational cost compression scheme of multichannel signals that
are sparse and highly correlated with one another. Especially, a signal model called
the joint sparse model 2 (JSM-2) or multiple measurement vector problem, in which
all sparse signals share their support, is important for dealing with practical problems
such as array acoustic sensors, magnetic resonance imaging and magnetoencephalog-
raphy. We here investigate typical reconstruction performance of two representative
signal reconstruction schemes for JSM-2 problems. One is /3 ;-norm minimization re-
construction and the other is Bayesian optimal reconstruction. Employing the replica
method of statistical mechanics, we show that the reconstruction performance of both
schemes which exploit the knowledge of the sharing of the signal support, overcomes
that of their corresponding approaches for single-channel compressed sensing problem.
We also develop a computationally feasible approximate algorithm for performing the
Bayes optimal based on the belief propagation (BP) framework scheme to validate our
theoretical prediction. Our replica-based analysis numerically indicates that a funda-
mental reconstruction limit can be achieved by the BP-based approximate algorithm
in a practical time, when the number of channels is sufficiently large, for example 10.
The results of numerical experiments of the both reconstruction schemes excellently
agree with the theoretical evaluation.

To reveal the reconstruction performance of DCS problem in more realistic sit-
uation, we also investigate JSM-2 problem with noisy measurements for ¢; ;-norm
regularized least square and the Bayesian optimal reconstruction scheme in terms of
mean square error. Employing the replica method, we show that the performance
of the schemes, which exploit the knowledge of the sharing of the signal support,
overcomes that of their corresponding methods for the single-channel compressed

sensing problem. The results of numerical experiments with a computationally feasi-
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ble approximation algorithm we developed for this study agree with the theoretical
prediction.

In conclusion, we revealed the robustness of the random networks and the recon-
struction performances of the DCS problem, which can serve guidelines for designing
long lifetime sensor networks. We showed the degree correlations in the random
networks significantly contribute to its robustness when the networks are suffered
by random failure and removal of important components, which corresponds to hub
sensor nodes and their communication paths in sensor networks. In addition, we
clarified that increasing number of channels (sensors) contributes to enhancing the
reconstruction performances of DCS problems in both noiseless and noisy scenarios.
By combining these two results, we can design energy effective scheduling of activating

sensor nodes.
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Jom?  BJ? mm  4(1—q)
RS S 0 2 q q
= — _— ]_ —_
1
— — [ DzIn2cosh (\/Ez+m), (1.24)

B

000. 0000000000000 o0o0000oD, (2@ 00oo0ooooooo,
gooboboooobobuooouobbboooobbbooooobbog.
O000,00000000000000 SKOoooooo,o00,0000000
oo o. oo obbob, 0000000 OoUoOog
goooooo=00o0bbbbbbbbboooooo,bbbbbb=000000
ggoobo,bobogdgobobodoobboooobbbooobnbooa.

122 O00O0O0OO

=2100,00000000000000DO0DO0DO0ODObOO0ObO0 NODODOoOOo
ggooooboboooboo,bbobbbboddoooooooboboobbobodgoooog
gooobob. oooobbbbdooouoobbbboooooobobLbbooooo
NOOOOOOOoDOOooOoooooOooboobo,0b00b00ob0boobooobOooo
oo ob. b, 0000000 UoUOoUoOog
000000000000000000000000O0000000D ERJO0D0O0OO.

gooobobobobodooooobobbboo. bbb bbbooooo
00 B8 00000000000 0000000000, 00000000000
ODOO0000DbOb000OD cawityDOODDODOOODDODOOODODOOODODOOODO
gooo. og,bboooootboodiiiibooo @
gooo.



o100 00

[

[/ /

012 O000OOOO0OOOOOOOOOOOOOOOODOOODOOOOObOO.DbOoO
goooooooOoooo 400000000DOoO0O00oOooOboOoOoOooDooD, 00O
Dooooooooooo rRfoDoooo.

0D0000000000000000,000000000000000,00000
000000000000 00000000000,00000000000000, O
000000000000000000000000000000,000000000
0000000000000000000000000000000000000000
00 (0 @X). 000000000000000000000000000000000
000000000000 000000000000000000000. 000000
0000000000,0000000000000.

0 (@) 00000000000000000000000 ¢000000000
jeo, 0000,

H(S)=-JY SiS;j==JS > Si—J > 5SS

(i5) JEO; (k£i,1#4)
=—JS; Y S;+ Hu({Si}), (1.25)
JEO;

00000000000000. 000§ 0000i000000000000000
0oo, H,({S;;) 00000000000000000000000000000
0000000. 000000,0000000000000004:000000000
000000000000000000000.

0oooooo, H,({S;h) 0 j€6,00000000000000000 A O
0000000. heg 0,000 ¢000000000000000O0O0OOOO cavity
0 (cavity field, cavity 00000000)00000. 0000000, (C28) O,

H(S) ~ Hpetne(Si, {S;}jeai) = =JSi Y Sj =h" Y 5 (1.26)

jE€O; JEO;
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000000000000 00. 0000,000 5000 {Sj}jeo, 000000
(W) D00o00oooooooo,

P(Sb {SJ}Zeaz) X eXp_ﬁHBCthC(Si’{Sj}jeai)7 (127)

00000,00000000 800000 P(S) =Y 14}, cs1,-13+ P(Si:{S;}se0,)
00000. 000,40 §00000000000000000,000000000
ooooo. S; e {+1,-1},Vj €0, 00,

P(S;) ocexp {5g o [2 cosh {875 + 1) }] }
cosh {3(J + heﬁ)}}] Si}7 (1.28)

Bl
P N cosh {B( — J + heff)

Do0o00.000,Se{+1,-1},AcROO0DOO0,eA% =2cosh Ax(1+Stanh A)/2
000000,2cRO0D000 n{(1+2)/(1—-2)}/2=tanh 'z 00,

1+ S, tanh (Bkhef)

P(S;) 5

(1.29)

goo.ooad,
- 1
hef = 5 tanh ™' (tanh (3.J) tanh (8r°T)), (1.30)

000, heg O cavity 0000 (cavity bias) 00000, O (C29) 00000, S; 00
00 (S) =m0,
m= Y SP(S) = tanh(8kh), (1.31)
S;e{+1,-1}
ooooooooo.

00000, cavity 000000000000000000, 00000000000
05 00000000000000000000000000000. 00000 8;0
0000000000000 S 00000000 {S;}jes, 00000, 000000
00000 §;00000k—-1000008,€0,,00000000000. 000
00000000 §;00000 (S;)0,80000000000000000000,
(30 k0 k-10000000000000000000.000,(S;)00 kf0
000000, (S;) =Yg efyr_1y 5€"" 59 /(eP™ + &™) = tanh (8hT) D O D
000000000000 20000000000000.0000,00000000

O (self-consistent equation),

heff = (k —1)h® = Z(k — 1) tanh ™" (tanh (8.J) tanh (8h<H)), (1.32)

™|
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o100 00

O0000. 00000, cavityd pf0D00000000OOODOO.

gogoobooobobotbodoooooooboboooboboodoooooooooD,d
goooooooobobobbobobobbbbobbbbooo. bbb, bobbobbobobo
0O k0000000,000000000D0000000,0000000 k—-1000
0000000000000 DO0000O00O00DO0dDO kOODOObOOoOooUobooo
(@M, 00000000. 00000000000000000000000O00O00O0O
00000000 [@. 00,00000000000000 kOODOOOOODOOO
0000000000000 0000O00DO00DoU0o0O0O0 kODODOODOO NOOO
000000,0000 £O(1)0000O0OD0DO0OO0DOO0OODOOODOOOOOODO. O
O0,0p00000000O,O0D000DO0000DO0D0O0O0DDODODO0ODODDbOOODDbO
000000000000000000000 [@. 00000000, 0000000
0000000000000000000000000000000 cavity O[3, ]
gobood. og,gobboodbobbooobbuoo, bbb bbooooboo
gooogan.

123 00O0O0OODOOOOO

O0000000000000000000000000000000000000 belief
propagation00 00 00. 00000 ODOOODO OO probability propagationd0 O O O
O0,00000000000000000DO0DO0DO0DO00O00DOOoO00Oo0ooOoon
0000000000000 . 00000000, @ oo000o0oon,0o00oooo
000000000000000000000 @ 0,000000000000000
00000000000 0000 @M, 000000000000 @Uoooooo
0000. 00000000 [@Oo0000,0000000000000000000
00000000000000,000000000000000000O00OOO0O ™).
0000,000000000000000000D0000000 [®], 00 loopy belief
propagation 00O OO OO.

OoO00,00000000000,

Pe) = 5[] valxa) (1.33)

O000000. 000, Z000000000, 9%.(x,) 000000000, x,00
D000000 v.(x,) 0000000000, 00000000, 000, (&) 000
00000000000000,e000000 (S;,58;)0000,000000000
7SS Oooooo00, Z000000000
O000000O0O0O0O0OD0OD0OD0OO0D0O0O0D,0000000000000000000
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ad
@@\@G

013 xq = (z1,22,23,5), Xp = (T2,24), Xc = (5), Xq = (z2,24) 0000
oooooooao.

000000000000000000000000000000000000. 000
000000 OO0,0000000000000000.6,00000 ;000000
00000000,8,000000000 v,(x,)0000000000000000,
0000000000 200000 OO004,0000000000000,0000
0000000000000000 000 4,00000 OO000000000000
000000.0@MRO000000000.
0000,000000000000 {«}Y,00000 P(x)000000, {z;}Y,
000000000000000000O0. 0000000000,0000 P(z) =
Tra.,P(x) 0000000000, 00000000000000000000000
00000000, P(x)02;000000000000000000,

Haea Va(Xa) Hbea Yy (xsp)

P 1.34
) = B, Tlaco, e (%) Tz, U0 (x0)’ (1.34)
D0000,00000000 Trag, [Thes, ¥e(x) 00D,
[aco, Ya(Xa) P, (x\:)
P = ’ , 1.35
) = e Mo, ¥ (x0) Pro, (5\2) (1.35)
ogod. oo, 0000 oogooboooooa,
Logo, ¥o(xs)
R, i 1.36
k) = o B (1.36)
00D000.0 ([ 00000,
Pz(xz) = Trx\a:iP(X) = <Ha€8i wa(xa»\mi (137)

Trlvi <Ha€8i Ya (Xa)>\mi ,
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o100 00

D00. 000, ()W 0 (3800000000000, ([Tues, Ya(Xa))\e; O 2; O
nDooo0o0o0000 ¢ (z)00000. 000000000000000000000
000000,0000000000000, P,,(x\z;)000 P(x)0000000
0000000000000,00000000000.000000,(C=Z2)00000
0000000000000000000000.000,P(x)00000000000
000000000,00000000000000, ¢¢f(x;)000 Pi(z;) 00000
000000000000. 000000 20000000

1. a,b,c,--- €8, 0000,0000000 ha(Xa), ¥p(Xp),10e(xc),... 00000
0000 x4,Xp,%e,... 0000000000000 z;00000.

2.7, 00000 OOO00OO0O00OO0O0D0OO0O0OO0OOOO0O,$ 00000000000
0D000000O00O00O0o0.

0000000000000 0000000000000000000000, 2;00
00000000 cavity 0000000000000 OOOODOODOOOOOO0O0O
oo.

0000000000000000000000000000000 P(x)0000
00000000,0000 P(x;) 000000000000. a€d,00 0000
M a(2;) O, tha(x,) 0000 a-cavity 000000 z; €9, 0000000000.
0000000000000000000000000000000000000000
Oo000.0O00000,

() =Towie, (T b)) P\

a€d;

=11 (foa\xi%(xa) 11 Mj—m(xj)), (1.38)

a€d; VISP AN

O0000000. 00, e-cavity DODDOO0O0O0000O o5t (xz;) 000000,

5 @)= ] (Trxb\mwb(xb) 11 Mﬁbm)), (1.39)
bedi\a jE€d\i

00000000000D000. 0000, MiL,(z)0000000,0000000
nooo ¢ (z) 00000

i—a

[Locona (fob\zﬂ/}b(xb) Ico, Mjab(fﬂj))
Mia(zs) =

, (1.40)
Tra, [Theoa (qub\m;¢b(Xb)IIjeab\i/”1r+b($j)>
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000000000000 0000000000000. 00,00000 200000
oQ,

1

Masi(z4) :TTrxa\mi¢a(Xa) H Mj—m(xj) (1.41)
a—1 LAY
1

Mia(®s) = T Mo—i(zo), (1.42)
"7 bed;\a

000000000, 000, 25,000 25,,00000 Try,Me_(2;) =1000
Tr,, Mise(z;) =100000000000000. 000000000000 Pi(x)
0

Y

P;(z;) :% [T Masi(z), (1.43)

b acd;
000000000, OO0, 20 Ty, P(r) =100000000000000. O
(C) 000 (22) 0000 Mgo(z) 000 M, 000000000000 ODO
000 (belief propagation) 00O 0.

000000000, acavity DOOD00 2, 00000 M (z;) 00000000
00000 (W) 0O00000000000000000. 000000, 000000
0000000000000000000,00000 M;L.(x;)00000 ;000
00000000000000D0.00,00000000000,0000000000
000000000000 2000000000000000000000,00000
0000 (1) 000 (Z2) 000000,0000000000000,000000
0M,,, 0000000000 (W) 0OD0OD0000000000O0O0O0 [@.

0000000000000D00D000,00000000000000000000
D00000000D0000000000D0D0000D00000O000000. O (=),
(z2) 0000,00000000000000 O(jo;)) 000 O(l9,)) 000000
0000000000.00000000000000000000D0000D00000
ooo (,e)0DDDO M, 000 M,,;02000000000000,0000
O(lo;) +O(l0,)) DO 0DOO0DDO0DO0OODODOODOD. ODOOOO, 0(o;)) oo
00(o))00(1)0D00000,0000000000000000 0(1)00000
0, (@), (@) 0000000 (W OOOD0D0O000o0o (4,e) 000000000
ooooooDoOo.

0000000000 x00000 P(x)000000,0000000000000
0000000000000 0000000000O0O0OOO0. ODOD, 0 (1) 000
(C2) 00000000 M@O0ODO0O00000,00000000000D000000
D0000,0000,000 Me(z)000000000 {M,_,,(2)}je0,,: 000
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o100 00
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014 0OO0OM,,,00000000O0O0O00OOODOO,00 M, 0000000
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dgoooooooboboboboobobooboobooboboboo. bbbboooooo,bboboo
gobobooooobuoooobobooooboboooooboobog.

1.3 0O0O0oono

0dodoooo0bO0o0od0o0Oooooobob0. D po0000O0OooOo0oo0oOoOoOoao
00o0oooooooooooo. 0000000000 0ogoooon cavity O
dododoooooooobooouoooobo,boooooooooooooood
0000000000000 00000000D000D0000. 0ROD0O0OO Physical
Review EOD 201000000000 ROjOO0OO0OO0ODOOOOOO. OBOOOA
dodododdooooooodooooooooooboo. oooooooooooda
dodoooouoooonooodoooooodooooooooooo, oood
0000000000000000000. 0000000000000 ¢;00000
ddooddboodoooodoobo 20000, D 300D ooooooooo,
O@000000000000000000000. 0B0,0@000004 Journal of
Statistical Mechanics: Theory and Experiment 00 201500000000 [EO O, O
000000000000 OOO000d00ooooOoo0o0. o000 pdooOo .
do0dooooobooooooboooooooooooooooooooooooa
oo, oo oouooooooouonoood
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21 0000

00 1000000, 00000000000000000000000O000O0
[§2, 83,4, M@, 85 000000000000000000000,0000000, 0
00,0000000000,00000000000000000000000000
0000000000000 000000000000000. 00000000000
0000000000, 000000000000000000000, 000000
0000000000000000000000000000000000000000
ooooooo.

Erdés-Rényi 000000000000 (000000000O0) [BR,EA 00000
0000000000000 00000000000000000000000000
0. 0000000000000000000000 (0000000000000) 0
D000 pO00OO0000C0CODO0O0COD. 000000000000 00O000000
0000000 (000000000000)000000000,0000000000
000000000000000000,000000000000000000000
0D00000000. 000,000000000000000000000,0000

*1 JooDOo0o0,000000000000000 O 00000000 DO0OO,00000000D0
00000000000 O0UoooouoOoooOod. Yoshifumi Shiraki and Yoshiyuki Kabashima,
“Cavity analysis on the robustness of random networks against targeted attacks: Influences of
degree-degree correlations,” [Phys. Rev. I 82. 036101 (©American Physical Society

23


http://dx.doi.org/10.1103/PhysRevE.82.036101

24

020 00000000000000

gooboboobbooodooooooobooobobobodooooooobooboooboo, o
000000000 0000000 pk) xk~*00000000000000OOO
gopoooono.
oo, UU. oo OoaQ
goddddooooo,bbbb, o oouuooooooboooobobobobo
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ggoooooobobobobbbo. bbbbbobobooboobobobobboooo,bbbobbo
gobobobooooooboobobobooooooboobbodooo. bboooooooboo
00000000000 Cartesian 00 (0000 0D0O0O0O0O0DOODOOOOO)0OOO
0000000000000000000 @@ 000000000000 0DO0OOOO
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ggobbooooobooo,goboouobbooobboobobooobbooobod
000000000000000000000 [@3]. Cohen0 000000000 OOO
goobobooboboodoooooooobobobboodoog,oggooooo
000000000000 0o00000O00U0 @M@, O00D0oOO00DUoOoDOooOoO
I T A T A T A A I
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gooboboobbbodooooooooobbobbbobodooou, oo bo
00,00000000000000000000000O00COO0O0 EE. OO0O0O0Od
goob,doobbobobbboddoooooobobooobbbbodoooooooooo
O00,0000 «>3000,000000000D00000D0DO0OO,00DDOO
O00000DO00D0OD0D00. NewmanOOOODOOODOODOOOOODOOODOO
0000000000000000 Y. Golstey 00D DO, 00000000000
0000000000000000000000000000O0 @M. 000,0000
O0000, 0000 assortative mixing 00000000000 O0O0OOOO0O0OO
0000000000,00000000000000 [@0,®@]. 00000000000
good. dogooooobobbb, 000000 oooooobooboboboboboon
ggoooo0o. oooboobobobbobbbbbb, oo ooboobobobobobobo
gobodooob.obob,0bgdbobbouooobobooouoboo,boobbboooboo
0000000000000000000000000000000000 [g3, @4, g3.
goobooobo,b0bbbbbddo0oooobbobbbbdooooooooboo
gooboboobobobododdoo,jooooobobbobbbb0douoooobobo
gobobobobooooouoooooboo. gobobobboooooooobobbooooooooo
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goododobooouoo, oo ooodobooouoogooooa
gooooooobooboooooououodoioodoooooooooonoon
doodooobooooobooobbooooboo. ooooooo,0nooooon
gododoboooooooboooouooooooooooooooooooooooa
goodoood. ooboodouoo, 0o oodouoooouoonoa
Ocavity UDOOOD0OO0O0OO0OODO0OD0OD0OUOOOOOOOOO (@3, @A.
oo, 0o ooooooooobo, booouoooa
0000000000000000 (message passing algorithm) 000000000
cavity 000 O0DDO0O0ODO. O00O,D00000000DO00DO0DO0ODDOOODODO
doooooooooooboooobo. ooboooooo,0boooooooon
0000000000000000000000000000000 [|¥. 00,000
gooooooobooboooooououododoiodoooooooooooon
00oo000o0o00o0o0oDo0oU0oo0oUoO0O0oUo0UUD [@. oooooo,
gododododoboooudoooooouoouo,oboooooouoobooooa
gooodododobooudooooouogoooooog, boodoooood
goooobooood.
00000000,000000000000000000000000O00 |23, £g]
godobooobooobooot. oouooooooooooooooooouooogad
o, oo oobooouoboooobouonooua
O.000000,cavityOOOOOO0OD0OD0O0O0OD0OD0O0OD0O0OOOO, 00000000
godoobooooooooooouoooooobooooooooooooa.
godooboooouooouoo. oo, oo ooouooo,oooogao
doodooobooooobooobboooobooooboo. obbo,0000o0oon
gododooooboooo, oo ooooouooooooa
0000000000, 23000,0000000000000000000 cavity O
0ooo0o0oooobooo.24000,0000000000000000000O000O
goodooo,0doogboooouoooooooboooo. toooooooooa
ogogooooad.
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020 00000000000000

22 00O0O0OO0OO0OOoOoboOoDO

gogobob,oobbbobobbobobdoooooooobobobbbobbouoooon
goooog. oo, ggobooboogoobooboooon.

221 O00OOOO0OOOOOODOOOOO

0000,00000000000000 (00000000000000)0000
0000000000000 (0000000000000000), 0000000
00. 0000000000000000000,000000 kO0OO. 000000
0000000000 A000000000000000000 p(k)00000000
000000000000000000000000. 00,000000000000
000 p(k)00000000000000000000000O0O0000000000
000,d;0000000:¢(i=1,2,...,N,NOOOOOOOOOOOOOOOOO)
00o00000o0o0d. k=1,2,...0000,i=1,2,...,NODOODOOOOOOOO
0di=k0 Np(k)DDDDODOD. 0000000000000000000 [@O00
ooOooooooooO:

(P) 00O00DOO0O00O0OO0:04;0000000000000000UDOOODOO.
0oo, (C1)—(C3)ooooo.

(C1) 00 U00000000000000000000000. 000000000
000000 é,j000.

(C2) i4;000000004000;00000000000000000,000
000000¢0,4j000000000000000000O0O0O0O0O00O0O. 00
0oo0o0,q,j000U000.

(C3) 00 UD0O0O000000,000000.000,(C1)000 (C2)000000
0000000000000000000000, (P)O0O0.

0000 p(k) 00000, 0000000000000,0000000000000
OoOO000000 kO00D0C0CO

= JPE) _ kp(k)

>aulpl) (k)
00000000000, 000, (k)=Y,p()00000000000000000
ooo.

(2.1)
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222 0000

OO000o00ooOoOo,0000o00odood0oooooo00ooooooOg koo
0!/000000000000D00D0O00 r(k,)0D0O0DO0OD0O0ODO0OODOODOODOOO,
oo bobbobobbobboobob. bbb, 000Oon
00000000,0000000000000 kOoO0ilooo0 r(k,d)=r(k)0O
ggooboooobooooon.

r(k,)O p(k)0 r, D000, 0000000000000. 000,r,000000
0 k00000000 r(kl)ODDOOOO

Xl:r(k,z) = % =7 (2.2)

00oo00o00o0ooUo0oo0. 0o0o,000d r(k,h)OODOODOOUODDOOOODOO
0o0oD00d0D0O000oooooooDO0. 0oo, 00000000 oooooooooo
0000 /000000, 000000000 ddo koppooDooooooOO
o0
r(k,l) (k) r(k,1)
TR = =
Ty lp(l)

0000 r(k,)DODOODO0OD0OODOOOOUODO. OODOOOOOODOODOOO

(2.3)

rie =1 VK, 1, (2.4)

I A A A I Y

00,0000 p(k)00000000O0UOO0OOOOOOOUUDOOODOOOOOOO
000. 0000 p(k)000D000DO0OO0ODO,000000 rOODOOOODOOO
oo, UL, 00000000 UUUOoG
00000000 knax DOO0OO

F = kg . kmax(kmax - 1) . kmax

max 9
1
- 5 (ernax - kmax); (25)

000000000000, 000 k2, 000000 rgr = rerk, Vk1OOO

S =1, VkOOOOD00,ry00000000,00000000 Emax(Fmax—

1)/20000 kmaxy 0000000000000,
0000000000000000000000000000,0000000000

gooobooboo. oobbobbodooooobbbboooooobbbboooon
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020 00000000000000

00000000000 R, MR, M. 00000000000000000 9000
Oo000O0oO0DOoO0O. ooo,00b0o0boo0bobo0oo0ooo0o0 yjoOoO kOO
Doooodddde 00000000000 O0O0OC0O000000O0. 000000000
goboobooogboboboooooboog:

() O00D0DDDDODOO p(k)00000,00000000000000O0O0DODODO
O000000000. 000,000 (D1)(D3)00000ODOOO.

(D1) OODODDOOODDOOO (v1,w1) 000 (v2,we) 00000000, 0000000
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(D2) DOO0DODOO0ODODOOOO0DOOOO0ODOOO (Jy1,k) 000 (2, k) DOODODO.

(D3) 00 min(1, (ej,j,€kks)/(€j1kr€jak,)) DO D ODOO0O00O00O (vi,v2) 000
(wi,w) DODOOOODOOODODOO.

0oao min(:l:,y)l] sUyU0o0o0o0o0o0oooodd. gggooobbbboooooo
gooooo,on
1 .
R:;ij(ejk_qj(bc)v
9 jk

000000000 [R9. 000

aq:ZkQQk—<quk>2
k k
= (k—l—l)}.)(k:'—l- 1)
>, ip(d)

OoOO0O0O. 0000 ROOODODDODOO,000000000000O0O0O0O0O0O0O0ODAO,
ooo0ooo0. 000,00 (0)0 RO,00000000000D00O0DO (DODODO)
00o000,000000000000000 (D0OD0D0OO0)0000DO0OO0DO0ODOO
00000000000 0000000,00000000 assortative (disassortative)
mixing 0 0 0.

223 0OD0O00ODOOO0OOOOOOOO

goboo,dgobobboodgooobodooobooboooooobooo. ggo,boboaod
gobboooobobboooobboooon.

oooobob 0 j000000D0O0OO0DOODOODDOODDOOO,DDO0OO
oooo,.0y0000000000.0DO00b0O0ObD,bO00b0oO0bOoOobOoobOg
oo, ooooobobobobobbbo,0dgooooooboobbobobobbn
I
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gogodooobobooobobooooo, oo ooobobobbbbo0ooooog
ggoboboogooooboooooobo.

gojooodouoo, oo, oo oOoO
oo, 00U, U000 UUUOQ
ggooboobobooooooobobbodooooboobooboooooo. bboooog
oo0ooobooboobooobDbooobooboooDbOo,0b000bbO 200000
goobodoo. gobobooo, bbb, bbb bbooUobLDbbUoOog
ggooboobooooooobobodooooboobobooooo. bbbooooan
gg,bobobobbb,ogooouoooooooboobobobobbbbbbbbbbobnon
goodooobobooobbboooo, 0o bbbbbb00UoUoo-g
ggobobooooooog.

ooboobooooobooobo,w,b00b0obo+«:00obooboobobobooooo
goo,b0bodoobboooobbooobboogubb.bbbooobbo, o0

gooooooo
S=N"1) (1-W), (2.6)

00000000000. 0000000000000 Uo0o0oo000 (Coooo) o
00000oO0ooooo0o0,S0000oo00000o0ooo000D0Do0oDooDoooooo
Oo0oooo. S0o0000,0000000000000000DODO NODOOODOOO
ggodoooobobooobooboboooooooooobobooboboooo, bbb ooooag
ggoobooooboboooooo.
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00000O0O0E. Do0000000000000000000000000000
gog,boboobobbobboooooooooooag,bbbobbbbobbbbooooon
og.

*2000,0000000000000000000. PaulO [B2)0,000000000000000
gooobooobooobooboooboooooboobooboobooo,bobo0bobo0obobo0boboOoboo
goooooobooboobooboooboooobo,0ooc0boboobooboboboOobooooboOoDboo
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00 (k) 00000000000000000000000000. 000000000
0000000000000 pky) 000 p(k,) 00000000000000 p(k) O
0000000000000, 000 k) = kpin 000 (knin <)ka(< kmax) 00000
0 (k)000000000,000000000000000000000000000
0o.

000,Paul0 7] 00000000000000000000000000000
000,0000000000000000000000000. 0000000000
00000000000000000000000000000000,0000000
0“00000 "000000000000000000000000000. 0000
0 NOOOOOOO (kOOOOO000,000000000000000000000
00000000000000000000 [mm):
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]{52 ~ <l€>N
p(k1) =1 —p(k2)

9 2y 2/3 i
p<k2>=<{2<’“>2<<,ff e /<k>N) .

O00000000000000 NODODODOOOoOOooooo. ooo, k0,000
000000000000000000000000000000, 0000 (k)000
00000000 NOOODDOODOOOOOODODO0DO0000 (o).

0000, 000 Valente-Sarkar-Stone (VSS) 00 O, 00O Paul-Tanizawa-Havlin-
Stanley (PTHS) 00000000 OO.
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00000,0000000000000000000 cavityD [@,@ 000000
gobobboboooooobobobbotboooooobobobbodoogobbbbooog. o
OO00o0obO00ob0o0ooboboobooboobobD,cavityUODODOOODOODODDOOODOO
(@ O00000,0000000000000000000000 (32, @3, [d), 00
gobbogooobuoooobboooobbboooobbbooobbboooobo
ggooogoooobobbbooodoog. bobo,obobbbbbboo,0o0obo
0000000000000 cavity 00DOD0DD000OO0O0O00D0O0O0 [MF, M8, [07.
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gogooooooobobobbobobbbobbb. bbobb,00boobobobobobbobobbo



23 CavityOOOODODODOODOOCOCODO

31

gogodooboboobobobotooodoooooooobo,oobobbbbbobobooooon
gogoboboooobooouoooon.

231 0000OD0ODO cavity O

0000,0000000000000000000,000000000 (0 (28) 0
00)0000000000000000000. 000000000,0000000
00000000,000000000000000000000000000000
0 NOODODOOOOOOOOO O(MnN)ODOO0O000000000000000000
000000 (@ O000000000000. 00000000000000,0000
0000000000000 0000000000000000000000, 0000
000000000000 000000000. 00000000,000000000
000 (28) 00000000000000,0000000000000000000
000,0000000000000000000000000.

0D000000000000000,$00004+0000000000000000
0000!00000000000. 00,00000040000000000000
00 jcavity 0000000 ¢y, =0000 100000; ¢ =0000 ¢y = 1
0, icavity 00000000 (0000000000000000000000000
00000000000000000. 00 ;00000000000 cavity 0O O
0@ @. 00000000000000000,001€8;00000000000
0i000000000000000000000.00000,000 j€0i0000
0 (j)00000000 i-cavity 10000000 i000000,000000000
D000000000000000000 [[iepn; @ 00000000000000
0000000.000,X\j000 X0000 0000000000000, 00
0,000000000000000000000000,0004000 00000
00 (j)000000000000000,0000000000 j-cavity0OOODO 4
0 cavity 00000000 (0 ENOO0O). 0000000

Cij = H Cl—sis (2.7)

1€Di\j
O00. D0000Db0000b0o00o0DbObO0o00oDO0O,b000 cavityd ¢ OO
0000000000 bO0000obOb0o00oUoDbDbUO0. D000 cavity oo o
dood,ddd ;o000 oo ooobobouooon o O,
goooooooooooooao,

0 = H Cl—i (2.8)

leoi
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0000 7j000000000D000000D00000,0000 cavity0DOOd
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cavity 0000000000, () 000000 o, 0000D0O0ODOODODO (OOO).
*OOO0ODOO0OD BO)OOOO (©American Physical Society

0000000000000 0 (DeEmooo).
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0000000,z=y000 6,,=1,000000000000. N 000000
000,00 w 00000000000 000000000000000000000
D00000. 00000000000000000000000000000 [@3). O
00000000000, 00 k0000000000000 O00D0D00(000000
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O00000000000000000000000. 00000, (@’ 0000000
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0000000000000000.000,%,0Y,,=k-1000000000
>, >, - 00000
00000000,000000000000000000,00000000000
0000000000000000000000000000000. 0000000,
$m 0 by 000 mO000000,00000 mO00 AD00000000000
0000000000000000000.00000000000000000000
00,0000 i-cavity 00000000, 0004000000001€di\j000
0000 () 000000000000000000000000000. 000000
0000,000300000000000000000000000000:

1. 0001/0000000000000000000.
2.100000000.
3.000 (4)0ODOOOOoOoO.

00000,000+000 /00000000 m000 k0000000000, (29)
D000000 w0 1—=(1—s8,)(1—bpk)(l-u,)0000000000O00O00O0O
0000000.000,(EW 00000000000, cavity00OOOO0OOO0O00O0O
oooooooooo,

uk::<1——§:7WM(1——&nX1——bka1——unJ>k_l (2.10)

m

ooo.

w, 000 kO00O0ODO0ODOO0ODO0ODO0D0O00O00000000000000000,0
0 k0000000000 W; =w, 0000, (X;00i%) " > 0jek0i 0000
0000000000000000000000,(00000000000000)00
000000000000, w, O, ug Yk = kmin, ..., kmax 000000000000
oooooo,

k
wy = <1—Zrmk(1—sm)(l—bmk)(l—um)> , (2.11)
gooooooooooood. oogoug, ggooooouoooooo
S = pk)(1 = si)(1 —wy), (2.12)
k

gobbooooobbooo. gobboooobboooobbbooooboboboo
ogd.
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0 (@EmoUio () 0000000000, 0000000 r(m,k)000OOOO
ggooooooobobobobooboboobooboobobbooooooooo. ooooog, o
gooboboobboooooooooooobooboodoooooooobooboo,obbo
gobobboboooouobobobtbboooooobbobbdoooobbbboo.oobo
I A A A I A A
goobogooobooooooo.

01 000000000DO0000000DbO00obOooOoboooboog

O0O00,rme =1, Vm,EOOOOOOOOOOOODOOOODOOOODOOOOOO
000000000000. 0000000 b,y 000000000 (bypg =br) OO,
(m) oooo0o0ooooooo.

we = (1= (1= ) (1= byu)(1 = um)>k_1
=(1-U)*" vV, (2.13)

000 U=%7rm(1=5,)1—=b,)(1—-u,)000.0000000000O0D000
00000o0oooo,

U= rmfm(l—1-0)"""), (2.14)

000000000.000 £,00000000000000 (1—8,)(1—b,)000
00.0000,000000000000000000000000000O0000 S
0D,U00000,

Sz(Lﬂﬂ}jMM(L—ﬂ—Uﬁ) (2.15)
k

00000000000. 000 pk) 000000000000 O0ODO0ODOO0OD. 00O
000000000000 (D00 @)ooooooo.

0 (@) 000000000000000000000D0000U0oooOO0ooUoQ
ooooooOoOoOoO. 00000000 O000O00UUUOoODOoO, f, 0000000
mUdooooo,0ogon,

f= (2.16)
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oboo0O0o0obOobOO0O0. bobooobOobDOoobobDoovUvbobUOoOobDOobbOOD
gooooboooboOo.oobo,0o0boooobobob0 U —-00000bDOoboboOoo
gooboboooooboboooob,

:@gj? (2.17)

(k)

000.0000000000000000 (000, EmM)o00000.

02 000000000000 0DOO0O0O00obOOobOoOoboobDOooD

gooooobobbo,obobbbbbtbodooobobobobbbb0oooooo
gogoobooboboooooooboobodooooboobobooooooobobooboo. o
gogooooooooog,

b, m>m/,
bmk - { O, m S m/’ ) (218)

0DO0o0O00. 000,» 000000000000000000000000000.
ooo, f,0 f,000000000000000000000O000000000.
f,=0,000000m<m 0000000000000000000CO, f,0000,

U Srall- -0
E S G R

000.000,%,=5r 000X, =M 000.0000U 0000
0,0000000000

(2.19)

hﬁzl_zm““m_lx (2.20)
ZM (M —1)
ooooooooo.
000000000000000000000,0000 f,=100000,0000
000D000000000000000000000. 0000000,0000000
N00000000000000000000000000

1
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gooobooobooobooot. oouooooooooooooooooouoogad
0o00000o0o0oo0ooooDOoUoUoO, () 0 s000 kODO0DO0DOOOO
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(2.21)



36

020 00000000000000

5,000, (238 0,
S::E:m5m1—sg(1—(L—Uﬁ), (2.22)
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goooouooooboboboooooooooa.

O3 0000000000000
gogobobobbobotbdooooooob,oooobboobobbbobdoooood
ggooooooobobobbbobbbobbb. bbbbobob,oobobobbbbbobbo
ggooooooobobobobooboboobooboobobbooooooooo. ooooog, o
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wy = (1—Zrmk(l—s)(l—b)(l—um)>k, (2.23)
up = (1= Y a1 = 8)(1 D)1 - um)>k_l, (2.24)
S = (1= 9 X p(D(1 - wy). 225

000000000000000000000.

0 () 000 (00) 0000000000000000000000000000
000000000, 000 f=(1-s)(1-b0)000 gy =1-w,000. 0000
(M) 000000

L—yp = (1 - fzrmkym> k_l, (2.26)

Oo0ooboobob. bbooboobboooboobL,ywx10ODOO,00b00DO

ogooono
v =F Y (k= 1)TmkYm, (2.27)

gooboooobobbooouo. ogobboooobobooa

y =Aly, (2.28)

gooooo. ood,
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0. goooooooooon ()DDDDDDDDDDDDDDDDDDDDD

0. 0000000 AOD0ODOQO0OO0OO0OO0OoO0OO,0o0oo00ooooooogon
goobooooooood.
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022 0 (D0 (EO) 0000000, 00000000000D0DO00O0ODO
00000000000000000000000* s0000000000000
00000. 0000000000000 000000000D000O00 (k =4,
k2 =200) 0 R~0(00O0O0OD0OO0OOO0OD)000O0O0OODOUOOOOOOO. OO,
000 kn=4000 k,=1000000000D00C0O0DOO0O0ODOO,R~=-0.10
oOooodboo0oboOd,R=0200000000000000000DO0DOODOO
. gggogpobooboboodoooooobb,ooobooobobooooooooobooboobo
O0.*00000 BOj0000 ©American Physical Society

000000000000000, (™) 0000000000000 0oUuoooo
O0000DO00D0DOO00OD0DO0OD0DO. DOO00,k =4,k =200000000
0447020 0000000000000OOOODOOD. bO,00D00O0DOOO
O00D0O0000 N=10000000. OO00OO, knin =4, knax = 200000
(k) =4.4702000000 Valenter 0 BB D000000000O0DOO00OO0OOOOO
O0000D. 00,000000 k=4000 N=1000000000000,000
00000000 Paul0 [ 00000000000 DO0ODO0ODOODOOOOOOOOO
. jdddddoooooooooooooooobobobbbbbbobooboobobo,d
0000 k1 =4, ke =10, (k) =4.4702000 N=100000 000000000000
ggobobooooboboooobobooooooo.

000000000000000000000,00000 ROOUDO pk)ODOO
O00,000000000000 e 000000000, O0O0,2Z2Z200000
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oooooogooooooogooo r, OO0, 0000000000000 S00
000000 (ER) 000 (2@ 00000. 0000000000000 ooooon,
0000000000000 00000000000000000 M@ O000000
gobobooooooo.

OpP2a00b00dbboobooboobooob,boobooboboobbooobooo
gobbogobobobuoooobboooobbboooobbbooobbboooobo
O00000000. 000000000000000 Newman B9 000000000
OO0 ROODOOOODOOD,0000D00O00DOOOODOODOOOODODOO
go.

24 0000000 0O: D000oobobobobboooooon
ooooo

gogooo,bbbbbbbbbboboo0dddddd00oUUy, LoD Oon
ggoooooooboboboboobb. bbbobbobo,goooooobobobobobobooboobon
gobbboboooooobbobbbooooobobobboooooobobboooo. bbo
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goboboboboogooooobbobooooooboobbooooooboobbooo. obo
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241 OD0OOO0OO0OOO0ODODODOOOOOOO

0000000000000 00000000000000,00000000000
0000000000000000000000000000000000000. 00
O, frr 0 (1 =83)(1 =bpy,) 00000D0000. 00OO0OOOO, (210) O

ulzzo.—Ejrmg%m1—4%0)Fl, (2.29)

m

0000000000, 000000 (=E®)00000

By =y (2.30)
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0oo. 000,

ooooooooo f, 00000000000000,000000000000, O
0000000000000 00000000000. 0000,000000000
oQ,

det[B — E] = 0, (2.32)

O fn0O00OOO0O0OOOO0,00000000000000D0O000DOC0O0.

242 O000OO0OO0OO0OOOOODODOO

0000,0000000000000000000.000000,00000000
000000000000000000000,000000000000000000
00000000. 0000000,00000000000000000000000
000 sO0000000,0000000000000000000000000000
00000. 000000000000, fa= fike = feok, 300 fr = fork, = Sk,
0000000000000. 0000000000 s0

g = {(1 - fa)p(k2)7 0 <s< p(k2)7 (233)

p(k2) + (1 = fr)p(k1), s> p(k2),

O0000000O0. 0 (E33)0000000,00000<s<pk,) 000000
0000,00000000000000000000000O,0000000000
00000000000000000000000000000. 000000000,
(=x2) 00000000000

Ay —1

S¢ = <1_A22(A11 _111)_,412,421)1’(’”)’ (2.34)
gooo. booog, oo S>p(k2)DDDDDDDDD gooO0ooooooono
go00oo0o0oooooooo0oooo0oooooooooooooouooooooo
ogo,0o00oogn (IZ:ETZ)DDDDDDDDDDD

5o = plks) + (1 - i) pky), (2.35)

ggoo.
030 EZado0o0og vsSoooooo pTHSOOOODODODOOODODOO
0000000000000 00gOo. OO vVSSOoooDooooooO, knn = 4,
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00000000000 0oooOoooO. PTHSOODOOODOOODOOOOO RO
0000000000 O0OOooOo. PTHSOOOO ROODODOOOOOOOOOO
P3000000000000. *000000 [BOj0D0O00 ©American Physical
Society

00000000 R(x—-02700000,0000000000000O0000DO00O0
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000000 (joint sparse model, JSM) 0 DCSOUOO0O0OOD0OO0O0OO0ODOOOOODOO
000000 [e4). JSMOOD0OOD 30000000000, JSM-1000 JSM-30 20
goood,dgodobooodoodonoooooooonooooooooooood
goooobdoobooobooobooonoooonoo. gobooouoooog,
godboodooobooudooobooouooooboooooooo,onoooa

*1 oooooo,0bo00oooboooobooooa [E:I]] goooooobobo,boboboboboo
O000000O0O00O0oooOoOoO0oooO. Yoshifumi Shiraki and Yoshiyuki Kabashima, “Typ-
ical reconstruction limits for distributed compressed sensing based on ¢2 1-norm minimization
and Bayesian optimal reconstruction,” [J. Stat. Mech. (201I5) P05029.
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030 0000000000000004

g0, ooboooobobooobo.bbbobobo
goooboooo,0obboogooobog,dgooboboooooboboooo,gbo
gooooooog.

00000000 (multiple measurement vector, MMV) O 0O [0, [0 0000
OOoo0o0oo JsM-2000,00000000000D0000000DO0ODOO0OOOO
0000000000000 0000000000 @@, 05 DO0000O00O000,
ggobooobbooob, bbb booobbooobbooobboobo
gooobobooguobbob. booguobbooooobboooobbobooooo
gogouoobbbooouoobobooooobbbooooobbboooooobo
00000000, 000o0o0ooU,0oo MIMO OO (multi-input multi-output
communication) , 00 0000000000000 00OO [p4). JSM-2000,000
00000 8 0,0000000 07, 0000000000000 |00, 08 00
gooodooob, oo ooooooobbboobbboboooa.

O0000000oOoOooo CSo bCSooooo,o00onpooooooopoooon
gobobooooobuoooobobuoooobobboooobobboooobboooooboo
O00. 00000 CSO000000O,0000000o0o0o0oooooooooon
00000 52,9 63; D00, 00000000000, DCS0000000000
00000000000000000000 @O0 000000000000000
goobod. boogg,bbogooooooobboooooooooobb,oooonoo
gdddddddddooogooooooooooboobobbbbbb,o00o,bbbo
DO0O0000000O00 [69).

Oooooo,JSM-2000000000 ¢;000000000000000000
O00200000000000000000D0. OODODO0ODDOOODO,000D0
00000000000 B0, 09,20, 0000 [, 0000000,00 CSOO
(3, 00000000000000000000 @ 000.0000,000000
000000,000000000 (mean square error, MSE) 00000000000
OO0o0ooo. o0o0,¢,;00000000000000000O0O0O0O0O0O0O0GCOOO
o0, oobooooboboooboooob. bbo
00000000,00000 (belief propagation, BP) [@ 000000000000
000000000000 000000D0O00oOooO. MSEODODOOOOOOOO
gooboboobboodooooooooobooobo,bbbbbbb00ouoooooboobo
goooo.

gobboooobbooobbooobbooob. oobbo,bboobobbooo
O000000,000000000000000.83000,DbCSO0O0nDOoooon
000 JSM-2 (MMV) 000000000000 0OO. 000O0,JSM-2000000



3.2 0000
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000 ¢;0000000000000000000O0O0COO0O0O00O0O0O0O0O0OGOOO
0000000000000 B30). B@0O00,0000000000000000
BPpOOOODODODOOOOOODODOODO. ODOO,000000000D00D000
0000000000000 000000000000UOO000 (BE@@O). 0ooo
gogoobooooooooon.

32 O0O0OO

0000000000 CSOOoO0o bCSODODODO0DOU0ODODOODOoOO. OO
0 3000000 CSO0000DO00O00UDoU000 (00000 ODO0OO0OO
0000000000000 00000U0UD. 00 W@ oooOo,cSO0uoon
o0ooOo,bCSO0O0JSM20000000000000000D00D00O0DOODO
goooodoooooobo. toddooooooooouooooboo, ood
000000000000000 (state evolution method) 00000 4, 00000
00 James-Stein 0000000000 [ 0000000000000 O0OOOO
(approximate message passing, AMP) 00 0000000000000, D000, O
0000000000000 XP0000000o00oo0: 000,0000000, 0
000 JSM-200000,00000000000000000000000,, (&3]0
oot ooobobooooooobobooooooo. o
0000 X@P00000000000o00o0o0o0oo0oo0. Dooo,0000
O00,00000000000000O00000O0000 MSEOODOOOOOOO. O
0 [RICH000,000000000000 (spatially-coupled sensing matrix) 0 O
goooob,gobooobooobooooooooooo. ogooog,oogd
O0DO00o0ooOo CcSODooooooo,oo0 bCSOnD0OooUoooooooono
go. o, jggdooooon, bbb ggooooooon
goboboogoooboooobobobuooobbob oo, bbb buoooo
000000 (0000000000 0)0D0O000O0DO0OUO0OUOO0DOOOOO
goooooo.

O0o0ooooooooOo,0o0ooDooooooo MMVOOOODODOOO AMP-
MMVOOOOOOOOO @8 0000000000000000O0O0O0O0OD0O. BB
ooooo, AMP-MMVOOOOOOOOOOOOOO.
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030 0000000000000004

33 0000
331 000000000

CSpI,R2 000000000000000000000O00D0O0DO0OO0O0OO
O00000,000000000000000DO0. CSO0D000OOO0,000000
0,x"c RV, 0000000, 0000,00000000000000,00000
0.00x00000000 pN=KOOOO0OO,00000000 K-sparse D00
goodd. g pggooobooobobobbb.obobobobbn yGRMXlEHjD
goooo:

y = AxY, (3.1)
000000000000, 000 AeRMXNOQOOOOO0O000,0000 00
OD00M=oNOOOOOOOOO. yO AOODOODOOO,000x00000
0. 0000000000000 00000C0DO00O00DO0ooooO noo0oooo

0o,
min ||x[|1, s.t. y = Ax, (3.2)

00000000.000 |x|, =X~ |x[]0 x4 0,40000:0000 x0 0
0000000000000. 00000000,0000000 M<NOOOOOO
0000000000000000000 [Bl. 000,CSO0000000000000
0a=p, 000000000000000000000000000000O0O0OO0
oooooo.

00 DCSOODONOO0ODD. 00000 JSM[E@ 0000000000000
00.000000CSO00000,DCSOO00O0OON,

yg:Agxg, g=1,2,--- .G, (3.3)

000000000000, DCSO000000,00000¢=1,2,---,600000
00000 {y,}$,0000000 {A,}¢,00,0000000000000000
00D000,00 {x9}¢,0000000000. 00000000 [@8)0000,0
0000000,00000CSO0000000000000000000000,000
000000000000000 (6. 00,JSM-2000000000000 {x9}%,
0000000000,0000,000000000000000000000000
0000.000000,JSM-20000000000000000,

G G
Po(xlaan e 7xG) = (1 - p) H 6(559) +p H wg(xg)v (3'4)



3.3 0000 51

000000000000000000.000,46=)0,(x)00000000000
000000000000 0000000000000000O0.
(00000000 [CZ]

G

min E
X1,X2, ", XG £

’ =1

(xq[7])%, s.t. yg = Agxe, Vg=1,2,---,G, (3.5)
g=1
0¢0000000 (BE®@)0JSM20000000000000000000O0000O
0. 00000000,000000 (nonlinear programming, NP) 00000000
dooooobobobobooooooooo, b0 ooooa.

ooo0oo00o,4, 0000000000000, 000000000000000A0O
0000000000. 0000000 @) 00000000000 oooooooo
U, gogbgouoobooouooooga

G
xpoes = [ ] dxe x, Pk [y} on (A, (36)
e=1

odn

x 1G G G N __ P({Xg}ff:p{yg lel{Ag}ff:l)
P limlvadom el = =50 e Ay

G
000 P({yglgoi {Ag 1) = [ TTg—1 dxg P({xg gl {yg} oo [{Ag}gL,), DO D DD
00 (minimum mean square erros, MMSE),

G
MMSE = N~ <<|{xg}§i_1|2> [ TLdvaP Uy S AN () o irpe |2> ,

3.7)
00000000,0000000000000000000000000000,000
0000.000, ()0 (e, 00000 PUx}E,) = T, Po({alil, Y5
0 P({xg}5 1. {yg}5mi{A,}S.,) D0000000000000000, (), OO
0000000000000000.

0000,0000000000000000000000 (E3)000000000
00000000. 000000,JSM200000000000000000000,
00000000 (B8 0000000000000000000000. 000, (&3)
0OBPOOOODOODOODODOOOOD,000000000000000000000
oo.
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030 0000000000000004

34 OJO0O0O0Ooooooo
341 (,,00000000O0DODOOCDOO

l,,000000000000000000000000000000000, (B3)0
00000 {x)}5, 0 MSEODODOODO {A )5, 000 {y,}5., 000000000
0000. 000000,000000000000000000000000000.
000000000,000000000000000 (850000 400000,0
000

— N G (x4[i])2
e 621:1 Zg:l( g[]) H§:1 5(Agxg_yg)

ZeQ’l(B;ylay% e 7yG)

14
Pﬁzl(Xl?XQa"' ,XG|Y1aY2>"‘ 7YG) -

Y

(3.8)

oooooo. 000 Z%'(B,y1,y2,-,yg) 0000000000, O (BR) O
B—oc0000000,000000 (B3)00000000000DO. 0000DOO,
(b, 000000000000000000,B8—000000000000 (BR) O
0000000000000000000000000000000000000
0000000000000 0000000, (B 0000000000
00 {A}5., 000 (yg = Agx), Vg = 1,2,---,G 0000) {x5}5,
Do00DO0O00O0O0O0ODO. 0DO0DO0OO0OO0, 000DOO0OO0OO0OO0OOOOO,
f2r = —(BN)Inz%(Bi{y,}5.,)) 0000000000000 O0O00D00,
0000000000000000000000000000000000. 00
O, [--]000000000000 {A}5, 0 {5}, 0000000, 000
0000000000, 000000, 0000000000000000000
000000000000 00000. 0D00D000O0000,00000000
(BN)~HIn Z%21(B; {yg}g=1)] = limu0(9/On(BN) 1) In[(Z%1(B; {yg}g=1))"] (2]
ooooo.
D000000000000000000,00000000 n00O00OOO,

(Z€271(67y17y27 e ayG))n
T awe 1T (8 S /S o2\ TT T “
= [TITTax TT (e V=) T T otans v, (39)
g=la=1 a=1 g=la=1
00000000000, 000 x4,Vg=1,2,...,G,Yn=1,2,---eNOO00OOOO0O
000000000000.0 @30 {A )Y, 000 {x)}¢,0000000,00
0000 Q% =N"'x¢-x0,a,6=0,1,2,...,n; g=1,2,...,G, 0000000000



34 0000000000

goooddono. o0 e=00b0b0U000bbOU0oO0bObODUOUOO0ODLD. OO,000
000 (replica symmetry, RS) 000000, 0000000

Qg, (a=b=1,2,...,n)
, a>b=1,2,. nb>a—12
Qi — J % ( o (3.10)
mg, (a=1,2 nb—Oa—Ob—12 , M)
p (azbz)

0000000000, O (BA) 0000000000 vy(z,) 00000000
dg(zy) = e %/2//2r 00000, 0000000000 Q=@Q, q=g¢q,000
m=m,000000000000000.000000000000,0000000
0000000 B—o0o000 N—ooODODODDOO,

o =extr { Ga(@ = 2m+ p) + Grum — GeQ + GXx
) 2% 2 2

G G
+(1-p) [ T] D203 @ +p [ T[ D23+ i @)} (3.11)

000000000000, 000, extrx{G(X)} 0 X OOODOOOO G(X)
Doooo, © = {Qmx,Q,m X}, Dz, = dze %/2/\2r 0O DDOOO,
z=(21,2,...,2¢)L €REXO0O0000O. OO,

¢(h,Q) = IIllIl {—X x —hTx + ||X||2}, (3.12)

000, ming{G(X)}000 ¢(X)0OO0O0O0O0O00. 0 (EmM 0000000 &
oooo.



54 030 0000000000000004

0 (E@@moo0oo0ooooooooooooo.

2QQ/H 2o (IVRal ~ 1) o(IRall ~ 1)}
{(Wiial - 1) o(Iviriral - 1)}, G13)
m = Pm/r[ { Qwﬁf%%b Q@H¢§I%Mb—g},@M)
3 {ZTZ(|v’zH ~1)e(ivis: 1)}
_Q—f)/ﬁng{z (Hx/xT ; 1>@||\/mz||2—1)}, (3.15)

g=1
i —2
N .. C L ) (3.16)
X X X
000 ©(X)0000000
1, X>0
ox)=4¢ " == (3.17)
0, 000000,

00000. 00000000, EmO0 QOO0 mO N-'({(|xg*), 000 N~1(x)-
(x,)*), 000000000. O00,00000MSEOODOOOOOOOOOD,
mse = N~ 1((|x5 — x,[2))g, O

mse = QQ — 2m + p, (3.18)

0000000000000, (B3@¥) 00 (838 000000 MSEOOOODODODOO
ooog.

B —oo00000 {x)}5.,0 (B8) 000000000000, Q =m =

H%P:pDDDDDDDDDDDDDD.DDDDDDDDD,DDDD(EE)D
000000000000D000000000,000000000000000000
000000.00,000000«00000,00000000000000000
0D000000. 000000,«0000000000,0000000000000
a.(p) 00000000000 DODOODO. DODODOD,00000000000000
000,00 BE@0O00000000000000 a(p)00DD0OOOOO.

0 (33), (3@ 000 (33 0 (3dm 0000, 0000000oooo,Goo



34 0000000000

oo0o00oOOo,00000Db00 xbooooog:

0= <1—ﬂ>\/g${e‘2? > &G RXT NN
k=1 k=1
—V2re (G—1,$>H<%>}—%, (3.19)

0000O0. 000, Hz) = [°Dt000, K000 &k1)0O00D0DDOOO
Ek,)=(k—1)1/(k—2/-1)'000000000.000000000 x00000,
0000, (EE 0 y00000000000000000000000000:

G—1

) = =) %5{ 3 (G + 1) — €0,k S
k=1
G-1 1
+V2r¢ (G +1, T) H <ﬁ) } + P (3.20)

00 xO0OOODOOoOoDbOOoDoooooo.
000,GoO00D000,x000000000000D00000DOO0OO0O0DOOood
gd:

Pt
+\/27R¢ (G,%—I)H(\}?)}—é. (3.21)

o000ooO0oboO0o0 xyOoooo,b0b0b0 xobooooobo,

G
i __
G—2k

OKC(P) - ! — P {6_25‘ Z (S(G-i- 1,]{3) — f(G, k,’))X— 2

k=1

2;5 (G, g - 1) H (\/1%) } +(1—ple = +p,  (3.22)

gogoboboooobooooon.

342 O00O0OOO0OO0O0OOOOODOOOOO0

00000000 (B8 000000 4, 00000000000000000000
oo, iU, UUUO O



56 030 0000000000000004

fPwes = —N-1[n ZBwes({y,1¢ ))0000000000000. RSO0000,00
00000000000000000000000000000,0000000000

- Ga(g—2m+p)  Gua . GQQ  Giq
Bayes _ _ —_vv 1
f = extr { 20— + 5 In(@Q — q) + Gram 5 5

G G
—/degpo({xg}gzl)nnzg
xln{/deg {xg}g 1)exp< Q;’ xTx + (v/§z + mx° )TX>}},

(3.23)

00oO00o0ooooog. 000, x0 = (29,29,...,20)7T, x = (21,22,...,20)7,
Z: (217Z27"‘7ZG)T7 ®:{Q7q7m7Q7qA?m}DDD

1)

nb>a—12 ,n)
z“wmbzaa:Qb:LzHWM’
0)

S
I

1,2,.
o 1,2,.

A~ o~~~
Q

@‘)—‘@‘@‘
|

Q 9

Ps

000.0 (BEW®) 0000 AE20000.

000000000000000, 00000000 p0000O0OO0O0OO
000000000000, 0000 P({ze}s,) = P({ze}se,) 0ODODODO,
PBwes({y 3 {A }S,) 00000 (000D00000) 0000000000,
{A,}¢, 000000000 {y,}5., 000000000 {y,}5., 00000000
000.000000000000000000000000000000000000
00000000000 EN0000,000000

(PP ({y ) A" (3o 1Ay =

G
/ TT(AA,P(A,) (dy, (PP ({y, 15, [{A,}S)™Y),  (3.25)

000. 000000000000000,000,{x%}%,,0000»000000
D00, {x}}5,, {x2}5,,..., {x!}¢,,000000000000000000000
0.00000000040000Q=p,¢q=m,Q=0,000§G=/m000000
00,RSO (3@ 0000000000000 0000O0OO. »n—00000,00



3.0 000000000000 000000000000
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n+1000000000000000000O00 (BE®)0ooUoooooooooaa,

2
r 14 m
m = l—p/derr;G— —
( ) e )G ((1 — ) /—1+mG emr/(2(1+m))+p> (14 1n)?

2
T 14 i+ 1
+p/derr;G— N2
(G (1= p)VI L7 e=itm)r/@+i) 1, ) (L+10)
(3.26)
(6%

= (3.27)

00000000000000. 000, Pe(r;G)0000 GO r0Xx?00000
oo.

MSEODOOOOODODOOOO a0 pO00000000000O00O00O000000O
000000000000, O (B8 000 Q=p0¢=mO00000000
mse=p—mO000, (B2 0 (BE2) 000000000000000. 00 [@® O
000000,000000000 (83) 0,000 m=p0000,a>p00000
000 - 000000,a<p0000000000000000000000. O
000000000000 000000000000000000000000000
0000000000 adp) =p000000000000000. 000000, 00
000,e000000000000000000 asp) > aclp)=p00000000
0,00000000000000. 00000000000000000000000
00000000000,0000000000000.00000,000000000
(BZ8) 0 (BZ2) 000000 a,(p) 00 0000000000000 0000000O0
oo.

35 J0ooooooooooooooooooogod

0000000000000 NPOOOOOOOOOOOOOOOODOOOOO
oo o. 0,000 UUUUOo Q@
gogooogoooooobo. oo ooboo, oo ooood
00OO0o0O0o0O00obO0ooO0ooObOOobOOo,BPOODOO0OODOODODOOODODOODODOD
O0. BpO,000000000000000O0,000,CDMADOOOODODOOOODO
(code division multiple access multiuser detection) [[Z8], 000000000 CSOO
¥, 00 1-Bit CSOU0 @, 0000000,00000000000000000O
OO00O00. 00d0o,00db00o0oodooooooogooogooooog, JsM-200
0000000000 BPOOOUDOODDO. U0, @A 00,000000000000
0 JSM-2 (MMV)OODOO0OOO0OO0O,00000000000000000000O0. O
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030 0000000000000004

dod,dddboobooooooooooouoo, oo0ooooouoooooooa
JSM—?(MMV)DDDDDDDDDDDDDDDDDDDDDDDD.
0000 P({x,}5, [{A Y6, {y,}¢.,) 0000 D BPO,

Mi~h(x;) = Z;M (i) T M () (3.28)
VN
M) = i [ TLboM ) Pl (AL, (329)
J#i

O00D000000000. 000, Mis,(z) 000 Myi(zg),i=1,2,...,N;u =
L,2,...,M0O2MNOODODOODOOOOO,Z7+000 Z7'0 [dx M7k (x;) =
[dx;MFi(x;)=10000000000000. 00,0000 x,00000000
00:0000000000000, (x([i],x2[i],...,x¢[i])) 000. 000000000
0oooo0o0g, (8329) O

1

Mi(xz‘) = i

P(x;) [T M7 (%), (3.30)
Iz

000000000000000, P (x{A}5 {yst5e) =

ST dx P ({0352 {AG Y0, {ye}5-,), DO0OD0O00. 00, 20000000

0.0000,0000000 P(x,)0 BW) O P(x;)000000,0,,—0000

Doo000o0oo0oooooog,

{5 e} )

g

0 (829) O P(yul{x,}5;.{A,}¢,)0000000. 0000,000000000
0,0000 M;,,(x,) 00000000,
CLz_HL = /dXZ .’L‘giMi_)“(Xi), (331)

v;_)“ = /dxi azgi/\/li_)“(xi) - ajg'_”ﬁ, (3.32)

goooo.
gooooooooog,

G u—)z
u—)z u—)z )
MHETH (%) = = s |_| { a: i T hy }, (3.33)




3.0 000000000000 000000000000
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gogobooooobo. oo ZM_H'DDDDDDDD,DD

AQ

Jh U (3.34)
! Y i Aguvy "
i Agpi Yogu = D2 Aguiay ") (3.35)
g = S A2 ol 7 |
J#igpg Y

000.0 (B33) 000000000 B3I0O000.
0000000, B82W) 0 (B30 (B[ O00000000,Z-+00000000,

1

Zi—)u

G v—i
P (x: _ zwﬁu Jg ” 2 By

g=1 vF#EW

Mi—m(xi) —

0o0O0. 0000, (831, (B32), (B3 000 (B3\) 000000000000000
000000000000000000000,000,0000 ¢000000¢00
000, 4,000,

1 .
fi“gz' = Qg = /dXz' xgiZPO(Xi) HM“_”(Xi)a (3-37)
¢ p

ooo.
000000,00000000000000 ¢,(z,)0000000000 N(0,1)
00000. 0000, (B3m), (B32), (B37), 100

1
Vgi = /dxi m?;iipo(xi) [T M) = 0
¢ H

ggoboboooooooooaon,

a;—)ﬂ :fa Z JV—)?:’ Z hl/—)i,g , (338)
v#p (g) v#p (g)

Qgi :fa ZJM_M.:ZhM_Mag> ) (339)
n "

vgﬁu =1, Z Jv%i’ Z hu%i’g , (340)
v#p (9) v#u (9)

Vgi :fv Z Jlu_)ia Z h/l«—ﬂ, g) ) (341)
1 1




60 030 0000000000000004

oo0. 000,00,

pY; . e B
(X, Y, g)= 19 VIt S 42
f(p,g)lJng>< II 5%% 1+&J+p (3.42)

£=
fv(X,Y,g)z{leg( o )}

G Y2
X (L—mIIM1+ngp{—ZTf}5}+ﬂ ~ fa(X,Y,g),

(3.43)

gooobo. oo,

J“%izxjwﬁijﬂ*i.“ JW%%,h“*i:(h“*ih#*i.”7hg*5,
G
;éz:( )JV—)’L :<Z Jl/—m ZJU—)’L’ ., ; Jgu—m Z JV—>Z>,
v#u (g vEL
goo
G G
Z hY 7t — Zhu%z Zhl/%z“. Zhgﬁz’7zhéﬁz)
v#p (9) vEL v=1

000. 000000000000,00000000000000000000000
000000000000000000.
0000,000000 4,000 AV(0,1/M)000000000000. 0000
0 NODODODOO,00000 ¢i*# 000+ 70000000 000000000
00000000000000.000000,[@I0000000000000000
00000000000000000000000000000. 000,

Z JET Hgi =Y hh, (3.44)
n

_ 'A ize
2 Aguity ™" V,, = ZAW i (3.45)

wg:u' Z A Z—)}L
gui?

OO0DOO00O. 000 NODOOoDbOoobooooo,

A2
o gut ~ gl“
Kgi _Z V _ A2 1—>u Z (346)
iz 9/“
Agui(Ygu _ijéz Agua g gm ag "
ty = 3 P D 3 i+ 3T s

% gui?
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goo.odn

a;—w :fa(Ki - (ng_nl)gaH' - (hg_)i)gvg)

Ofq Ofa
~ . . /'L_H' M—)Z
~fo(Ki By g) — Jp 7 S5 (K, Hig) — b 2 (K H ), (3.48)
0 J,-; 000 h#_wDDDDDDDDD,(BIZ)D,
A2 .
ng =~ ZAguiwg,u + fa(Ki7Hiag) Z %, (349)
gp

1 B

00000000000, 000 K; = {Ku}$,, H; = {H,}6.,000. 0000
oo,

~J9u _Zi Aguifa(Ki,Hiag wg afa
Wop = ‘/g,u £ E :Ag;u oY K’iaHiag)
Ygu — ZZ Aguifa (Kz’7 H;, )
= 3.50
v + Wop, (3.50)

000.0000,V,, D

O fy Ofy
gu _ZAQI“ {fv Kquag) ‘]M—H'a_X(Ki?Hi’g) - h,u—n'a_Y(Kz’yHi?g)}

“’25314gusz K, H;,9), (3.51)

000000000000 00. 00000, (828), (829), (350) 000 (BA0) 000
00000000000 000 O(N+M)O0ODDD000D0000D00000000

000,0000000,000000000000 42,0000001/M0000
0000000, 0000, (828), (B50), 000 (B29) 00000000000 w00
00000000000000000. 00000000000000,00 v,; 000
000000000000 x,000,K,=a/%Y,00000.0000000000
0000000000D000000000.

0000000000000 00000000000000000000Og. 000,
0000000 0000, ag and ¥ O apf ™™ = (1 —9)add +4al¢* 0O0O0DO,
xyndated — (1 — y)xold 4 yyhew DDDDDDDD.DDDDDDDDDDDDDDD

o0oobobobo0o eea0nogooo.
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030 0000000000000004

Algorithm 3.5.1BP000000000O00ODODOOODOOOO

Require: {yy}5,, {A )5, set k =0, choose al” Wl O gO KO HY vg=
1,2,....G.

1: while stopping criteria are not satisfied do

2 forg=1,...,G do

3: wékJrl) = K*(yy - Agag(k)) +wy ™
4 Hgkﬂ) = AgTwé(,k) + [_(ka;k)
5: end for

6: forg=1,...,Gdo

7 fori=1,...,N do

s ag = fo(K®, H, g)
o v = fo(K®,HY g)
10: end for

11 a(k+1) = (1—)al (k) 4 yanew
12: oo =2 v /N

13: X(kJrl) _ (1 X —(k) +yxe
” KD = /X(k—f—l)
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