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Abstract

We propose a dynamic differential Bayesian networks (DDBNs) and nonparametric regression
model. This model is an extended model of traditional dynamic Bayesian networks (DBNs),
which can incorporate temporal information in a natural way and directly handle real-valued
data obtained from microarrays without any transformation. In addition, it can cope with differ-
ential information between gene expression levels, without any loss to the traditional advantage,
i.e., the capability of estimating non-linear relationships between genes.

We apply DDBNSs to analyze simulated data and real data, i.e., Saccharomyces cerevisiae cell
cycle gene expression data. We have confirmed the effectiveness of our approach in the sense

that some edges have been successfully detected only by DDBNs, not by DBNs.
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Algorithm BackF'itting
begin
for k£ :=1 to p do /*initialize*/
Yr(0) = 05
o2 =l y |12 /n
end for
t:=0;
while (0(21; (2 )) > ¢ do
for k :=1 to p do /*for each variable*/
1 g
Y(e+1) = (BJ Br + 16k DjigDia) Y By |3
k'#k
end for
P
oty =y =D Biviw
k=1
t:=t+1;
end while
Y=Y
£2 . 2
6% = 0p
end
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Algorithm LearningN etwork Algorithm Metropolis
begin begin
for j :=1 to p do /*for each variable*/ for i :=1to M do
P; :=0; BestP; := P;; NewP; := Neighbor(P;);
Score := Score(P;); NewScore := Score(NewP;);
BestScore := Score; AScore := NewScore — Score;
T :=Ty; M := My; Time := 0; if AScore < 0 then
while Time < MaxTime do Pj := NewPj; Score := NewScore;
Call Metropolis if Score < BestScore then
T := decrease(T); BestPj := Pj; BestScore := Score;
M :=increase(M); end if
Time := Time + M; else
end while if RANDOM < exp(—257¢) then
end for Pj := NewPj; Score := NewScore;
end end if
end if
end for
end
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gooooooooon Bayesian Network BN
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0000000000000 00000000000000000000000000000
0000000000000 0000000000000000000000000 32200
000
0000000000nxp000000 X = (21,...,2,)  00000000000000
00n00000000p000000; = (zi1,...,25)  000:000000000000p
00000000000000 ;000 ¢000000000000040000000000
000 ¢ 0000000 p;; = @%PWQQFDDDD

000000 100000000000000000000000000000000000
sfsfsis)sls

flxin, . xnp) = filxn) fo(zaler) X - X fo(@n|2n—1)

= fi(xy Hg (wi1|pi—y 1 e X gp@:ip’pz‘—l,p)
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fi(zi|zi1) = 91($i1|19i71,1) X X gp(m’ip|pifl,p) (4.2)

0000
0 (41)0000000000000000000000000000000 gj(zyglpi_y;) 0
000000000000000000000000+4—100040000000000000
000000000000000000000000
0000000000000000000000000000000004-10000000
00000i0000000000000000000000000000000000000
00000400i+1000000000

di =41 —x; (4.3)
000d; 0040000 (n—1)xpO0O0O0O0OO0O0 DOOOODO

f(X,D) = fi(z1)foldiler) for(z2|di, @1) X -+ X fr(dn-1]@n-1)fr(Tn|dn-1, Tn-1)
= f@) [[{fi(dia|mir) fior(ildior, @i1)}

=2
n—1 p p
= fl(wl)H ng(dij‘pi,j)ng’(x(i—i-l)j’dijaxij)
i=1 | j=1 Jj=1
p n—1
fi(z) TT |1 {95 islpi ) g () ldig, i) }

j=1 Li=1

(4.4)

gooooooo
firi(dilz;) = g1(di|pi1) X -+ X gp(dip|Pi ) (4.5)
fivv(Ti1ldi, i) = gr(Traldin, wi1) X - X g (T (ig1)p|dip, Tip) (4.6)

goog
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gobooboogno
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fl(wl)DDDDDDDDDDDng(dij|pi7j)|:||:||:|DDDDDDDDDDng/(l‘(i+1)j|dij,.Iij)
ogo0o.0000000000000«+1000000000000000000000000
ooooooboogoo
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000000000 f1(x) 0000000000000 OO0OO0OOOOOOODODOOOOODO
pgoooooodo pdoo a%jDDDDDDDDDDDDDDDDD

Si(z1;05) = Hfla (15:65) (4.7)

7j=1

oooooodao
1 w1j — pj)’
f1j<1'1j;0fj)=exp{—( J 2 J) } (4.8)

271'0% 2013’

000086y = (my,0%,) 0000000000000
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oboob 312000000
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dij = Wij + Eij, E€ij ~ N(O,O‘2) (4.9)

00000000000 000000G=1,2,...,n—-1)0(G=1,2,...,p)000¢; 00000
00000000 600000 N(0,07)0000
n; 00B-00000000000000000000000000000000

q5 )
pij = zmk@g]z» (4.10)

Z YY) (p (4.11)
00007, = (110 O b)) = G pR), b5, pI))T 00000 (411) 0
mi(0)) = Yk (P}, (4.12)

D0D000000b,(pY)00000000000~,000000000M,0000000
0000000000000000 30 B-0000000000



040 0O000000O0O00O0OOOCOO 37

0 (4.9)-(4.12)000d; 0 p,, 000000 (413)0000000000000000000
ooo

2
1 dij — p(p; ;)
95(dijlp; jiv;,07) = 2exp{—( — ) (4.13)
,/27Taj 0

00009 =(",--7,,) 0000000000000 u(p;;)0

a5
T b (pd) R
M(pZ’J) _ ;7]143 ]k(pzyk;) (pz,] 7é ) (414)

Hy (pi,j =0)

googd

423 OJO0O0OOOOOOOOOOOOO
0D+:0000000000000¢+10000000 gj(xa,ldi,ay) 00000000
0000000000 (dij,2;) 0000 2430, 000000000000000000000
0000000 Elrgy,l(dij, o) = 0000000000000000
T(it1)j = Hij (4.15)
00000000000000 (43)000

Wi = dij + x5 (4.16)

0000000 (4.15),(4.16) 00 gjr(ey;ldij, zi) O

L (2t = dij + @ij)
i (Tiv1)ildij, xij) = (4.17)
(i)l 235) { 0 (@(i+1); # dij + T45)
0oooo
00000 XO0O0 DOOOOO0OO0OO0O0O0O0O0O0D0O000000 (4170000
95 (@ (iy1)51dij, i) = 1 (4.18)
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0 (4.4)0(4.7)0(4.13)0(417) 0000000000 “00000000000000000
0000000000000’ 00000000000 (4.19)-(4.22)000000

p n—1
f(X,D;0g) = H {flj (215:6;) ng(dijypi,j;ej)} (4.19)
j=1 =1
> 1 (w1y — pj)°
frj(@igs pag, 015) = eXp g (4.20)
\/Fa%j 015
2
1 (dij — 1(pi))
95(dij|p; i v, 07) = Qmp{— d 52 = (4.21)
27raj j
- (4)
T J
Yirbie (i) (Pij #0)
w(piy) = ; TR ! (4.22)
Hj (pi,j =0)

DDDDGG:(O{,...,Gg)TDDDD GDDDDDDDDDDDDDDDDDDDH‘DDD
|:|fﬂ]DDDngDDDDDDDDDDDDDDDDDDDOj:(’}’J,J,ILLU,O‘U) ooo
0 (N’]? jvuljaalj) oooo
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D4aszDDDDDDDDDDDDDDDDDDmﬂUUDDDDDDDDDDDDDD
0000000000000 30 B-00000 (9000000000000 [19,21]00000
000000 Mj 0 My =200000000000000 (3.6)-(3.9)000000 M,00
000 t;;00 hj 00O

My, = My +4=24, (4.23)
tika = mlnpijlz, (4.24)
bik, M1 = maxpf»k’, (4.25)
(4) ()
max; p;’;, — min; p
hik = LTk Lk (4.26)

M -3
gooog
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000006,000000000000000000006,00000000000000

T(0g|A) = H 7;(0;12;) (4.27)
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aj
wi(0;107) = [T min (vl ) (4.28)

k=1
DDDDDDDDDDDDDD)\jkD[||:||:||:||:JDDDDDDD’yjkDDDDDDDDDDDDD

M; 000000

o \ ("Mix=2)/2 12 n\jk 1
ik (k| Ajk) = <n>\k> | K| " exp <— 5 ’ijKjk’ij> (4.29)
J

Ooooo0000K,0M,xM,OOOOOOOOOoO0O0O0O0O0O00O0 20000000

o
M;

. . ) 2
‘Y;;CK]]C’Y.]’C = Z (7(2]% - 271(3;—)1,]@ + ’Y&JZQJJ (4.30)

a=3
00000 K+ 0 (M, —2)0000000000000
000000 GooUOoO00oo «(G)o

(@) = exp{—(0000D0D0OOOD0)} (4.31)
= [lew{-(g+3)} (4.32)

j=1
= [[m, @) (4.33)

j=1

vobdbbbbbn, 00 y00bobdogoobnonououogog

45 0000

0000000000000000000000000000000 (190000 3.3200
000 BNRCOOOOOOOOOOOOO0O0O00O0O0000O00 BNRCy_gynamic D BNRC OO
DO00o00o0o0ooon

451 OO
0 (4.19)-(4.22) 0000000000000 (X,D)0000000 GOOOOOO
[ 1x. D:6c)m(6ain 0 (4.34)

0000000o0000o0oooooo00 «(G@IX,D)00000000O0O0~(G)ODO0OO
(X,D)OoOO0OOoOoUoOooooooOOOooUoUoooOoODODOoOooOoOo

7(G) / (X, D:06)m(0c|7)d0¢

7 (G’X, D) =
G { / ¢ }

(4.35)
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(G| X, D) x 7(G) / F(X, D 06)m(0c|\)d0c (4.36)

00000000000000000 (436)00000000000000000000000
0 BNRCy_dgynamic 00 (437)00000000

BNRCy_dynamic(G) = —2log{7r(G) / f(X,D;Hg)w(Og|A)d9G}

~ —2logm(G)—rlog ( 2771) (4.37)
n —_—

+10g | 1r(6)| — 2(n — 1) (861X, D)

ugbbogobodgbood

1 1
I\(06|X, D) = ——log f(X,D;0) + —— logn(6G|\), (4.38)
0*{l1,(6¢|X,D

0000r0 6060 15(8¢|X,)00000000BNRCy_gynamic 000000000 GO
000000 Gy 00000000
044000000000000000000

p

(0e|X, D)= Y 15)(8;1X, D), (4.40)
j=1
p .
log‘JA 0c) ‘ Zlog‘J ‘ (4.41)
sfsfslsis)sfsls
) 1 1 n—1
1)(0;1X,D) = 7 log fij(15:05) + —— > log g;(dijlpij; 05)
=1
1
+— logm;(6;1A;), (4.42)
. 02{1Y)(6,| X, D)

ey = TG T } (4.43)

00000000000000 (444) 0000 BNRCg—gynamic 00 jO0000000000O0O
gboboboboboboob

BNRCy_dynamic = Z BNRCY

d—dynamic

(4.44)
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i=1
2
—2log 7, (G) —rjlog < T )

n—1

+log ‘Jg)(éj)‘ —2(n— 11 (6,|X. D)

n—1
BNRCY 1 vamie(G) = —2log {mG) / Fii(a15:0;) T 9(dislpij: epwj(emj)dej}

Q

(4.45)
0000r,06,0000000

452 DOO0OOODOOOOO

cDNAOOODOOODOOODOOODOOOODOOOODODnOOODOOODDOOODOOO
ubboobogboobboobuooboooboobooobooboobboobd
«000000000000000000000 2,000000000000000 X@0QO
Ubbdiln, xpOoobObOoobuoobooobooobooooo D(“)DD]'I][I

D\ =x{ — X\ j=1,...n,-1 (4.46)
oooo
mO00000000000000000
X' = (xOT  x'mTT (4.47)
D = (DWT . DMNT (4.48)
D0000000000000000X'@ =W x“NTpopox'o poooo
NxpOOOOOOO
m m
N=> (ng—1)=> ng—m (4.49)
a=1 a=1
oooo
00000000
m
f(X',D606) = [[ #(X™, D“;00) (4.50)
a=1
0ooo
() ~ _ Cloe [ 2T
BNRCd_dymmiC(G) ~ —2logm,(G)—rjlog N> (451)

+log (Jg)(éj)’ — 2N (6| X", D)
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lE\‘?(QG|X/,D,) = Zlog fl] $1] ; Zloggj i |pU ; )
+N10gﬂj(9j\)\j), (4.52)
) 82{Z(J)(9’X/ D/)}
(4) Aj N ’
Jy(0 = — 4.53
% (0c) 06,007 (4.53)

goog

453 0O0O0O0O0OOO

gbobooooboooobooooooooooooooooobooooobooooobooboonDo
gooobooooobooooobobobogoooobooboooooogobDoboboLooDLU B-O
gboboobooobboobooobbooobooobbooboobbooboobobooo
0000 443)0 Hessian OO OOOOOOOOODOOODOOOO

{17 (0;1X", D)} P{17)(0;1X", D)} {17 (0;1X", D)}
log | — ! 7 ~ log |— ! 7 + log |— =
00,00' r 07107 0(73)
| 26X, D) *{15)(6;1x", D')}
+ log |— + log | —
g Opas® & (o)
(4.54)

0000000 B0 Bj = (b)), ..., b))’ 0 Nx M, 0000000000000
0oooo

o2{1{(6;1x", D')} &
log |— A NP log | B Bjx + N&;*\jx log(N&
©8 06,007 kzl{og‘ iwBik + N NG| — My log(No %)} (4.55)
+ {— 10g(26j4)} +0+ {log(m) - log(QN&jlj)}
o000

0 (4.51)0 (4.52)0 (4.55) O 0 O BNRCY

d—dynamic

2
BNRCY (@) = 2 (5 +3) - (Z k+3) log (jvr)

+ Z {log | BL, Bji + N62X\ju K| — My log(N&;%)}
k=1
— log(2<f]4) + log(m) — log(QN&fj)

2 NA; NAjk 1 .

—I—N log (27m] ) + N 4+ mlog (277&%-) +m

(3)000000000

(4.56)
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0 (456)0000000000006,0000000000 (4,4,6;%) 008 =Ao?00
00000 320000000000000000000000000000000000000

) 1 <~ (@

jj= ) (4.57)
a=1

. 1/ (@ . \2

U%j = Z (xgj) - Mlj) (4.58)

a=1

ogbooboooood
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6,20 4,0 ;00000000006 000000000000000000000000
BNRCY (3)000000000 8,;000000

d—dynamic
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e 000000 (Random)

e00D0DOD (SA)
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U43: 000000000O0DODOODODODO

000000
GHC,RHC,SA O O
e 3,000
00000 000 00000 |0000O00000
GAOO
0.01 08(0000) 0.1 5
000 000
GA
100 30
000 000 000000 | 0000000
GA+LOCAL
* 50 10 GHC 5

0000000000 KNNimpute(weighted K-nearest neighbors)JSVDimpute(O O 0 O O :Singular
Value Decomposition (SVD) basedmethod) 0 0 0000000 30000000000000
O000O0OO0OKNNOOOOOOODOOUOOOOoOoOooooooooo [40]0

0o0ooobooboooboboobooo KNNOODooobooboooboo

49 OJ00oooobobboooboobooog

0@456)000000000000000

BNRCg)dynamzc(Gj) = Cj + Fj (B]) (459)
oooo
N
C; = 2log <2) +(2¢; + N +m — 3)log(27) + (2¢; + 6 + n + m)
+1log(m Z| jkly + (m —2)log (61;)
4.60
18 = (2o 2+ Nlog (), o0
Np .
+Z log [Aji| — (M) + 2) log (N Bji) — Jk’Y]TkKjk‘ij ;
k=1

Ajk = BJT};BJk—i—Nﬁ]kK]k

D0D0G;00,;000000000008;=8,1.....8;,)"01;(B8,)000000 8300

Bj:argmin{f‘j(,@j)} (4.61)
B,
good
O000ooO0O000000ooOooOODOO0O0O0O (D41)0000
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Algorithm MinimezeBNRCy_gynamic
begin
begin for j:=1 to p do /* for each gene */
G; = G (0);
while !convergence(BNRCg)dynamic
/Bj = /33' (0);
while !convergence(T';) do /* optimize 3; */
0; := BackF'itting(83;);
calculate I';(3;);
B, := NextCandidate(3;);
end while

) do /* search best G */

calculate Cj;
BNRCY

d—dynamic

(Gj)=C;+Ty;

G = NextCandidate(G;);
end while
end for

end
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X1 = 15.0X3X; % —10.0X2°

Xy = 10.0X30 —10.0X3°

X3 = 10.0X;°%! —10.0x; %1 x20 (5.1)
Xy= 8.0X30X;10 —10.0Xx20

X5 = 10.0X3° —10.0X20

512 0OO0OO
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00000000000000 (200)00 540550000

"http://www.genome.ad.jp/kegg/



49

goog

050

nodyaana apndg

1K
[rwar |
0z J =l te]
TA0W ZIna STIRD
_

FOIRTIL 30201 TRD

[ s [£2]
AW [ WA 9210 S0
SUWIA | FUWAT [eide] £ 0
EWOlW | ZWAl zaQ | qmo
2V xapduroa {aFenrame [ (xardwro) vonmdoosay
SULOEOTL - AL
RN YN | 4 — —— O VNG QnD-TI L) WO W 13U0) D8O
sma et s [ eoud |

OE1R W
J08

Umoag [ erd | ——
n+

meuapuop \ 28] [Oma[ewa] [T
198 d+

EaT0D

—

SATOO0}AUTY PAYIRNEIL)

gres[oaond
payerpaur unmbng )

yarrodyaay s aZeunp ¥H

Aeated fhapanis
Jafwaseaw pUooag

— — auanny
a0

([wuste Sume)
auouwarayg

HT2AD TIAD

053 KEGGOOOOOOODODOOOOOOooDoDooooooo



50

goog

050

054 00000000000 #1(0000O)

O055: 00000000000 #2(0000)



050 0000 51

52 UO0O0O0O0OO0O0OUoboooga

goboooboobooobooboobooob eboboobobOooooobooboboOog 34
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e00000DO0 (GHC)
e000000DO0 (RHC)

e 1 00ODOO (Random)

e0D0DD (SA)
e00000DD0D0 (GA)

e 00000 ODDOIODDODODO (GA4LS)

000000000 »0 7=(0,0.1,0.2,0.3,0.4,0.5,0.6) 0 0 0 ODDBNODBNO OO OODOO
0000020000000000000000000000000000000000000
0000000000000000000000 4100000

DDBNOOOOO00000 52053054000000000000000000 (0000)
oooQ

O52.000000DDBNOOOODOOOOOOOOO

algorithm r=20 r=0.1 r=0.2 r=0.3 r=04 r=0.5 r=0.6
GHC 1476.35 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42
RHC 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42
RND 1951.81 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1507.46
SA 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42
GA 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42
GA+LS || 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42 | 1471.42
053 000000DDBNOOOOOUOOO2000D00D00DODO

algorithm r=20 r=20.1 r=20.2 r=20.3 r=04 r=20.5 r=20.6
GHC 1476.35 | 1480.76 | 1481.77 | 1482.59 | 1484.08 | 1483.24 | 1481.72
RHC 1488.84 | 1486.91 | 1484.88 | 1487.33 | 1486.74 | 1486.97 | 1486.58
RND 1951.81 | 1475.74 | 1473.13 | 1473.71 | 1486.69 | 1537.34 | 1619.78
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