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A Fast Method for Solving Constrained Sequence Labeling Problems
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Sequential labeling is a task for assigning proper labels to the elements in the given input sequence and actively

used in such domains as natunal language processing and DNA sequence analysis.

Conventionally, probabilistic

models including Hidden Markov Model have been used for this task. However,these typical formulation of proba-
bilistic models can only deal with local relationships between elements; they cannot handle non-local relationships.
Chang et.al. proposed to represent non-local relationships as constraints and showed that it yields accurate label-
ing. However, since conventional methods resort to approximate algorithms or integer linear programming (ILP)
solvers, they does not offer any computational complexity. This paper shows that the task can be solved as longest
path problem on a directed acyclic graph (DAG) under constraints posed between edges. We also show that the
constrained DAG longest path problem can be solved by our recently proposed method. The beauty of the method
is that it offers an upper bound of computaional time based on the size of the binary decision diagram (BDD) used

for representing the constraints.
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3.1 Binary Decision Diagram
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3.2 BDD-Constrained Search

BDD-Constrained Search (BCS) %, flfJ>& DAG ®E
BRI Z SR X MR Fikcdh 5. H4AWIZIE, BDD %A
32 LT, BRIIBI S TEfinREDLAE, & THAIY, %
LTI 2 LICk>T, BROREELZHLL, wuH%
EELT 5. T iz REEDIE ) L1k, DAG £ED s — v [H
DOREEDH B, v —t O TZHIIEL WD H B
REORKOAZHET S TH D, HiliREDILE%
fIH)ZECTEELFERZHITIZETES, THAD, &
1%, s— v BEOUDHAEBEICHIRIZ - I hwEahot
RRT, ZOBROBERZIHHYSZLTH5. BCS DML
[Nishino 15] Z 2D Z &,

BCS 3#RICHB T BREZ DAG LD/ —F v & BDD ®
flirin ORT (v,n) Lo TRET S, ZDOXTIE, DAGH
DH D s—v ORI E, D D v—t ORI TR EH
G ZRBILTn3, oo &, HiAE omERM
FEIZAIUIREE (s, 1) (r13V— MHEIE) DORTIRE ¢, T) £
TORAATHRRKDOREEL OV 2R TRIEE L TRHTE S,
BRIZEWTIE, BDD 23 2 L TREEEROZE, FHlHy
Zii R OIREEDHIER, B X Ol REDHE A DRI 1T
TA570, REEZMFLTEE, BARNZTHRES & LTI,
REE (v,n) ICEIET 2 7 O DR % Il Tv][n] I
BIL, 2z

Tlve][n'] = max(T [vs][n] + w(vs, ve), T[v][n']) (3)
WA > CEIVEHIREC X - CTRERIVICERT 9 5 2 & Tz ko
%5, 22T, ' iZBDD OffiiThD, nd6ille Hiliok
BED v, DIREICBIN 2301 BE T 2892 KRBT 5. w(vs, ve) 1F
e = (vs,vs) DEATH S, TXTOIITH L THEHF (3)

B L7d &, TH[T) IR S N2 HEH %2 W7 TR
DRBETH 5. BHNX (3) ITBVT, Tlw][n'] ZIET 3
Tvs|[n] ZAMELTELSZ LT, Ny 7 b Iy 7kIck OV RE
MEBILTE S,

flE LT 228 WT, BDD TEHENBHI F = (e1a A
ess)Vers i TIEM 1 2 SHM T FCORERERD 2, A
Z— DR (1, n1) KBTI T[1][n] =0 TH 3. (1,n1) D
Sillero ZIBD LIRE (2,n4) NEET D, ZDOLE, T[2][ng] =
2 %%, [ARIC e MR EETR|[T]=1 %%, K
ey ZBEEEEEZD, JHM 2 ICTEZIREI (2,n4) DA
THD, ZOWRED S ess B HEILRE (3,n4) ~EB
L, T[3][na] = T[2][na] +w(2,3) =3 L% 5. BIEED FBRIC
BERE Y, T[7)[T] <R S 12 il % iz T/RE DR
MRS,

3.3 BDD-Constrained A* Search

BCS 2 A* fZE % #H L 72 b D% BDD-Constrained A*
Search (BCA*) &\ 9, A* ERIRERKZRDB-HD,
RBELEERT7 LT AL THS, BCA* 13 A* BBRIZLD
BCS 2MER T 22 % T RTHRR T2 L@z ko s 2
ENTELOEERERITETH 5. BCA* HFRICHVS
ta—Y 274 7B5%, DAG LORERIEZME LT
o5 DAG Ea—Y X7 4y 7%, BDD LoEHKEE
R ZLTHEONEBDD Ea—Y A5 4y ZBE, ns
TR [EFHZHV 3 DAG&BDD ka—Y A5 4y 7D =
OBREINT VS, AFETRKEHO#A L, DAG ta—Y
AT 4y 7BEBDAFAT 2. BCA* DOifHid [Takeuchi 15
SO L,

BCA* T3, BEEMEF 2 —2HVLTRICHERT 21R6E
WET S, BCA* D7 LY RLIEAY — b DIREE (s,n1) %
Fa—IOBMT2EIAD06MHFES. R, Fa—IlA>TWw3
R (v,n) DI L, ZNETOREE g(v,n) LTV ETD
HEERIER h(v,n) 2K, ZOH f(v,n) = g(v,n)+h(v,n)
Pikb REVREZRICHERT S, Z0LE, I—NLORE
tT)YDea—YRT 4y 7HBOMHEIZ0 LT3, JOfHEz
TNV DREVEHSNE T THEDIEL, Z2OLED g(t,T)
PREBROREETH S,

3.3.1 DAG ta1—YRTFav 7B

REE (v,n) 26 T —)VIREE (¢, T) £ TOREIKE OHEEM
h(v,n) £ LT, filfZEHL 7 DAC LOTES v 25 ¢t $TD
REEE h(v) ZHWS ZENTES. 2F0D, h(v,n) = h(v)
ELT, BCA* 2179 2 TES, ZOB¥%E DAG £ 2—
VAT 4y 7B E WS

DAG ta—Y A7 4y 7% MW7 BCA* if, DAG E
TREEVSREOVLREEL SIHICHEREZIT). b L, fokwy
DAG I REMEDOEIHIFZ A7 T2 512, BCA* 33—
DREE TIREKICEINITENOAZIER L, BRHCRER
#1525, OFH) DAG ta—Y A7 4y 7% H\7- BCA*
1%, HROEIIZ X > TURRBRENRE (LD S R oEIC
LCHMTH 3.

4. EER

4.1 ERERE

HFIN & RH T XY v 7k LT BCS & BCA*)SHFEM 72
R CRIRECTH 5 2 L 2T O DFEREITH . KERT
FEERE W LR 2 ) . FIRE G R &%, TR
DSHE XM £ o FHAOmsUEE % £ OEREEHE fhi
T5HETHD, Chang 51ZTNZFFISDERINTRY v 7



2.5
2 -
an X
215 1
VIR
&)
m
0.5 1
() HOBRRAMEEN X 0K XX X X%
0 0.5 1 1.5 2 2.5
BCS time (s)

3: BCS & BCA* Dt D Mk

ML L CER L T/, AT, 2 ofilfy-> E %50
S v R HMM 2 o 7255 2 W7 T obitE 217
) ETRE, 2.2 i TlNE X ) IZHilfIA E DAG R
HEE LT, HilfI3 Chang & 2SHEETHI W T W7 12 i

OEFEEIH OO OB Z, FHRERETE L b D% A
%, F£7, HMM D87 X —%13% Chang & 242 L L 7. Fik%
HOTEE L7,

FEROFNE LT, £ HMM % 300 DT —4 %<
L7, RICHEE L7 HMM 2 HWvC, 50 D7 2 57—
FIRT BHlFE LIS 2 BDD # 22U L, il 72
THAHEEZ BCS, BCA*2HWTITH. ZDKRD BDD O
MESEERT, BCS, BCA*DIFATHEEZET 2, lERE L
T, IRBIRRRIC & 2 MRLE L ©— o —F 1 & Zm sk
12 & D HFI 72 TR ARHEE % 4T - 7B RN R 2 e L 7.

BDD D4 & BCS, BCA* 13 C++THEEL, HMM D%
HE V=LY —FIC &k 20 0URE, MRELRERIC X 2 Rk
Chang 5232 BIL T3 Java 12 &k 2928 % V72, Eh
4T Linux64bit =3 >, intel Core i7-2700K CPU, FilE
32GB Tfro 7.

4.2 EBRHER

BCS ORI 3 2 BCA* DR O #Ai X % X 3
RS, IREERERIC X 2HEMBIETIE, 2B YARIZKLD
FHEATRETH - 72, BDD DRSNS, BCS, #Fta—Y 2
T 4y 7 B%E FiV 7. BCA* OFFHERER, NERU#EIC X 55
B o2 £ 1 128,

4.3 EX

ISR IC K 2 AL CIIRR IR E T E 2720, X E
VARIZ R =Dk L, BCS, BCA*TIIHIFER 72 R Ok
BIRESD Z LI LT3, 2k, BDD % v 7 S
IR RHA ) ETH 20K EEZ NS, BCS
& BCA* OFIERHZ KT 2 L, £ Dr—ATBCA* D
HDSEETH B, L L, BCS DHDFEEICK 57 — A BHHAE
L, 2O —ATRMDYr — 2R T BCA* 3K T 51k
RES L BCS OBERT IR & K& %0 o 7. BCA™
DL T HIREHD BCS LR TALRL oA, A
BRI ¥ 2 — DEIEIS 20 B B 23K T BCA* A5
A lrolEtEZ6N 5,

E— ALY —FIZ & 2R RI#EEIE BCA* I2xf LT 100 f512 &
BHICHETRETH . Lrl, E—LY—FTHESNBMHEI
PSSR TIR T, BHIT R v S DOREEIREEAS
2\, FEEICBT 2 BRI SBROTEE 5, —, HERE

BDD H§%
2149

BCS
413

BCA*
29.5

RPN RS
26.6

# 1: HETEOFRERRO P IRAE (ms)

52 BCS, BCA* IZUTlfiF: iz ®t LT 100 5 DRI 2S5
EThH DD, WHEMLRRCIHETRETH 3.
BCS & BCA* OFIFRHIOWNIRE % &, BDD DR
MBI TH % 2 £330 %, BDD DOREFLR R I Hl# 12 ey
T 225, AT GRNE S BNE ea v 87 7% BDD
TEETE, KWL HIRIE EH SR KRE S 22 HALD
3. SEAWEHIDO L, %7 OVIEEENERTIC 2 EPT E
HENTiE AR 20 wIESH D, UMK TH
b,_@ﬁ%%%ﬁﬁéﬂ TOREEEZ D> 5 IR [EAHS BDD M
W00 BIE ORI %2 Fo7-. Kk Y E#IC BDD 2§54 %
HEPEENED, IS HBROBETH 3.

5. fhim

AFETIRHFA & R 7 XY > 72 BCS & BCA* 25H%)
ThHhsZEERL7, BAMIZIZ, HMM  CRF 2\ 7
THEE 2179 BRic, RAofExHE LTREL, 2ol
T EI)BRLERRKROIRY) Y ITWARETH S 2 L&
L7, #LTHEBE»S BCS, BCA* 2% Z & THFEN L
ATERECHIE A R DD Z EMNTEL L EBR L, KRS,
BCA* ZfHlwa Z Tk hmdicako s 2 LITRIL 7.

BiEE
AKIfFED-

EE PG

[Bryant 86] Bryant, R. E.: Graph-based algorithms for
boolean function manipulation, Computers, IEEE Trans.
on, Vol. 100, No. 8, pp. 677-691 (1986)

SRIF BRI (S)15H05711 DBIRRIC X %

[Chang 12] Chang, M.-W., Ratinov, L., and Roth, D.:
Structured Learning with Constrained Conditional Mod-
els, Mach. Learn., Vol. 88, No. 3, pp. 399431 (2012)

[Koski 01] Koski, T.: Hidden Markov models for bioinfor-
matics, Computational biology, Kluwer Academic Pub-
lishers Norwell, MA, Dordrecht, Boston (2001)

[Nishino 15] Nishino, M., Yasuda, N., Minato, S., and Na-
gata, M.: BDD-Constrained Search: A Unified Ap-
proach to Constrained Shortest Path Problems, in Proc.
of AAAI pp. 1219-1225 (2015)

[Takeuchi 15] Takeuchi, F., Nishino, M., Yasuda, N., Ak-
iba, T., Minato, S., and Nagata, M.: A Fast Method
for Solving Constrained Shortest Path Problems on Di-
rected Acyclic Graphs, IEICE technical report, Vol. 115,
No. 344, pp. 9-16 (2015)

[Voutilainen 03] Voutilainen, A.: Part-of-speech tagging,
The Ozford handbook of computational linguistics, pp.
219-232 (2003)



