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A : Set of active partial problems (not yet terminated nor 
expanded) 

N : Set of generated partial problems 
O : set of optimum solutions 
z : incumbent value   
l  : l(P) gives value of feasible solution of a partial problem P 
g : g(P) gives upper-bound value of a partial problem P 
s  : s(A) selects one partial-problem in A 
G : Set of partial problems with no feasible solution or 

 g(P)=f(P) 
f  : f(P) is the optimum solution of P 
D : If Pi D Pj, Pi dominates Pj 

S1(initial value setup): A:={P0}, N:= {P0}, z=‐∞, O:={ } 

S2(search) : If A={ } goto S9 else Pi:=s(A). Goto S3. 

S3(incumbent value update) : 

 If l(Pi)>z then z:=l(Pi), O:={x} (x is a feasible solution 
of Pi satisfying f(x)≧l(x)). Goto S4. 

S4(G test) : If Pi∈G goto S8 else goto S6. 

S5(upper bound test) : If g(Pi)≦z goto S8 else goto S6. 

S6(dominance test) : If there exists Pk (≠Pi)∈N satisfying Pk 

D Pi goto S8 else goto S7. 

S7(branching operation) : Generate child partial problem Pi1, 
Pi2,..Pik of Pi. Set A:=A∪{Pi1,Pi2,..Pik}－{Pi}, N:=N ∪

{Pi1,Pi2,..,Pik}. Goto S2. 

S8(termination of Pi) : Set A:=A－{Pi}. Goto S2. 

S9(stop) : Computation stop. If z=‐∞ then P0 has no feasible 

solutions else z is the optimum value f(P0) and x in O 
is the optimum solution to P0. 
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P0 : Initial problem, Pi : Partial problem,  

AP: Active partial problem list，  

O : Set of incumbent solutions, z : Incumbent value 

start: /* S1(initial value setup) */ 
  AP := {P0}; z = -1; O := {};  
  UB = get_ub(P0); /* Upper bound of P0 */ 

search_top: /* S2(search) */  
 if(AP == {}) { goto exit; } 
  else{ Pi := select_problem(AP); }  
  /* Compute the feasible solution FB and the lower */ 
/* bound LB (= the score of FS) for Pi.           */ 

  (FS,LB) := get_fｓ(Pi); 
  /* If no feasible solution found, terminate the problem. */
  if(FS == no_solution) { goto terminate_problem; } 
  /* S3(incumbent value update): If LB is better than ｚ, */
/* update incumbent solution and incumbent value.     */

  if(LB > z) { z := LB; O := {FS}; } 
  /* S5(upper bound test): */   
  if(UB < z) { goto terminate_problem; }  
 /* Compute inconsistent arc pair list IAPL. */ 
  IAPL := get_iapl(Pi);  
  /* If lower bound (score of feasible solution) is less  */
  /* than upper bound, execute graph branch operation.   */
 if(LB ＜ UB) { BACL := IAPL; goto branch; } 
  /* Lower bound equals to upper bound => optimum solution */
  elsif(LB == UB) { 
    O := {FS} ∪ O; /* Add this FS as incumbent solution */
    /* S8(search more optimum solutions) */ 
    /* (a) existence of an inconsistent arc pair */ 
    if(IAPL != {}) { BACL := IAPL; goto branch; } 
    /* (b) existence of a rival arc */ 
    BACL := arcs_with_alternatives(FS); 
    if(BACL != {}) { goto branch; }  
    else { goto terminate_problem; } }  

branch: /* S6(branching operation) */ 
  /* Generate child partial problems based on BACL */ 
  ChildProblemList := graph_branch(Pi,BACL); 
  AP := AP U ChildProblemList - {Pi}; goto search_top; 

terminate_problem:  /* S7(termination of Pi) */ 
  AP := AP - {Pi}; goto search_top; 
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G: Dependency graph of a partial problem，  

n: Number of words in a input sentence 
FS：Area for saving arc IDs of a feasible solution 
BP：Area for saving the nearest backtrack points 
N(S)：Number of elements in arc set S 
score(FS)：Sum total of scores of arcs in FS 

step1(grouping and sorting arcs): Classify the arcs in graph G

by their starting nodes, and generate the sets of arcs
S1,S2,...,Sn. Sort elements in each Si with respect to their
weights in descending order. Then, sort S1,S2,...,Sn with
the maximum score of the arcs in the set in descending
order. This is renamed S1,S2,...,Sn

。

 

step2(initialize): FS:=[],BP:=[],I:=1,j:=1,k:=1,l:=0 

step3(termination check1): If i>n then terminate by returning
the feasible solution FS and its score score(FS). If i≦n

then goto step4. 

step4(termination check2): If N(Si)≧j then goto step5 else set

FS:=no_solution and terminate. (No feasible solution) 

step5(constraint check): If j>N(Si) （no arcs in Si satisfies the

co-occurrence constraint）, goto step6. Perform the

co-occurrence constraint check between j-th element
a(i,j) of Si and each element e1,e2,...,ei-1 in FS in
reverse order. If a(i,j) does not satisfy the
co-occurrence constraint with element ek (1≦k≦i-1),
set l:=max(l,k)，j:=j+1, goto step5. If all co-occurrence

constraint checks are satisfied then goto step7.  

step6(backtracking): Remove el,el+1,...,ei-1 from S. Set j:=
BP[l]+1, i:=l. Goto step4. 

step7(next node): Add a(i,j) to the last of FS. Set BP[i]:=j,
i:=i+1, j:=1. Goto step3.  
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DG: Dependency graph 
of parent problem

arcj

arci

DGj: Dependency graph 
for child problem Pj

arcj

DGi: Dependency graph 
for child problem Pi
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Remove arcj Remove arci

DG: Dependency graph 
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arcj
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DGj: Dependency graph 
for child problem Pj
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DGi: Dependency graph 
for child problem Pi
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Remove arcj Remove arci

 

����)� %�	�� &�	������

P0

P1

P3

P2

P4

rem : []

UB : 63, [14,2,15,23,18] 

LB : 50, FS: [14,2,16,23,29]

BACL : [(2,15),(15,23),(23,18),(2,18)]

rem : [2]

UB : 61, [14,24,15,23,18]

LB : 51, FS:[14,24,15,31,18]

BACL : [(15,23),(24,23),(23,18)]

rem : [23,2]

UB : 58, [14,24,15,4,18]

LB : 42, FS:[14,32,15,4,20]

BACL : [(24,4),(4,18)]

rem : [15]

UB : 59, [14,2,16,23,18]

LB : -, FS : not exist

BACL : [(23,18),(16,18),(2,18)]

rem : [4,23,2]

UB : 51, [14,24,15,31,18]

LB : -, FS : not exist

BACL : []

Z: 50 → 51
O: {[14,2,16,23,29]} → {[14,24,15,31,18]}

Z: 51 (no change)

O: { [14,2,16,23,29] } (no change)

Z: -1 → 50
O: { } → { [14,2,16,23,29] }

Z: 51(no change)
O:{[14,24,15,31,18]} (no change)

Z: 51(no change)
O:{[14,24,15,31,18]} (no change)

P0

P1

P3

P2

P4

rem : []

UB : 63, [14,2,15,23,18] 

LB : 50, FS: [14,2,16,23,29]

BACL : [(2,15),(15,23),(23,18),(2,18)]

rem : [2]

UB : 61, [14,24,15,23,18]

LB : 51, FS:[14,24,15,31,18]

BACL : [(15,23),(24,23),(23,18)]

rem : [23,2]

UB : 58, [14,24,15,4,18]

LB : 42, FS:[14,32,15,4,20]

BACL : [(24,4),(4,18)]

rem : [15]

UB : 59, [14,2,16,23,18]

LB : -, FS : not exist

BACL : [(23,18),(16,18),(2,18)]

rem : [4,23,2]

UB : 51, [14,24,15,31,18]

LB : -, FS : not exist

BACL : []

Z: 50 → 51
O: {[14,2,16,23,29]} → {[14,24,15,31,18]}

Z: 51 (no change)

O: { [14,2,16,23,29] } (no change)

Z: -1 → 50
O: { } → { [14,2,16,23,29] }

Z: 51(no change)
O:{[14,24,15,31,18]} (no change)

Z: 51(no change)
O:{[14,24,15,31,18]} (no change)
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0,I 1,saw 2,a

root

4,with 6,telescope 8,the 9,forest3,girl 5,a 7,in

det4,0
det11,0 det42,0

sub33,20 obj6,20

vpp16,15

vpp27,5

npp14,10
pre12,10 pre24,10

npp29,5

npp26,5
root23,0

0,I : [i]-n-0
1,saw : [saw]-v-1
2,a : [a]-det-2
3,girl : [girl]-n-3
4,with : [with]-pre-4
5,a : [a]-det-5
6,telescope : [telescope]-n-6
7,in : [in]-pre-7
8,the : [the]-det-8
9,forest : [forest]-n-9
root : [root]-x-root

33 4 6 14 16 11 12 29 26 27 23 24 42

33 － ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

4 ○ － ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

6 ○ ○ － ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

14 ○ ○ ○ － 　 ○ ○ ○ ○ ○ ○ ○ ○

16 ○ ○ ○ 　 － ○ ○ 　 ○ ○ ○ ○ ○

11 ○ ○ ○ ○ ○ － ○ ○ ○ ○ ○ ○ ○

12 ○ ○ ○ ○ ○ ○ － ○ ○ ○ ○ ○ ○

29 ○ ○ ○ ○ 　 ○ ○ － 　 　 ○ ○ ○

26 ○ ○ ○ ○ ○ ○ ○ 　 － 　 ○ ○ ○

27 ○ ○ ○ ○ ○ ○ ○ 　 　 － ○ ○ ○

23 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ － ○ ○

24 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ － ○

42 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ －

0,I 1,saw 2,a

root

4,with 6,telescope 8,the 9,forest3,girl 5,a 7,in

det4,0
det11,0 det42,0

sub33,20 obj6,20

vpp16,15

vpp27,5

npp14,10
pre12,10 pre24,10

npp29,5

npp26,5
root23,0

0,I 1,saw 2,a

root

4,with 6,telescope 8,the 9,forest3,girl 5,a 7,in

det4,0
det11,0 det42,0

sub33,20 obj6,20

vpp16,15

vpp27,5

npp14,10
pre12,10 pre24,10

npp29,5

npp26,5
root23,0

0,I : [i]-n-0
1,saw : [saw]-v-1
2,a : [a]-det-2
3,girl : [girl]-n-3
4,with : [with]-pre-4
5,a : [a]-det-5
6,telescope : [telescope]-n-6
7,in : [in]-pre-7
8,the : [the]-det-8
9,forest : [forest]-n-9
root : [root]-x-root

33 4 6 14 16 11 12 29 26 27 23 24 42

33 － ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

4 ○ － ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

6 ○ ○ － ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

14 ○ ○ ○ － 　 ○ ○ ○ ○ ○ ○ ○ ○

16 ○ ○ ○ 　 － ○ ○ 　 ○ ○ ○ ○ ○

11 ○ ○ ○ ○ ○ － ○ ○ ○ ○ ○ ○ ○

12 ○ ○ ○ ○ ○ ○ － ○ ○ ○ ○ ○ ○

29 ○ ○ ○ ○ 　 ○ ○ － 　 　 ○ ○ ○

26 ○ ○ ○ ○ ○ ○ ○ 　 － 　 ○ ○ ○

27 ○ ○ ○ ○ ○ ○ ○ 　 　 － ○ ○ ○

23 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ － ○ ○

24 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ － ○

42 ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ －
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���������D�F%E� AE� %-� ?%� %IG�� ��	 ��� ����� �D-%�
�����������
� ���� �������� ���������	� �� ��� 	�!
���	���
 ���� ��� �� ;������
+�� '
������
��� %��
&���� ���������
7� �		����� �� ��� �������� �(�
��� ��� ��
�!

����� �
���������� ���� ������� ����� ��� �(�
����
�� ������
����� �
������� ����������
+���� ''������#���� %��
&�
��
;���I ����� � 	����	���
 ������ ��� 47 ���

� ���� ���� � ��������� �� ��� ������5� �����
��� �� ��
������� �� ��� ������ ��� ��� �����!
�������� ������� ���� ������
��� �
����������
��� ����������� 4����5 ��� ��� �������� 	�!
���	������ �!��%E�$��%.� ��	 4��5 ��� �����
�$��AJ�!��A.�!��A3�� ��� ��
�������� ��
��� ��
����� ���� �� A � ? D .� ��� ����� �(���� ,�� ����!
���
�	 	����	���
 ����� 	�� �� ��� �(������� ��
��� ��!���������� ���������� ������� ���� %. ��	
A3 ��
�%.� A3��D○� ���������	��� �� ��� �� �����!
��� ��� ����������� ��� ������ �� ����� ���� ���

P0

P1

P2

rem : [27]

UB : 70, [24,23,12,11,6,4,42,33,16,29]

LB : 70, FS: [24,23,12,11,6,4,42,33,16,26]

BACL : [(16,29)]ｚ

rem : [29,27]

UB : 70, [24,23,12,11,6,4,42,33,16,26]

LB : 65, FS: [24,23,12,11,6,4,42,33,14,26]

BACL : []

Z: 70 (no change)

O: { [24,23,12,11,6,4,42,33,16,27], [24,23,12,11,6,4,42,33,16,26] }

Z: -1 → 70

O: { } → { [24,23,12,11,6,4,42,33,16,27] }

rem : []

UB : 70, [24,23,12,11,6,4,42,33,16,27]

LB : 70, FS: [24,23,12,11,6,4,42,33,16,27]

BACL : [(27)]

Z: 70 (no change) 
O: { [24,23,12,11,6,4,42,33,16,27] } →

{ [24,23,12,11,6,4,42,33,16,27],[24,23,12,11,6,4,42,33,16,26] }

P0

P1

P2

rem : [27]

UB : 70, [24,23,12,11,6,4,42,33,16,29]

LB : 70, FS: [24,23,12,11,6,4,42,33,16,26]

BACL : [(16,29)]ｚ

rem : [29,27]

UB : 70, [24,23,12,11,6,4,42,33,16,26]

LB : 65, FS: [24,23,12,11,6,4,42,33,14,26]

BACL : []

Z: 70 (no change)

O: { [24,23,12,11,6,4,42,33,16,27], [24,23,12,11,6,4,42,33,16,26] }

Z: -1 → 70

O: { } → { [24,23,12,11,6,4,42,33,16,27] }

rem : []

UB : 70, [24,23,12,11,6,4,42,33,16,27]

LB : 70, FS: [24,23,12,11,6,4,42,33,16,27]

BACL : [(27)]

Z: 70 (no change) 
O: { [24,23,12,11,6,4,42,33,16,27] } →

{ [24,23,12,11,6,4,42,33,16,27],[24,23,12,11,6,4,42,33,16,26] }
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平川秀樹23] 

0,Earth : [Earth]-n-0
1,and : [and]-and-1
2,Moon : [Moon]-n-2
3,or : [or]-or-3
4,Jupiter : [Jupiter]-n-4
5,and : [and]-and-5
6,Ganymede : [Ganymede]-n-6
root : [root]-x-root

0,Earth 1,and 2,Moon 3,or 4,Jupiter

root

5,and

and12,10

and25,20

cnj2,0

or22,4

cnj6,0

or9,3

cnj14,0

and18,12

root26,0

and14,5

25 12 4 2 22 9 6 18 14 26

25 － 　 　 ○ ○ ○ ○ ○ ○ ○

12 　 － 　 ○ 　 ○ ○ ○ ○ ○

4 　 　 － ○ ○ ○ ○ ○ ○ ○

2 ○ ○ ○ － ○ ○ ○ ○ ○ ○

22 ○ 　 ○ ○ － 　 ○ ○ ○ ○

9 ○ ○ ○ ○ 　 － ○ ○ ○ ○

6 ○ ○ ○ ○ ○ ○ － ○ ○ ○

18 ○ ○ ○ ○ ○ ○ ○ － ○ ○

14 ○ ○ ○ ○ ○ ○ ○ ○ － ○

26 ○ ○ ○ ○ ○ ○ ○ ○ ○ －

6,Ganymede

0,Earth : [Earth]-n-0
1,and : [and]-and-1
2,Moon : [Moon]-n-2
3,or : [or]-or-3
4,Jupiter : [Jupiter]-n-4
5,and : [and]-and-5
6,Ganymede : [Ganymede]-n-6
root : [root]-x-root

0,Earth 1,and 2,Moon 3,or 4,Jupiter

root

5,and

and12,10

and25,20

cnj2,0

or22,4

cnj6,0

or9,3

cnj14,0

and18,12

root26,0

and14,5

25 12 4 2 22 9 6 18 14 26

25 － 　 　 ○ ○ ○ ○ ○ ○ ○

12 　 － 　 ○ 　 ○ ○ ○ ○ ○

4 　 　 － ○ ○ ○ ○ ○ ○ ○

2 ○ ○ ○ － ○ ○ ○ ○ ○ ○

22 ○ 　 ○ ○ － 　 ○ ○ ○ ○

9 ○ ○ ○ ○ 　 － ○ ○ ○ ○

6 ○ ○ ○ ○ ○ ○ － ○ ○ ○

18 ○ ○ ○ ○ ○ ○ ○ － ○ ○

14 ○ ○ ○ ○ ○ ○ ○ ○ － ○

26 ○ ○ ○ ○ ○ ○ ○ ○ ○ －

6,Ganymede
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��� ���� �(�
��� �� ����� �� ;���3� �
 ���������
��� ����
�
 �������� ��� D ��� ���� � ����� ��
J6� �I������ �"�� "������ �"����"!� �� ;���E
�� �(�����	� �
 ��� �� ����� ������ ���	�	����
�� ��� ������������ ��� ���� ���� ����� DD ����
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 ���������� ���� �(�
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�
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	��������� 41����5 ��	 4)���5 ���� ����� ��	 ���
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�� ���	 �� ��!�����5 ��	 4��� ��
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� ������ ��	 ��� �����	��
 ������ ���	 �� ��!�����5�
��� ������ 	�����
 ��� ���� �(�
��� �� ����� ��
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�
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 �� FG ��	
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�
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!

��
�� ������
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 ��� ��� ��� �	����	 ��
�
��!����	 ��������
 ��� ������ ��� ����� ������

����	 ����	 �� ��� ������ ��	 ����	 ���
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�
 ���� �������
$���-� �������	 �� ��������
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�
 ������!��� ���� ��	 ��� ����� ���
 � ��� ��
��� �������� �����	 ������!��� ���������� ���� ����!
����
 ��� �� �(���	�	 �� ����� ������� 	����	��

���������	�� ���� ��������
 �� ��������'�	 ���� ���

���
�
 ���� ������������ 
����	 �)0�)� �����
�� � ������������ ��
�������� ����	 �� ��� �����!
����� �@������ ����� ��������� )0�) �� ���� �
��������'����� �� ��� ������������� 0<K ��������

��	 ��� L������ ��������
 ���
0����	����� ��� ������ �&��…&� M ���…� �� M��

����������	 ���� �&��…� &�M ���…� ��M�� ��	
�&�
��…� &� M ��
��…� �� C �� ����� &�� ��� ��	
�!� 
��� ���	� ������ �����
����� ����� �����	��
�����
������� ��	 �������� ���� ������ ��
�� ��!
���������
� )0�) ��
����� ��� ����
�
 ��������
����	 �� ��� ��������� ���������� �@������ ���
����� ���� ;�


 ��� '� �� D ��!F
 ��� (� �� N 
 �( N %� '� �� N
�"���&��…� &� � ���…� �� � (� ������G


 ��� '� �� �� ��� ����� ���� �� ������ � ��������
���
 ��� �!�� �� ��� '!�� ���	 �� � ����� ���������
�"���&�� ���&� � ��� ���� �� � (� ������ �� � ���� ��������
����� ( �� � ������������ ��������� ��� 
���
�

���� ��������� �� ��� ����� �������� �� ���������	
���
 �Æ������
 �
 ��� �� ��������� ��� ���� �@��!
����� ��� ����
�
 ������������ �������	 �
 ����

����	 ����������� � ���� �������� ��� ����� ���!
����� ������
��� ��� ������ ���� ��	 �� ����� 	����!
	���
 ������������ 9������� ��� ������ ������� ��!
�������� ���������� �	����	 �� ��� ��� ����� ��!

����� ����� ���������� �� ��� ������	 �� �� �����,�	
�
 )0�)�
;���%A ����� � 	����	���
 ����� ��� ���

:������� ������ 47���!
� ��������� �
����!��
���*
�5 ����
������� 	����	���
 ����� �����!
����	��� �� 4� ������� ��8����� ���
 � 	������
���� ��� 	����� 	����2� ����5� 4� ���� �������
��� 	��� ��� ���� ��� 	�����5� ��	 �� ��� ���
	����	���
 ����� ��� ��� ���	� �� �
����������
���� ��
����� ���� �
������
 ��	 ������
���
�
������
� ;�� �(�
���� &�(���!���!"� (!"&�
��� ���� �������� ���� ���� 	�8����� ��
�����
����� ����!� ��	 ������� ��	 	�8����� ������
����
��)"�(�����(!���� ��	 (�!')�������!��� �� �����

P0

rem : []

UB : 36, [26,14,18,6,2,4,22]

LB : 36, FS: [26,14,18,6,2,4,22]

BACL : []

Z: -1 → 36

O: { } → { [26,14,18,6,2,4,22] }

P0

rem : []

UB : 36, [26,14,18,6,2,4,22]

LB : 36, FS: [26,14,18,6,2,4,22]

BACL : []

Z: -1 → 36

O: { } → { [26,14,18,6,2,4,22] }
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agent1,15

Isha-mo
(doctor)

Wakaranai
(not_know)

Byouki-no
(sickness)

Kanja
(patient)

target2,10

agent3,5

target4,7
in-state7,10

agent5,15
target6,5

OS1[15]: (agent1,15)

OS3[22]:  (agent1,15)   +   (target4,7)

OS2[10]:  (in-state7,10)

OS4[25]:  (agent5,15)  +  (in-state7,10)NOS1[10]: (target2,10)

NOS2[20]:  (target4,10) + (in-state7,10)OS1[15]: (agent1,15)

OS4[25]:  (agent5,15)   +  (in-state7,10)

Well-formed optimum solutions for covering whole phrase

agent1,15

Isha-mo
(doctor)

Wakaranai
(not_know)

Byouki-no
(sickness)

Kanja
(patient)

target2,10

agent3,5

target4,7
in-state7,10

agent5,15
target6,5

OS1[15]: (agent1,15)

OS3[22]:  (agent1,15)   +   (target4,7)

OS2[10]:  (in-state7,10)

OS4[25]:  (agent5,15)  +  (in-state7,10)NOS1[10]: (target2,10)

NOS2[20]:  (target4,10) + (in-state7,10)OS1[15]: (agent1,15)

OS4[25]:  (agent5,15)   +  (in-state7,10)

Well-formed optimum solutions for covering whole phrase

������� /���
�
 �������� �
	��� �	����
�0��� ��
 �����
 1	�
��
 �����	���� ����
���	���

�� ;���%A� ��� ������ ������� ���������� ���!
������� �������� &�(���!���!"� (!"&� ���
 �����
��������	 ���� ��� ��
� ��� ��
����� ���� �����
#�� ! #�� ��������� ��� ����
�
 ��������� ��� ���
������� �����,�	 �
 ����� �������� ��
����	 ����	
�� )0�)� ;�� �(�
���� #�� ����� �� ����
�

���� ���� � ����� �� AA ����������� �� ���!�% ��	
������E� ��� ��� ������ 47���!
� ��������� �
����!
��5� ��� ����
�
 �������� ��� ��� ����� ������ ��
������ #�� N #�� �� #�� N #�� 	�� �� )0�)�
��� ���
�� ��� ��� ������� ����� E6�D %- N A-�
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 ��� ������ ������� ����������
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� ��� ����
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 ��������� ������
��� ����
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 ��������� ��� ����� ���	 ����������
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��� ��
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