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Bit-Parallel Algorithms for Extended Pseudo-tree
Pattern Matching Problem

HIROAKI YAMAMOTO™! and TAKASHI MI1vazakii2

In this paper, we are concerned with a special case of the tree pattern match-
ing problem for XML query evaluation, which is called extended pseudo-tree
pattern matching problem. This problem focuses on only ancestor-descendant
relationship. Then we show efficient bit-parallel algorithms for this pattern
matching problem. Our algorithms runs faster than the existing algorithms for
pattern trees of small size.
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time space
Algorithm-1 O(n-Lp-1-[&]) O(branch(T) -1 [L£7)
Algorithm-2 O((n+2"" - [a:L7) O((branch(T) + 2"y . [a:L7)
Algorithm-3 O((n-Lp-1+h-2"- [2L7) | O((branch(T) + ap - Lp -2hy . [2:17)
Gotz et al.?)8) O(n-m-h) O(branch(T) - height(T))

0 1 Time and space complexities for algorithms.
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Pattern tree P

Target tree T

O 1 Occurrences. The arrows indicate occurrences. Double edges in the pattern tree indicate ad-edges and single edges indicate pc-edges.
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0 2 Decomposition of a pattern tree P into path patterns P;, P> and Ps
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0O 3 A bad case in BasicTreeMatch. This case does not satisfy the condition of a occurrence, but

the algorithm make an error.
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Algorithm BasicTreeMatch(P, T)
Step 0. /* Initialization */
(1) set bit-masks B[P;, ],
(2) for all path patterns P, set the initial matching state IM[P;] to 11Filoh—1Fil.
Visit each node d of T in postorder and do the following for d.
Step 1. /* This step computes the matching state M[P;, d] of d from matching states of the
children. Let dy,---,d; be children of d. If d is a leaf, then we use IM[F;] instead. */
For all path pattern P;,
(1) if d aleaf, then M[P;,d] := IM[P;];
otherwise M[P;,d] := M[P;,d1]& - - - &M|[P;, d¢],
(2) OLD_M := MI[P;,d],
(3) MI[P;,d]):=(M[P;,d] << 1)| B[F;,0],
(4) M[P;,d] := M[P;,d|&(OLD_M | AD[F;)).
Step 2. /* This step determines whether all path patterns occur. */

(1)  Temp:= M[Py,d] | --- | M[P,d],
(2) the first bit of Temp, that is, the bit corresponding to the root of P, is 0, then
return d

0 4 The algorithm BasicTreeMatch
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Algorithm-1 TreeMatch(P, T)
Step 0. /* Initialization */

(1) set bit-masks B[P;, c],

(2) for all path patterns P;, set the initial matching state IM[P;] to 11Pilgh—I1P;]

(3) for all path patterns P; and all nodes u of P, set a synchronization bit-mask Syn[P;, u],

(4) for all nodes u of P, set Py = {P;;,..., P;, } such that a path pattern Pi]. is in P, if and only

if u appears on P; ..

Visit each node d of T in postorder and compute the matching state M[P;,d], ..., M[P;,d] for d. Here the
label of d is o.
Step 1. /* This step computes the matching state of d from matching states of the children. Let dq, ..., dy

be children of d. If d is a leaf, then we use IM[P;] instead. */
For all path pattern P;,

(1) if d a leaf, then M[P;,d] := IM[P;];
otherwise M[P;,d] := M[P;,d1]& - - - &M[P;, d¢],
(2)  OLD_M := M[P;,d],
(3) M[P;,d] := (M[P;,d] << 1) | B[P;,o].
(4)  M[P;,d] := M[P;,d)&(OLD_M | AD[P;]).
Step 2. /* Synchronization between path patterns */
For lev=1,...,Ls, /* Ly denotes the recursive level of symbol o.*/
for all nodes u other than the root of P such that it has o and the recursive level lev
(1) for P; € Py, SYN[P;] := M[P;,d] & Syn[P;, u],
(2) SynMask := SYN[P;;] | --- | SYN[P;,], where Py = {P;, ..., P;},
(3) for Py € Py, M[P;,d] := M[P;,d] | SynMask.
Step 3. /* This step determines whether an occurrence occurs.*/
(1) Temp:= M[Py,d] | --- | M[P,,d],
(2) the first bit of Temp, that is, the bit corresponding to the root of P, is 0, then return d as an

occurrence

0 5 The algorithm TreeMatch
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0 6 A matching state M[d] packed sequentially
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Algorithm-2 FastTreeMatch(P, T)
Step 0. /* Initialization */

(1) compute bit-masks B[P;, o], and set B[o] := (B[P, 0], ..., B[P}, o]) for each symbol o in P,
(2) for all path patterns P;, set the initial matching state IM[P;] to 1"i, and then set the packed
initial matching state IM := (IM[P4],...,IM[P]),
(3) for all path patterns P; and all nodes u of P, compute a synchronization bit-mask Syn[P;, u],
(4) for all symbols o and recursive level lev, set the packed synchronization bit-mask PSyn[o, lev] =
(PSyny, ..., PSyn;), where if u; € N(a,leu) appears on P;, then PSyn; = Syn[P;, u;]; otherwise
PSyn; = oM.
(5) SetPSynMask(P), /* set PSynMask[SYN, lev] for at most h2! distinct values of SYN and a re-
cursive level lev, */
(6)  set ZMask := (1"1=10,... 1" ~10) and AccCheck := (01"1—1 .. . o1hi—1).
Visit each node d of T in postorder and compute the matching state of d as follows.
Step 1. /* Computing the matching state of d from the matching states of the children. Let dq, ..., d¢ be
children of d. The label of d is 0. */
(1) If d is a leaf, then M([d] := IM; otherwise M[d] := M[d1]& - - - &M [d¢],
(2) mathitOLD_M := M|[d],
(3) M[d] := (M[d] << 1) & ZMask) | B[o].
(4) M|d] := M[d|&(OLD_M | AD[P]).
Step 2. /* Synchronization between path patterns */
(1) SYN := M|[d] & PSyn[c],
(2) M|[d] := M[d] | PSynMask[SYN].

Step 3. /* This step determines whether a match occurs. */
(1) Acc := M|[d] | AccCheck,
(2) if Acc = AccCheck, then return d as an occurrence.

O 8 The algorithm FastTreeMatch
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Procedure SetPSynMask(P)

For all symbols o which occurs in P, do the following:
Step 1. /* set SubMask[SYN, lev]. */

(1) for lev=1,...,Lp do
(2) for u; € {uy,...,us}t (= N(cr,lev)) other than the root of P, do
(3) TMask := (TMask1y, ..., TMask;), where TMasky = Syn[Py, u;],
(4) for SYN =K ;,..., K ; do
el ey,
(5) SubMask[SYN, lev] := TMask,
(6) end-for
(7) end-for

(8) end-for
Step 2. /* compute PSynMask[SYN,lev]. */

(1) forlev=1,..., Lp do

(2) IX := 0, Val[0] := 0 and PSynMask[0, lev] := (0"1,... 0M),

(3) forkl=)Ce%,A.4,ICE%1,“.,)CE‘19,.4.,ICG§S do

(4) ti=IX,

(5) for kg :=0,...,t do

(6) PSynMask[ky, + Vallks], lev] := PSynMask|[Vallkza], lev] | SubMask|ky, lev],
(7) IX = IX + 1,

(8) Val[IX] := k1 + Val[ka],

(9) end-for

(10) end-for

(11)  end-for

0 9 The procedure SetPSynMask.
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PSynlo,lev) 0000000000 ¢o0000lew 000000000000 POOO0O
00000 Ny 0000000000N,.,y 0000000000 ¢ 00000
000000 lewv 00000000 DOOO0O00D0O00OOO0O00 co0000 lev 000D
Negjevy ={u1,...,u,} 0000000000000 e (1 <e<s)00008yn[P,uc]lj] =
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Blol ’B[PI,G][I] .. ‘ B[P;,0l[1] | . . .‘B[Pl,a][h] ‘ .. .‘B[PI,U][h]‘
Blal 000 ‘ 111 ‘ 111 ‘
BIb] 111 000 111
Blcl 111 110 100
BId] ’ 111 ‘ 111 ‘ 011 ‘
0 11 Interleaved bit-masks for Fig.7
Algorithm-3 FastTreeMatchIL(P, T)
Step 0. /* Initialization */ o
(1) compute bit-masks B[P;, o], and set B[o] for each symbol ¢ in P,
(2) for all path patterns P;, set the initial matching state IM[i] (1 < i < h) to 1!, and then set the
packed initial matching state IM := (IM[1],..., IM{[h]),
(3) for all path patterns P; and all nodes u of P, compute a synchronization bit-mask Syn[P;, u],
(4) for all symbols o and recursive level lev, set the synchronization bit-mask PSyn[o, lev] which is
a bit sequence obtained by interleaving PSyn[o, lev]. Here PSyn|o, lev] = (PSynq, ..., PSyn;),

where if u; € N(4 j¢y) appears on P;, then PSyn; = Syn[P;, u;]; otherwise PSyn; = 0".
(5) SetPSynMaskIL(P), /* set PSynMask[STATE, lev, o]. */
(6) set AccCheck := (0!, 1%, ..., 1h.
Visit each node d of T in postorder and compute the matching state of d as follows.
Step 1. /* Computing the matching state of d from the matching states of the children. Let dy,...,d¢ be
children of d. The label of d is 0. */
(1)  Ifdis a leaf, then M[d] := IM; otherwise M[d] := M[d1]& - - - &M[dy],
(2)  Mld = (Mld] << 1) | Blo].
Step 2. /* Synchronization between path patterns */

For lev =1,...,Ls do /* L, denotes the recursive level of o. */
(1) SYN := M[d] & PSyn[o,lev], /* note that SYN = (SYNq,...,SYNy,). */
(2) STATE := SYNg(uq) | -+ [SYNg(ug), /* d(u;) is the depth of u; for u; € Ny jev)- */

(3)  M][d] := M|[d] | PSynMask[STATE, lev, o).

Step 3. /* This step determines whether a match occurs. */
(1) Acc := M|d] | AccCheck,
(2) if Acc = AccCheck, then return d as an occurrence.

0 12 The algorithm FastTreeMatchIL

Syn[Pr,uellf] - - Syn[P,ue][j] 0000000000 Syn[P;,uellj] O Syn[P;,us] O 5O
00000000000000 PSyno,lev] = (PSyn,,...,PSyn,) 0000000000
000 4 (1<j<h)0000PSyn; = Syn[P,u]lj] | - | Syn[P,us][j] 0000
0000000000 PSynMask[STATE,lev,oc) 00000000000000000
00000000000000000P, 00000 w0 O00000DOODOOODOO0
0P, 000000000000000000 u,v€ Ny 0000P.NP,=0000
000000000 N(e, 000000000000 TreeMatchODOO0O0 SYN[P]O
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Procedure SetPSynMaskIL(P)
For all symbols o which occurs in P, do the following:
Step 1. /* set SubMask[STATE, lev]. */

(1) forlev=1,..., Lp do
(2) for u; € {u1,...,us} (= N(g, 1ey)) other than the root of P, do
(3) TMask := (TMasky, ..., TMasky), where TMasky, = Syn[P, u;][k] for 1 < k < h,
(4) forSTATE:Iii,“,,I:;i do
£,
(5) SubMask[STATl'E, lev] := TMask,
(6) end-for
(7) end-for
(8) end-for
Step 2. /* compute PSynMask[STATE, lev, o]. */
(1) for lev =1,...,Lp do
(2) IX := 0, Val[0] := 0 and PSynMask[0, lev, ] := (0%, ..., 0"),
(3) for ky = Iil ..... Iell ,,,,, ey, 15, do
1 1 1 ts
(4) t:=1IX,
(5) for ko :=0,..., t do
(6) PSynMask([ky | Vallkz],lev, o] := PSynMask|Val[ksa], lev, o] | SubMask[kq, lev],
(7) IX = IX + 1,
(8) Val[IX] := k1 | Val[ks],
(9) end-for
(10) end-for

(11)  end-for

0 13 The procedure SetPSynMaskIL

10000000 STATEODODOOO0O00000

000000 FastTreeMatchIL O STATE OO0 [Ny 0000000000
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00000 PSynMask; D0u € Nieoy 10000 P, 000000000 SynMask O
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