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Abstract: Succinct data structures are extremely space efficient data representations. LOUDS (Level-Order
Unary Degree Sequence) is a succinct data structure for trees which can be used as a TRIE to store a large
number of strings. LOUDS TRIE can be incrementally built by creating multiple LOUDS to keep deltas and
merging them periodically. Setting Bloom filters with respective LOUDS improves the search performance
by excluding unnecessary searches. However, it costs a substantial time to create Bloom filters by reading all
key strings stored in LOUDS. In this paper, we propose a method to create Bloom filters concurrently with
building and merging LOUDS. It conserves the time to build Bloom filters. The efficiency of our method
is confirmed by the experiment using about 240 million word stream that consists of 6.5 million unique
keywords, which are extracted from the real data.
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Fig. 1 Online LOUDS building system with Bloom filters.
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FNIART ZIRELEEET HI1CE, /— Fnxiins
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while |¢| # 0 do
p < g.dequeue()
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while n # () do
g.enqueue(n)
visit(p, n)
n « sibling(n)
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Fig. 2 Example of constructs in LOUDS TRIE.
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AWEET L. INOORINE, /- FHENETLE,
O(N) ¥ b (EBIITLOY Y MO 10%LLT) D AE) %
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®1 v—U /- FOEE
Table 1 Functions of merged TRIE nodes.

firstChild(M (n1,n2)) —

M (firstChild(n, ), firstChild(n2)) when alphabet(n;) = alphabet(nz),

firstChild(n1) when alphabet(n;) < alphabet(nz),
firstChild(n2) when alphabet(n;) > alphabet(nz)

sibling(M (n1,n2)) —

M (sibling(n1), sibling(n2)) when alphabet(ni) = alphabet(nz),

M (sibling(n1),n2) when alphabet(ni) < alphabet(nz),
M (n1,sibling(nz)) when alphabet(ni) > alphabet(ns)

alphabet(M(n1,n2)) —

min(alphabet(n), alphabet(ns))

Yo, Ty, h #~—Y9B5 I94AKT, DVv—1F/—F
PELNDL, T, I3 LTA2HOT NI XL % ETT
LIET, Th & Ty #~—2 L72LOUDS h J A HifEsE &
ns.

4.4 TI—LT1ILEZDOER

MEEELEEETON Y ¥ 2 lORME A2 RD L7012,
9, F-FFN s DNy VA HORRETEEED L. s,
% sDiFHOXT, P ELTFOEBEOREITIEVFE (72
E2IE131) LT, Ny afih ZUTO XS ICEET
% .

h+<0

fori=0toi< |s| do

h—h-P+s;

end for

MEELERT, PIARICEENLELFHION Y ¥ 2l
EEMET LI, /= FEHNL-UN, FREFRO LT
FloNy v a i h 2B iU L v, 72720, $XC
DILFHNONY ¥ afix AT L CRHET A LIk b7
B, Ko Lzg, — Ficny ¥ ahifE % R 528
Bnh ZHETLILE DL, I ARKOEE,S, @
FHFED /Ny ¥ ahER A SN 5.

“Wrey bt iR TIoEy NI BEF M
FL, RELELD visit(p,n) TUTORIE 247 ©
n.h < p.h - P + alphabet(n). 7272L, n )V —F ./ —
FOWEIX, nh—0&T 5. 72, n DT aRlhni
5, nhiZRDLNY > 2fEE 7Y, BF ®n.hmodl FHFH
DY M& “17I12F5H. TH)LTESBNSE Y M BF A%
TIWV—=LTAINE LD,

EBEOT N —LT 1 )VFTIlE, 120F =123 L THEK
DNy Y afBENFFRIEESNS, LRT VT XLT, HED
Ny Y 2 BB EERT HI121E, PROFEREE n.h ZEG)
2L, B%es PEHWT, #hZhony v afixitHi T
WL, XFFNONy ¥ a B34 REHRE T8 H 5
B, LFEHNOFFAD LT BRIy ¥ a iz itE T
bHETHNE, AFELFEARCHEELEETEF—D
Ny v afiEFIETE 5.
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5. FHMZEER

RFEFEOMEEFMT B0, Th—LT 4 VF &E
%9 B BRI 202 B IR & SEBRIC X o TR, fERDFEL
T 5. 72, MBELECEBOT TV r—va &2/
ELRERZITG, VT4 UERARISTT AUEHEDE
HWEHNRS.

EEBH O 7 — %121, NHTSA [15] 24eft 3 2 HHHEO
AEEWET - RX=ZADPLFEUEIZ L > T s
72, EEEZECYIH 272 LTFOF — 7 — FIUFHIK 2.4
BHOA MY =2 %2V, TOR MY =412, #5650
TEOL == % =7 — FXFHIFEEINL., 3 EDF
¥ 74 2 LOUDS k7 A RIS, -7 — FFh%
FoLLTHML, Zh2hica=—2 285 (32bit) %
fEE LCHD YT, F—T7— FXFHHILEY B THNT
BERMEEARET L. ZORMIE, CELIIC XL > Tk S
NIZRERE D S BRI THEHE AT AT 7)) r—va v %
BEL TN,

FEEH O~ 2 B2, IntelliStation APro, 2.2 GHz
Dual core Opteron 275 x 2, 2nd cache 2 MB, PC3200 RAM
4GB, 750 GB SATA 7,200 rpm x 2, Windows 2003 Server
Standard x64 Edition Service Pack 2 % H\», EBEH O
I — Nl Java 1.6 Tigab L 72,

51 JIL—LT74)EZOIX K

9, TNV—LT74NVY 2 BET LEOFRZHRS.
F2ERIZIE, NHTSA O A b — 205 BEZRY v 7-F
W 345 X0 F—7— F 640 FEZMHEHL, 32 & T
Ny 77 LTHAT 28 M7 4I2A LT, LOUDS
FIAEXIETAETN—LT 14 V5% 1 DL L&D
ZEHAY 5.

X 3 1%, LOUDS b7 A OfEEL TV — L7 14 )V & DIE
B % BERBYIZFAT L 72354 (Sequential) OHEE &, LOUDS
NIAERREEL DS, FFICT V=474V 2/ERL
72%54 (Concurrent) OEEf %, 7TIV—LT 1 IVF DNy
VASBETLICRKLZS T 7 THE. T2, K21,
X 3 OB REEEZ R Lz, SEANOEEI, BRI
FAT LD TV — L7 4 VY HESED KD A TH 5.
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® 2 BRIFEAT EWATETOMEE D A N B (Bil), BB

Table 2 Cost comparison between sequential and concurrent building, in second.

Sequential

Hash multiplicity

LOUDS TRIE Bloom filter

Concurrent

Total time Total time

1 18.06
2 18.15
4 17.34
8 17.60

18.67 36.73 23.65
20.21 38.37 24.90
20.71 38.02 25.86
25.59 43.23 30.81

® 3 ET—FICXBREHEEBROME (BE),

HA7 . F (#13 LOUDS TRIE D k)

Table 3 An experimental result of building dictionary from the real data, in second (#
means the maxium number of LOUDS TRIEs).

Sequential Concurrent
#  Query time Build time Total time Query time Build time Total time
1 7,540 5,151 12,691 7,657 3,624 11,281
3 7,841 1,815 9,656 7,844 1,296 9,140
5 8,180 1,114 9,294 8,148 838 8,986
7 8,426 840 9,266 8,344 633 8,977
S 50 r O Build Bloom Filter ’8‘ O Accumulated Build Time
2 40 ™| OBuild LOUDS @ 15 O Accumulated Query Time
© 30 (- - 3
E 0 o il memm=l e
= L [0 Ty Y B
_13 10 — - - — — - g 6 [ | o o o ] ] o B
2 (S T [ S ) R S )
0 ‘ ‘ ‘ — ‘ T ‘ T ‘ = _._(E 0 | T N NI I IR AN I A B | | | |
S
102 |4|8|1]| 2| 4] s ke 1‘3‘5‘7 1‘3‘5‘7
Sequential Concurrent Sequential Concurrent

Hash Multiplicity

3 BRMFAT L ATFEITOMEE T X DK
Fig. 3 Cost comparison between sequential and concurrent

building.

BRI ZHESE S B84 L LB LT, LOUDS k1 Ok
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72, INLDOT—=I00, Ny V2 LEENL4DE X
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FTA DT —FREEEIZ 20%, TNV—A5T 4 VF DIERIC
33%DMEE DI Do TWB T EDGN b, Ny Y 24 ERE
WEDRBIZONT /) — FdH72) OFFENEI R 5720
TN—LT 4 )05 OFVERIEROE &3NS 5.

22 & DR DOIREE
T2 M T 2 EROFAIEREICEI L 2 £k %
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% ¥, NHTSA OF =% X—An0Hit L-Ed%
GH2ABUDOF—T—FDOA N — L DLKEM, &
EIZF—T = FPBEHFHEINTWARWIRE2 SR T, F—
T — FOEEBICBEFIN TV LN ERN, BfFINTni
UL, FEEICEMT A0 A 4T .

TIV—25T7 4% E LOUDS b J 4 DEBEREEIZL -

5.2 E7-—
%Iz
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Maximum Number of LOUDS TRIEs
4 FET—HIL B REERETEROM R
Fig. 4 An experimental result of building dictionary from the

real data.
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MFRIER OAF (Accumulated Query Time) (24570 CTEE
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LOUDS F 74 Offiflc L > TRELEL S,
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Require: r; « root nood of 17,72 < root node of Ts
q —{{r,r2)}
visit((0, 0), (r1,72))
while |¢| # 0 do
(p1,p2) < g.dequeue()
if p1 # 0 Apy # 0 then
if alphabet(p;) = alphabet(p2) then
(n1,ng) « (firstChild(p; ), firstChild(p2))
else if alphabet(p;) < alphabet(ps) then
(n1,ng) « (firstChild(py), )
else if alphabet(p;) > alphabet(ps) then
(n1,n2) « (0, firstChild(ps))
end if
else if p; # 0 A py = () then
(n1,n9) « (firstChild(py ), 0)
else if p; = 0 Aps # () then
(n1,n2) « (0, firstChild(pz))
end if
while n; # 0V ny # 0 do
g-enqueue((ni,na))
visit ((p1, pa), (n1,12))
if n1 # 0 Ang # 0 then
if alphabet(n;) = alphabet(ny) then
(n1,ng) « (sibling(ny ), sibling(ns))
else if alphabet(n;) < alphabet(ny) then
(n1,ng) « (sibling(nq ), n2)
else if alphabet(n;) > alphabet(ny) then
{n1,n2) « (nq,sibling(ns))
end if
else if n; # () Any = () then

(n1,ng) « (sibling(ny), 0)
else if n; = ) Ans # () then
(n1,n2) «— (0, sibling(ng))
end if
end while
end while
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