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Fast Packet Classification Using

Advanced Regional Diagonal Tuple Space Search

Student: Ming-Yung Kao Advisor: Prof. Chia-Hoang Lee
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National Chiao Tung University

Ev R
Abstract

In order to support Internet security; virtual private networks, QoS and etc., Internet
routers need to classify incoming ‘packets quickly into flows. Packet classification uses
information contained in the packet header to look up the predefined rule table in the
routers. In general, packet classification on multiple fields is a difficult problem. A
variety of algorithms had been proposed. This thesis presents a novel packet
classification algorithm, called advanced regional diagonal tuple space search algorithm
using the concept of diagonal tuple space search algorithmand three search types: block
seach, link-list search and single-direction search. Block search can divide all tuple
space into many small blocks; link-list search can jump to assigned blocks to start
process; single-direction search oly need two binary search. Our experiment results
show that the advanced regional diagonal tuple space search algorithm only need 2 log

w, where w denotes the length of dimensions, and the storage complexity from



O(n2"log w) of the diagonal tuple space search algorithm to O(nlogw + nzw), where n
represents the number of rules. On the classification performance, the advanced regional
diagonal tuple space search algorithm requires much less memory access time than
diagonal tuple space search algorithm. Since memory access dominates the lookup time.
Even though extra processing time for searching areas is required for the advanced
regional diagonal tuple space search algorithm, the advanced regional diagonal tuple
space search algorithm still outperforms diagonal tuple space algorithm on the

classification speed.
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1.2 Performance Metrics for Packet Classification Algorithm
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Category Algorithms
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Recursive Flow Classification - Tuple space search

Diagonal tuple space search
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2.2.2 Hierarchical tries

Hierarchical tries (* # Multilevel trie 2 backtracking trie) 2. & {;ﬁd haw P
AR AR SRS S s M A E T W E - B R AR G bit(0 0 1)
Fo Ko A BFES B K AR A RENERSE A - s

TR TP Nk B R flAR R 7 B F] Hierarchical tries ® i — ixd
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12

FAPA R 3 AT AAIINGROF D A EINS R AP

R BT B R e IR G B B AN T AR G R 1 A e E BT
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2.2.3 Set-pruning tries

Set-pruning tries [4]£% Hierarchical tries i1 7 » e ¢ %ﬁﬂ #efp — PR ¥ 1
7 I & Lo 4o Hierarchical tries giviae 22 w 7 cnf® 48 Rt D HEF R > 4o R
R(011 > 110)%+ 0*->110 e & 5 e ¥ — i 37ent & > v e o 0P| ehE 4R B

AT g RRAE TR AR e RE L SR

2.2.4 Grid of tries

Grid of triesy [5] & Data structure-based # ] e90> j2 2_ ¢ ¥ F pE R 2 3235 7
B enid® £ b 5 F s g B2 59 e - P13 Hierarchical tries ¥ - &
Zhen™ kR D $HEs 2 B eng Fo0 02 2 4% Set-pruning tries s03E k3 B foig 4k
ip 1R k2 1| &2 Set-pruning tries 4 > £ 0 F =t § 4t 4 A OR AR Sy R
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2.2.5 Cross—producting
Cross-producting [2]#-% B & 4 § sz B en™ sS4 4o 4k & AR fR ke
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2.2.6 Are-base quadtree
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2.2.7 Hierarchical intelligent cuttings

Hierarchical intelligent cuttings(HiCuts) [7];%“5* HP 2 TR B ATATA T
¥ ;2 (heuristics) 2 ¥¢# — B R 7 B 7 4] 34 > 42— 4 K M (decision tree) > 4
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2.2.8 Hyper-Cuts

Hyper-Cuts [8]4 7 HiCuts » &% W HiCuts f& = A F #tenigfee & - =t 1
HE - a2 Hyper-Cuts ¢ &% — =tifr crZ e ? 7 Bag s B
LiRenss 26 (5> F e e ch% - BRBIT A BT L
Aty m 2L HICuts Sy £ & F X - T o F > Fpt Hyper-Cuts ¥4 % »xic 7 ¥
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2.2.9 Recursive Flow Classification
Recursive Flow Classification(RFC) [9]+ #_# % #f i s A iz 2 - » 7 &
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2.2.10 Ternary Content Addressable Memory

Ternary Content Addressable Memory(TCAM) [10]h-= i 8 =55 = f&
001X @ X4k Y =& v i< 02 1giE > #72 TCAM 7 12 £ 42
R BE S F e F - B Rl S A R
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2.2.11 Bit-map intersection
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JeF|- e B TEHF - ARDRR RGBS P NEH AENRREF > L5
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ki g4 FP T @rer PAaRT 3 ML RPN ER © fafe
EoBBEHdFI - FARPFOr A ERMENEY > TH NG B B
EOHP] > i 5323 kiR @ &P Aa 4 4ol Cross-producting 4k AP £

BaRAF EAFRFARZFER/ B4t > FEREL § radizr
% o

e R s By o s LRI gk - o

2.2.12 Aggregated Bit Vector

Aggregated Bit Vector(ABV) [12] €_bit - map intersection ;% & j* ez 2> 1 &
FENRP LAY 4o R &AM RG O RA > R e £ 4T R
B AFERE AL S TERY AR e TR LR LR e 255 APk
S R gEd E 2 -O) Al s F(HEE ABV) Kk Bt e £ R
VRS R F B 0 K@ A B 2 4 7 U s § i ABV R f BT AT
BREmE - 3 7 g8 2 AR FDNT) > @3 5 e8> 7
HR e B P R R R R g TR 0 BE AR ABV fie il Bl ot

bit - map intersection » & v #r+ ;% T 2 bit - map intersection R A% > H I Hf 4c

3

%

P LR o

2.3 WEHIEFz iR

02270 Pt Reny B R 2 AR ERT 0F R AR (AT
PREARRME T RARR [13] 29 N R DB d SR 7o
HRBP O WES- QRN AER TARTHEF LT - Ra 3 & { 3T

AR A BB > @ NIA £ 7
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Algorithm Search time Update time Storage
complexity complexity complexity

Linear N log N N

Search

Hierarchical tries we d*w N

Set-pruning tries dw N N%dw

Grid of tries 2W NW NW

Cross-producting dw NW N¢

Area-based aW ay N N

QuadTree

Hierarchical D N/A N¢

Cuttings

Recursive Flow D N/A N¢

Classification

Bit-map d(T+N/W) N/A dN?

intersection

3 2-2: 3@ T B E 2 AFRER R o
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A5

=% PMAT

Aiz- ¥ e o A4 % Tuplespace 2o T & 11 % 17 5 A i drdg A g B 2

2 fAdteh- B+ Tuplespace & PEA (i H 7 8 i o

3.1 Tuple Space

2

3.1.1 Tuple Space z. T_%

& @ALRAIFRG Lk & p o source specified bits - destination specified bits 12
“Tid F = [F] > @ source specifiedbit i#dc % destination specified bit i #kir © & #
*»0~32 % 3BFEL AR %ﬁ d ''source specified bit i# #c2 destination specified bit i# #
eV A 4 X 33XIFFRLE cipi AP EE Y N A ZEH E L EA
FOUATRAEE RN 2 R o FIVER - SRR EET 48 b i specified bit
B #c > g 7 A * specified bit i #ic2. @ 17 5 hash key & X # 2 #1400 & h
specified bit 2% 5 &3 R FALE P > F]L 1§ hash table 7 = 2 2 hash key

gk o R IEFEER F TF O(w) 0 w i specified bit 2. & & -

Tuple space search [14]& % &_d Srinivansan et al.*3& ! 53> ] * Prefix
specification & gJ2 % R 3+ & A~ 8P 4E o d M 1F L hash key & enE 2P| en
source specified bit i# # % destination specified bit & #& - F]* & # Hash table ¥ 1z
AREZ T o drk 3-1 b+ i ikdp rule ® & - K & hspecified bit (hip dic
3 AP ¥ s ehtuple 4§ = - R2 e specified bite B#ics = 5 122 2 {3
tuple(l - 2)iz— # = ¢ ; R3 Fispecified bite B#Hcs = 2 18 1> ¥ 3 tuple(l »

1)ig— =¥ o & 3-2 | £ # B tuple space shF 3 » 4 7 41 2 ¥%ehtuple 12 % &
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tuple #f = #7¢ RPN B F R e F R EFRA T HEFT AR Y e
B AR RS en Nk g aentuple XK B ATEThe B ehE - BALP) MR 2

FALR e ¥ e

d 3t tuplespace i@ * 7 feih A g Il A A 0 F e AR R HE -

B R A (0 PR AR 55 5 47 — B tuple ROC PR R R 1 H P R - R
Bl ARt 6 @ % 2Pk s dg e B2 > 3% tuple space ehiE B 2 { A 4
oo T IO F PR LR RE G TR o L4 31 % tuple space R A GiE E E o
SRR -y BT L AR g 2 (B 3-1) - 7t ¢ * (Source specified bits >
Destination specified bits)§ ¥ Hash key % & % # — i tuple» X @ tuple ¥ tuple &
1= B W e specified bit Bzt ¥ & TP B 452 IR BT B o
WE o Fltdee I oFE >~ Fooxihie & I IE R ehtuple t 35 AU EE F AR AR S

i * tuple space criF & 2 a0 2 A GuR LT o

Rule Specification Tuple
R1 (00* » 00%*) 2:2)
R2 (@**701%) 12
R3 (1%* > 0**) (1-1)
R4 (00* » 0**) (2-1)
R5 (0%* 5 1%%) (1-1)
R6 (F% 1) 0 1)
# 3-1 ' RP$ &I Tuple 2§51

Tuple Hash Table Entries

(0-1) {R6}

1-1) {R3> R5}

(12 {R2}

2-1) {R4}

2-2 {R1}

% 3-2: % 3-1#1i= > 2 Tuple space °
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Tuple | Entries (G o6 aie o 000 0.313(0,32)
(0.0) O - e 31132
0.1)
02

| —h,
(0,32) el
(1.0) -

| - (30.0)30.1) « o e e e [3031)30.32)
(32.32) BIlE0 o« c 0 v c oo LoE) Bl

(320320 - - - - - (3231 (3232)

B 3-1: Tuple space ¥4 5 — = ‘5T & -

3.1.2 Tuple Relationship

iz - tuple £ tuple 22 3 &%= Jﬁ k¢ 7%= ShorterTuple > LongerTuple » 2 2
IncompatibleTuple » 3k % & cli@ tuple: Ta'z Tb R H B e & 40T #74c !
® EVi->l<i<d  Ta[i]€Tbfi}m® 2 > 54— B i@ & Ta[i]= Tb[i] > Al
z_% Ta /&>t Tb = ShorterTuple -
® EVi>l<i<d  Ta[i]>Tb[i]> m * & > 5 - i & Ta[i]= Tb[i] > Al
¥_% Ta 4>" Th & LongerTuple -

® = Ta %2t Tb < ShorterTuple » » 7 ¥_Tb ¢ LongerTuple > B 2 % Ta &
** Th & IncompatibleTuple -

d bafeng g o AP E Ay tuple(l 0 2)E_ tuple(3 0 4) 0 ShorterTuple »
7] 1<3> 2<4;tuple(5-6)+&_tuple(3-4)s LongerTuple: %]15>3> 6>4; tuple(2:
5)-Z_tuple(3-4) 0 IncompatibleTuple> #] 2<3:5>4- ] 3-2 ¥ 5 = a7 & ¢ tuple(x>

y)ﬁﬂgizlﬁla\# o
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V_<

hortTuples of
uple(x,y)
IncomparableTuples
of Tuple(x,y)

LongTuples
of Tuple(x,y)

o

B 3-2:tuple(x y)&H & tuple 2 M a2 - a2 478 -

»

B - B AP - B RRNE B3 e RIRgRE - BARR] TR
¥+ tuple 2= F <5 ShorterTuple » LongerTuple » 14 2 IncompatibleTuple = #& B % »
TR R N RR B P 2 B enz faM 7 ¢ specific > general 12 2 conflicting 5

KH - 3o Pavis & - BARRALVRAA Rb,_A} L4 Ta 2 Tho B| Ra £ Rb R«

% g Ao A A= 55 _

® >+ Ta&Th ﬁﬂS_horterqu'ké’_ﬂu;k fr‘jflﬁ‘_ Ra #i Rb { % general > 7 ¥ % Rb
W% Rt ap o Ra S L ¢ cpe s F 2§ Rb & E s AR
Ra&rF 7 it % K Wlpperplts

® = Ta &_Tb < longerTuple » fJ3% 7 # Ra & Rb £ % specific> 7 ¥ § Rb
o B 3te o P o Ra A%k Kdte anfedt > £ 2§ Rb &2 0% &
PF o Ra & T v #0205 X e ¥ o

® > Tagr Th 3 5 IncompatibleTuple- f]# i # Ra £ Rb 3 & conflicting -
4 Rb it K 4te cnie ¥ pF > Ra A% e s X 3te afiet > F 224 Rb &
%% LPF 0 Ra % L gt i o

3.1.3 Marker ¥ Precomputation

Srinivansan et al.# ! 7 Rectangle search ;& & ;* " % | 7 precomputation 2 %

marker 1% 4 K f%;4- tuple space ® tuple ¥ tuple & % & i B enf® 48 [14] :

Marker 2. & P en i 5 58 tuple ch B &2 = A= BT > — S0 R HAP A

43 & v en ShortTuple 2 = p & “ymarker » m marker “,f 7 specified bit 3 & ¥ /&
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gtuple Ap e 2 #h > H 8 ?;&;fi_%i’l,%z ke plip b > @ SEFIF Y 2 7 koo marker
thd &% 3 F7 > ;34 o & Rectangle search @ - $t5% — @R 3 > 302 7
Yo R E - B p e comarker > 4o 34 41w 0 F - BARRIRE » = htuple
= — 1 marker » R1 %(3 > 1)shmarker if 5 (111* > 1*) > #(3 > 0)srrmarker { #
(111* > *)» R2 #.(2 0)evmarker i 5 (11* > *)» F]pt A i v 2 -5 3 41| &0 marker
AL A FGEARPIL 5 generic c § £1& 5% T marker v ¥4 prpF > B PEL AR E A
= 3% marker sRLR] R E 2 L A o FIPL T ou e @O § R B tuple #9F & pos
tuple h L /B Y AT A G € B & PRAF o FIF T a2 3 % & marker
s EALPI g A > T PRI A - BIRE 2T R F - BRPT A TR
P zifchtuple 2 < marker> A E g F et oe 2 P2 ET R e dT LA

4 6

Precomputation i & e s feddiees & BRRF e v p 2R ZRR
“r ¥ & tuple <73 ShorterTuple ® J&5 & 8 B L 8 (5 F:E# )R] > 4-F] 3-3
7% 0 A& ¢ 4 i £ R1 S precomputation ¢ (5 = T & tuple 2 2
ShorterTuple) » Aiz = Fl2 » OFIWERL 4p e & £ R1 { % general 5220 > %
EPAMRIER2iz: BARP > FRLABAEF R PIAPYT 24-R1 5 R1
BRI T R EEE O F 2P 84 R2 5 RLiZB AR “Ti HR T ek

B

33 e F B 07 € 2 B marker 4751 % > KA 4t e marker fie ¥ £r
Fo= AT E AR R PRt A - AP g L AOF L 2 ]G
£ |G R TS 0 RS BT R R o T — B (PR BRI A
B AV Ac 5 I marker &2 4t e Apfe R o G p AR e e 7 3% tuple 1 eh
#7% ShorterTuple(4-®] 3-3 #77% 3% tuple sz F 3 M)ehE R 2 A L 2 B g

A bl R R o
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Source =

Destinat .
-ion ':'
R2(11*,1%) .
R1{(111*,11*) E
Bl 3-3 : Precomputation #7# 7 2 § Rl -
Source 2
Destinaf]
-ion
---------------------------- E
M2,0(11*,%) R2(11*,1%) ;
M3o(111%7) | Ma1(111%1%) |RI(111%,11%) &
| SIS ESNEEEINEEE N I.I.I-I.I-I.I.I-I-I-I-I-I-I-l.ﬁ.

Bl 3-4" " Marker &4 = o

3.2 Rectangle Search

4% precomputation 14 2 marker L4 > i{ % B ! rectangle search i# & ;2
[15] © # 4 6 — 4F& P> i KB B tuple space e = T = ((32 5 Q)i % ) B 438
FAER o FA P TIE 0 - BARR & E_marker it &2 P Apfedt 0 Pl 4 57 2% tuple g
7 LongerTuple 3 ¥ i 5 & & specific én3 LA » F]t v + - (Fehtuple i& f7

¥E > F2ZEEH T E- BARP N _marker &2 P Appe ¥t o & 3 5 & L specific

LR B2 fedt o gt b - Fldhtuple i 7 HEFE o

4o 3-5%77F > R1 1 R5 4 = & p chmarker > § 13454+ P ek g Fap
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7% (0000 - 0000) B 432 {7 rectangle search p% » & L L d & = T & «tuple(4 > O)FF

450 Flac 345 1) marker 82 P 1 & 5 w4 - Flentuple(d 0 1) R EE 0 ¥
©4kd marker {FAvent BB R B A 4LP] S R6 o R tuple(d o 1) it 35 3 R2 fie
$o L e L - Fatuple(d > 2)iE FHEF o @ d 2 R2NELE IR B
Flt B Lt Pk @ B 410 d R2BA > m Atuple(4 2)F 2 miz 455 a far P

fe ¥ e B 2 marker > #1020 b — (7 entuple(3.2) B e (T HEF 0 4ok B 3-5 # F

SOF AT 0 B 15 € Bk tuple(0 > B) ) ¢ P il et Bl ek 4R 5 RLe

(0,0)
R6(*,*) M33(*,1* R6) M32(*,11*R6) | M31(*,111*R6) 4 | R3(*1111)
M34(*,* R6)

M13(00%,*,R6) M12(00%,0,R6) | M11(00%,00*,R6) | R1(00*,000%)

M53(111**R6) | M52(111%,1%,R6) | M51(111%,11
6)

R5(111%,111%)

M44(0000,*,R6) | M43(0000,0%,R2)| M42(0000,017 M41(0000,011°,R | R4(0000,0111)
2)

M21(0000,*,R6) | R2(0000,0%) 2)
E !: P(0000,0000) (4.4)

Bl 3-5: Rectangle search z # & -

a2 e ¥ ok d Bl 3-6 5 ) rectangle search <R 38> § — 4F ¢ % tuple space
2.7 ¥ tuple vt SRS Ao B AT B B IR B E 7 & H(2w-1) B tuple kBl o 7t
A OHRE 4 R0 (QWR1)S B TR hd iR (HF B tuple 284 35 e 4
P & marker ehfEiR R ¥HE B tuple R x5 P F pe AR & marker ehfiiR) T L
ZEFEWI OO REE - B R 58 € = 2 = marker - iz% % i = marker
el R L OTRP e E o B s BK tuplespace on & AR E'J&a‘%"r%-
A% F BARRIRA W e 2 4 & (w-1) T marker > % F nnx(w-1)=nw ik 3 2 B R

F-o F]gt rectangle search &40% pr & O(w) 2 e ot 2 B en2 3 O(hw) + 487 H f
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e

Source <>

Destinat
-ion

'

B 3-6 : Rectangle search Lﬁm‘% A5 e

3.3 Diagonal Tuple Space Search
% 7 f%/+ Rectangle seartﬁ:h":%’ituplé_}%% =% ¥ § enR® 45 0 Mikko Alutoin {v
Pertti Raatikainen % I % 1 1_Diagonal tuple space e 4 [16] » i iw & ik ¢ o

marker 14 & % % o] 357 “rgt S - Bituple(i - ) 0 0<i» <320 ¥ G o

T chz 484 & marker soR-5

ES
=L

|rml.

® 5 i<j Pltuple(i > j)enE — BARRIFNE w b A4 p e dmarker
tuple(j - j) = 2+ -

® 3§ j<i- Rltuple(i v j)sF - BAHRPILE » 2 H e p e omarker E 3
tuple(i > i) 5 2t o

® 5 i=j- Rltuple(i j)ehix — BARRYEE e = F 354 p e dmarker E 3
tuple(0 > 0) 2 2+ -
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(0,0)

(5.9)

B 3-7 : Diagonal tuple space search 2 marker 2 = = & o

TP A PR AREIEE - SR EE - Fa o B PRl A
>4 & Mmentuple #r4 = gimarker ki > > & % diagonal tuple search ¢ i * 37
prit” TS HEE S N F R EHas  ahtuple(d o d)pF 0 F R 4w ¥
tuple[d > y>d] < 2 tuple[d: x2d]& % = X &= ~3F > @ 42 _tuple(d > d)eiz
¥~ £ % % - = binary search o F1#t # 1 diagonal tuple search { % = =t </ binary
search» i¢ 17 A db&x + chopf R 4gse 2 W8 O(logw) > 2@ " peid” € - & #FR eh
L) ¢ F_IncompatibleTuple & = 2] e453% > FP 2 7 R F g { s 28
FE£ 0 e precomputation 7 £ # 3 4 mirrir rule % ¥ > F AR R & H
IncompatibleTuple %+ & & tuple 45 |- marker M- i& (¥ 20| R ¢ &2 marker M 2
AR P 2R AP R ¥ marker M g 2% 2 4 — mirrorrule s F 38
P R(111*** > 11111*)¥2 marker M(1111** » 1111**) » p] & 4 smirror rule 3

(1112** > 11111%) -

GHOF L RZ D AR F ARG a4 tuple space ¥
St entuple wF - == AH0E 45 0 tuple(dod) i 345 Pl S ehd B 5 B A
=5 tuple(d > d)} A RP|E PR L > WU HE P S Hlonk ik # 4 L

Rp] o v @ RR R 2% A H0F 5 F L tuple(d > d)t smarker &2 P Ap i & pF > Rl
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A w4 tuple[doy>d] iz 2 tuple[ds x>d]d = ~0F > iR PSS B RA
mts L EE NPT R RGBSR S L marker ¥ B i F RPN TE w2t
¢ Pendbzxd it 4of 3-8 #7517 » Rl % = 4 = marker & I tuple(1>1)% i+ » R2
@ F 4 2 marker & I tuple(1>1)% 2+ PR3 w = 2 = marker & I tuple(0-0) = 1+ »
R4z RS =+ 4 & marker 2 T tuple(0->0)5 ot » % &3 — 31& P2 {8 > ¥4t 4
Fentuple % - e A HF 0 B4~ _tuple(2 0 2)#k P14 pTis £ tuple(l 0 1)

ETHF O ESF G marker 2 PAp i &2 18 o R F & tuple(l o 1)+ 2 T
moeotuple 2 piEF - AdEE 0 AR5 FIRLZ R2A BF 0@ &) &S

BpLfEan R Va4t Pt fgAa 881 RL o

(0.0) P(0000,0000)

R6(*,%) R3{*,00%)

M12(0%,00%,R3} | M11{0*,000*,R3) R1(0%,0000)

M22({00*,0*,R6)

M21{000*,0*,R6) R5(111*,111%)

R2(0000,0%) R4{0000,0111)

Bl 3-8 : Diagonal tuple search z # &) -

433 5@

o Tt A HEER PR G

A

= ez

ot
o

nE kR AL HE A

B 41 0(logw) » #73 n& AR i Bttuple space © F - ¥ & stuple(x 0 x) 12 %

s < N X/ 2. *
IncomparableTupleshi — A& 2 TR PEF > ¥ a0 ¢ 2 = 2 Emarker f# 4%

"
A

Y38 - ﬂﬁ“&%ﬁ%'r%ﬂfﬁ?iO(nz W)t s 2 B2 Foo Ra A FRT AL R

I8 755 € 7 marker€ 47 cofi A > Flet 1 5 B 2 <~ logw B marker ¥ o i {7
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%> % Advanced Regional Diagonal

Tuple Space Search

4.1 &

- AR B F RERIER T 0P| & tuple space s A, 1 R Aol 4-1
#0on o BB tuplespace = M AT A T 0 PR ARNEZ BB A T TP 3K
E_ o ;:1 v 1l

BARS 0 F 2 B ARR A BRITY 4 AT AT PRAIHE 2

tuple[16~32 > 16~32]iz— % B &4 # ek 5 % & > 7~ & F_% wildcard % 3 ([0 - 0~32]

[0~32>0])F #a s Bgiien® R & P 30 ¥ g ietkanfiR T > @ * Diagonal tuple

space search { 3 P &g ez & m,"i 42 4@4 = B e o
o o o az

3z
Bl 4-1: B RRks R pe i ) [17] -

g

L ;[_ F& ml\ F‘ :
(1) ~ % Diagonal tuple space % & © » & — £ % ¢ % ¥ tuple(0 » 0):>

w 3 4v marker » ¥ &t i3 = tuple(0 > 0)~tuple(15 > 15)iz 4 4 & s = ¥ eatuple d %
TP A 4 2 < Eamarker 0 izt ¥ 4 S tuple enh B 2 T G APV A

FlUt$HiE e R atuple ko T P R
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=
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\-m&
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B 0 R AARRAR e B
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marker > £rg B4+ B g B R EET K p T4 T 3 g plar 4 2 ehmarker o

QR E R kE > VPP F R e ERTE 2 S
marker > 433 ¥ tuple(32 > 5) LB 7 #F tuple(5 - 5) 2 tuple(31 > 5)% 27 i tuple
ul A P amarker 0 B B enig F b § ARG T Lo

® 3Bty e

d 3 Z By o - BRI 0 F R S - 0D A HEE a4 I BFE S tuple
£/ tuple(0 » 0)~tuple(15 » 15)% KP4 fF L5 > 2 T8 PF > frf ¥ il 71 5 3%
tuple e+ B8 T 2 W A - ERPG SR e AR SRS m;*gd marker
dp 314 Ao B FIREAR R AT E B tuple s ATIEF GRS A T T H s AR
& marker » i& % = marker PRI R S s S ) B¢ pcdEE
tuple(32 > 5)s4 ] > A ZEd tuple(5 0 5)d14F > 4 W] #t tuple(i 0 5) » 5=1=32
m tuple(5 ) > SSi=N - ApE P B L (55 18) (55 25)~ (5> 29) »
(531)~(5-32)12 % (185 5)~ (A1 » 5) s (72 5) ~ (5 5) » &7 i is#* tuple ¥ 7 &

37 A5 eh marker 2.3 & iE RELRIE marker i3 & o

F]4t % 7 &4 Diagonal tuple space search # % & B 9 R IR B (R 8 > A
CIE: ) 25 CRE

® F ¥R tuple[16~32 5 16~32]s R i F 4 & marker X — = Fl
tuple » @ & JF 57 ¥ tuple(0 > 0)= = i&br4 = » A tuple(0 » 0)~tuple(15 -
15)% = + B & A tuple shomarker <& it 5 3F S 0 e RS AL (€ EH0F A1
R ET R

® Diagonal tuple space search & & T > = st eh= A 3&HF § 75 H R &
i tuple F eamarker &2 L FA PR IR B I e 0 FP K- 0B K
e AEFEL G AL R LT RAPF BRI e AR E 2
Az s WA kAR e PP F LA 2T KD ARFTT .
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Toagm kT T S R ke s o @ F marker ehd S (F R 0 XA de

FREHG - REH 0 2 B IY - APFL L TG LI - 2 P R 0F

e Section 4.2 # > AU i k-4 2 LR & marker (o3RS & Section 4.3 ¢
2% i 40 12 Fy 3 BB tuple space < marker # = Az % Section 4.4 ¢ 4R§t- 1t E
fo A B RE R - b aJR ;) fsection 4.5 P o SN Ry BB AR s T B TT 2R
AR JOF AR > X H ehb] S BGRP 5 Section 4.6 > AP RER B B IEE R

2w 74 @ (s e Section 4.7 ¢ #-u @ H b3 P BB HOE AR o
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AR A 2 markergp ot Bigkeas BAF 0 ¥ ko Zeskin marker Ed vR- B
tuple 2 = @ & » %P2 ZOK R F s (Sourceinformation) > 4e R(11111 > 1111%) &
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B gimmarker FRFL K A 2 e & s e RI(11%** > 1111%)
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marker #7 A&_dhtuple 22 — 5 @& > (2 > Null) »
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2 2R & marker 4p fe BF 5 i * Dim e 2 0 F]@t Dim gk i F = &% & source
i% &_destination 2 2 #8% ;% L (NULL) - ¥ ¢h § 0% i& {7 3 tuple(l - )P~ jiefs
Dim ke 4% > 5 tuple(0 > 0)% % s & 3te & > R acde&F 1 tuple(0 > 0)z =

83 gt ®E 4 oo T tuple(l o 1) 3 F i 1F i 4e Dim chlk gds 1T o

%8 Dim gyfe i o AP E R aeig gt e g E § 3 Case 1~3 mza—’“ &
Dim=source p¥ > # ¥ 12 4rig 3+ & cosource #f it # SRPIR L D A3tk B
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