
Technical Report 

Department of Computer Science 
and Engineering 

University of Minnesota 
4-192 EECS Building 
200 Union Street SE 

Minneapolis, MN 55455-0159 USA 

TR 99-030 

Efficient Join-Index-Based Join Processing: A Clustering Approach 

Shashi Shekhar, Chang-tien Lu, and Sanjay Chawla 

August 06, 1999 





Efficient J oin-Inde'KBased Join Processing: 

A. Clustering A.pproach 

Slrnshi Shekhar, Chang-tien Lu, Sanjay Chawla 

Computer Science Department, University of '.Vlinnesota 

200 Union Street SE, '.Vlinneapolis, '.VI:\f-55455 

[shekhor 1 ctlu1 cho1vlo]@c::>.urnn.edu '!'El.:(G 12) G248:J07 FAX:(G 12)()250572 

http://www.cs.umn.edu/Research/ shashi-group 

Sivakumar Ravada 

Spatial Data Product Division 

One, Oracle Drive, :\fashua, :\fH 03062 

sravadalSJ~us.oracle.com 

July 29, 1999 

Abstract 

A_ .Join Index is a data structure used fOr processing join queries in databases. .Join indices use 
pre--cou1putation techniques to speed up online query processing and are useful fOr data~sets which 
are updated infrequently. The cost of join cou1putation using a join~index \\rith liu1ited buffer space 
depends priu1arily on the page--access sequence used to fCtch the pages of the base relations. (;iven 
the join~index 1 we introduce a suite of Inethods based on clustering to cou1pute the joins. \\7e derive 
upper~bounds on the lengths of the page~access sequences. Experiu1ental results with Sequoia 2000 
data sets show that the clustering Inethod outperforu1s the existing Inethods based on sorting and 
online--clustering heuristics. 

Acronyrn Full fonn Defini1 ion ::>ec1 ion/ page 
()PAS-FB ()p1irnal Page-Acee&> Sequence \Vi1h Fixed Buffer Sec1ion l 
PC(; Page-Connec1ivi1y (;raph Sec1ion l 

AC A::>yn1rne1ric Clu::>1ering-ba::>ed heuri::>1ic Sec1ion 2 
Sor1ing Soiiing heuri::>1ic Sec1ion 2 
SC Syrnrne1ric Clu::>1ering ba::>ed heuri::>1ic Sec1ion :l 
FP Fo1ouhi and Prarnanik'::> heuri::>1ic Sec1ion :l 
OM ()rniecin::>ki '::> heuri::>1 ic Sec1ion :l 
Chan Chan'::> heuri::>1 ic Sec1ion :l 
B-diagonal en1 ry ;\,1\1 1 j] Ii-JI<: L % J Sec1ion :l 

Table 1: Table of _\cronyn1s 
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1 Introduction 

The join operation is a fundan1cntal operation in relational databases, and substantial \vork has been 

done in opti1nizing join operations [11, 27]. _:\._ join index [30, 34] is a special data structure that 

facilitates rapid join-query processing. For data sets \vhich arc updated infrequently, the join index can 

be particularly useful. 

The join-index is typically represented as a bi-partitc graph bct\vccn the pages of cncu1nbcnt re­

lations or their surrogates. V\.'hcn the nu1nbcr of buffer pages is fixed, the join-co1nputation problc1n 

is transforn1cd into dctcr1nining a page-access sequence such that the join can be co1nputcd \vith the 

n1ininnun nu1nbcr of redundant page accesses. This problc1n has been sho\vn to be l\P-hard [26, 29), 

and consequently, it is unlikely that a polyno1nial tin1c solution exists for this problc1n. Solutions in the 

literature use a clustering 1ncthod that groups pages in one or both tables involved in the join to reduce 

total page accesses. _:\._ vailablc heuristics either group the pages of a single table via sorting [34] or use 

incrcn1cntal clustering 1ncthods [5, 7, 28]. 

Our Contribution: V\.'c introduce t\VO nc\v heuristics for this problc1n. One heuristic uses the 

clustering 1ncthod to group the pages in one table, generalizing the sorting-based heuristic for joins. 

The other heuristic uses clustering for the pages of both tables. The forn1cr generalizes and outpcrforn1s 

the sorting heuristic, \vhilc the latter generalizes and outpcrforn1s the incrcn1cntal clustering 1ncthods 

for joins. V\.'c provide a forn1al characterization of an upper bound on the nu1nbcr of redundant I/ Os 

pcrforn1cd by our approaches. Expcrin1cnts \vith the Sequoia 2000 [33] data-set sho\v that both heuristics 

outpcrfor1n other 1ncthods \vhcn the 1nc1nory size is relatively s1nall. The proposed approaches arc useful 

for co1nputing joins, given join-indices for large database, \vhcrc the size of 1nc1nory is s1nall co1nparcd 

to the sizes of the individual datasets. 

1.1 Join Index: Basic Concept 

Consider a database \vith t\VO relations, Facility and Forest Stand. Facility has a point attribute repre­

senting its location, and Forest Stand has rectangle attributes that represent its CA-tent by a bounding 

box. The polygon representing its CA-tent n1ay be stored separately. _:\._ point has the x and y coordinates 

on the n1ap. _:\._ rectangle is represented by points that represent the botto1n left and top right corners. 

In Figure l(a), points al, a2, a3, bl, b2 represent facility locations, and polygons 

_41, _42, Bl, B2, Cl, C2 arc the bounding boxes that represent the li1nits of the forest stands. 

The circle around each location sho\vs the area \vithin distance D fro1n a facility. The rectangle around 

each forest boundary represents the :0.-'Iinin1al Orthogonal Bounding R,cctanglc(:V'IOBR,) for each forest 

stand. Figure l(b) sho\vs t\VO relations, Rand S, for this data set. R,clation R, represents facilities 

via the attributes of a unique identifier, R.ID, the location (x,y coordinates), and other non-spatial 

attributes. R,clation S represents the forest stands via a unique identifier, S.ID, the :0.-'IOBR, and 

non-spatial attributes. :0.-'IO BR,( X 1,1,, Y-'1,1,, Xu 11., Y-'u 11. ), is represented via the coordinates of the lo\vcr-lcft 

corner point(X /, 1,, Y-'1, 1J and the upper right corner point( Xu 11., Y-'u 11.). l\o\v, consider the follo\ving 

query: Q: "Find all forest stands \vhich arc \vi thin a distance D fro1n each facility". This query \vill 

require a join on the Facility and Forest Stand relations, based on their spatial attributes. 

_:\._ spatial join algoritlun [2, 3, 4, 12, 25] n1ay be used to find the pairs (Facility, Forest-stand) \vhich 

satisfy query Q. _\ltcrnativcly, a join-index n1ay be used to n1atcrializc a subset of the result to speed 

1 



up processing for the future occurrence of Q if there arc fc\v updates to the spatial data. Figure 1 (b) 

sho\vs a join index \vith t\VO cohunns. Each tuple in the join index represents a tuple in the table 

JOIN(R,S,rfistrmcc(R.Locat·im,S.AfOBR) < D). In general, the tuples in the join index may also 

contain pointers to the pages of R and S \vhcrc the relevant tuples of R and S reside. V\.'c 01nit the 

pointer inforn1ation to si1nplify the diagran1s in this paper. 

Bl 

ID 

al 

Al a2 

Cl-
~ 

a3 

bl 

b2 

~ 
D = radius of circle 

(a) Spa1ial A11ribu1e of Rand S 

R Relation 
(Facility Location) 

Location Non-Spatial 
(X,Y) Data 

(7.9, 16.7) (...) 

(3.4, 11.4) (...) 
(19.5, 13.1) (...) 

(18.7,6.4) (...) 

(9.5,7.1) (...) 

S Relation 
(Forest-Stand Boundary) 

ID MOBR Non-Spatial 
(XLL YLLXffi¥m) Data 

Al (3, 12.2,6.6, 16) (...) 

A2 (13.4,7. 7, 19.5, 10) (...) 

Bl (7.6, 127, 15,5.2) (...) 

B2 (15.5, 15,20.4, 19) (...) 

Cl (5.1,8.9,9.1, 10.9) (...) 

C2 (7.5,2,9.7,15.1) (...) 

(b) Rand S Rela1ion '!'able and Join Index 

Figure 1: Constructing a Join Index fro1n t\VO relations 

Join Index 

RID S.ID 
al Al 

al Bl 

a2 Cl 

a3 B2 

bl A2 

b2 Cl 

b2 C2 

_:\._join index describes a relationship bct\vccn the objects of t\VO relations. _\ssu1nc that each tuple of 

a relation has a surrogate (a systc1n-dcfincd identifier for tuples, pages, etc.) \vhich uniquely identifies 

that tuple. _:\._ join index is a sequence of pairs of surrogates, \vhcrc each pair of surrogates identifies the 

result-tuple of a join. The tuples participating in the join result arc given by their surrogates. Forn1ally, 

let R and S be t\VO relations. Then consider the join of R and Son attributes _4 of R and B of S. Then 

the join index is an abstraction of the join of the relations. If F defines the join predicate, then the 

join index is given by the set ,JI= {(r;,sj)IF(r;._4,sj.B) 'is tr'ue for r; ER and Sj ES}, \vhcrc r; and 

Sj arc surrogates of the 'ith tuple in R and the jth tuple in S, respectively. For cxa1nplc, consider the 

Facility and Forest Stand relational tables sho\vn in Figure 1. The Facility relation is joined \vith the 

Forest Stand relation on the spatial attributes of each relation. The join-index for this join contains the 

tuple IDs \vhich n1atch the spatial join predicate. 

_:\._ join index can be described by a bipartite graph G = (\/1 , i1:_h E), \vhcrc \l1 contains the tuple 

IDs of relation R, and l 12 contains the tuple IDs of relation S. Edge set E contains an edge (vr, vs) for 

'Ur E R and Vs E S, if there is a tuple corresponding to (vr, Vs) in the join index. The bipartite graph 

n1odcls all of the related tuples as connected vertices in the graph. In a graph, the edges connected to 

a node arc called the incident edges of that node, and the nu1nbcr of edges incident on a node is called 

the degree of that node. 

1.2 Page-Connectivity Graph, Page-Access Sequence 

V\.'hcn the join relationship bct\vccn t\VO relations is described at the page level, \VC get a page-connectivity 

graph. A Page-Connectivity Graph (PCG) [26] Be= (V1 , V2 ,E) is a bipartite graph where vertex set 
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\/1 represents the pages fro1n the first relation, and vertex set \/2 represents the pages fro1n the second 

relation. The set of edges is constructed as follo\vs: an edge is added bct\vccn page (node) vf in \/1 and 

page (node) v1 in \/2, iff there is at least one pair of objects (r;, Sj) in the join index such that r i E vf 
and Sj E v1. Figure 2 sho\vs a page-connectivity graph for the join index fro1n Figure 1 (b). l\"odcs (a, b) 

represent the pages of relation R, and nodes (-4,B,C) represent the pages of relation S. _:\._ rnin-c'ut 

node partition [13, 22] of graph Be = (\/1 , \/2, E) partitions the nodes in \l into disjoint subsets \vhilc 

n1ini1nizing the nu1nbcr of edges \vhosc incident nodes arc in t\VO different partitions. The cut-set of 

a n1in-cut partition is the set of edges \vhosc incident nodes arc in t\VO different partitions. Fast and 

efficient heuristic algoritlnns [20, 17] for this problc1n have bccon1c available in recent years. They can 

be used to cluster pages in PCG. 

Page of relation R A 
el A 1 1 al a2 bl b2 8 e2 

e B 1 0 
e4 c 1 1 Al A2 Bl B2 Cl C2 

Page ofrelation S 
b es 

c a b 

Join Index PCG Adjacency Matrix 

Figure 2: Construction of a Page-Connectivity Graph(PCG) fro1n a Join Index. 

_:\._ join index helps speed up the join processing, as it keeps track of all of the pairs of tuples \vhich 

satisfy the join predicate. Given a join index ,JI, one can use the derived PCG to schedule an efficient 

page-access sequence to fetch the data pages. The CPl; cost is fixed, as there is a fixed cost associated 

\vith joining each pair of tuples, and the nu1nbcr of tuples to be joined is fixed. I/O cost, on the other 

hand, depends on the sequence of pages accessed. V\.'hcn there is li1nitcd buffer space in the 1nc1nory, 
so1nc of the pages n1ay have to be read n1ultiplc tin1cs fro1n the disk. The page-access sequence( and in 

turn the join-index clustering and the clustering of the base relation) dctcr1nincs the I/O cost. 

Example: V\.'c illustrate the dependency bct\vccn the I/O cost of a join and the order in \vhich 

the data pages arc accessed \vith the help of an cxa1nplc, using the page-connectivity graph sho\vn in 

Figure 2. _\ssu1nc that the buffer space is li1nitcd to allo\v at 1nost t\VO pages of the relations in 1nc1nory, 

after caching the \vholc page-connectivity graph in 1nc1nory. Consider the t\vo-pagc access sequences: 

(i) (a,_\, b, B, a, C, b) and (ii) (a,_\, b, C, a, B). Each sequence allo\vs the co1nputation of join results 
using a li1nitcd buffer of t\VO pages. Ho\vcvcr, in the first case, there arc a total of seven page accesses, 

and in the second case there arc a total of six page accesses. l\"otc that the lo\vcr bound on the nu1nbcr 

of page accesses is five, as there arc five distinct pages in the PCG. Ho\vcvcr, \vi th t\VO buffer spaces, 

there is no page-access sequence \vhich \vill result in five page accesses. This is because the cycle (a, _\, 

b, C, a) requires that at least three pages be in 1nc1nory to avoid redundant page accesses. V\.'ith three 

buffer spaces, (a, B, _\, C, b) is a page-access sequence \vhich results in five page accesses. 
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1.3 Problem Definition, Scope, Outline 

Given that the I/O cost depends on the page-access sequence, the follo\ving opti1nization problc1n char­

acterizes the problc1n of designing efficient algoritluns for processing joins, given a join index and a fixed 

buffer size. This problc1n is called the Optin1al Pagc-_\cccss Sequence \vith a Fixed Buffer (OP_\S-FB) 

problem [26], which is formally defined as follows: 

OPAS-FB Problem 

Given: _:\._page-connectivity graph PCG = (\/, E), representing the join index, and a buffer of size 

B <:: IVI 
Find: _:\._ page-access sequence. 

Objective: To n1ini1nizc the nu1nbcr of page accesses. 

Constraint: Such that the nu1nbcr of pages in the buffer is never n1orc than B. 

For cxa1nplc, the optin1al page-access sequence for the PCG in Figure 2 for B = 2 is (a, _\, b, C, a, 

B), \vhich results in six page accesses. 

The OPAS-FB problem is known to be C\P-hard [26, 29], and heuristic solutions have been proposed 

in the literature for solving this problc1n. The heuristics in the literature can be broadly divided into 

t\VO groups, nan1cly asynnnctric single-table clustering and synnnctric t\vo-tablc on-line clustering. V\.'c 

describe the relevant literature and our contribution in sections 2 and 3. 

Scope: In this paper, \VC focus on the OP_\S-FB problc1n. V\.'c do not address the update problcn1s 

associated \vith n1anaging join indices. _\lso, the base-relation clustering and tuple-level join-index 

opti1nization arc out of the scope of this paper. 

Outline: The rest of the paper is organized as follo\vs. Section 2 discusses asynnnctric single-table 

clustering 1ncthods and proposes our first approach, _\synnnctric Clustering( AC), evaluating its pcrfor­

n1ancc \vith the Sorting heuristic. Section 3 describes t\vo-tablc on-line clustering fro1n the literature. 

In Section 4, \VC propose Sy1rnnctric Clustering (SC). In Section 5, \VC co1nparc the proposed 1ncthods, 

_\C and SC, \vith traditional algoritlnns for the OP_\S-FB problc1n. Section 6 includes a su1n1nary and 

future research directions. 

2 Asymmetric Methods 

The n1ain approach \Vithin asymmetric single-table clustering is based on sorting the join-index on 

one of the join keys. In the follo\ving discussion, let R, and S be the t\VO relations, \vith JI being the 

join index. The sorting-based asynnnctric heuristic presented in [34] reads as n1uch as possible of 

the join index (JI) and one relevant relation (R, sc1ni-join JI) into 1nc1nory. Herc JI is assu1ncd to be 

sorted on relation R,.ID. To reduce redundant accesses to S, access to S is clustered by sorting the list 

of all of the surrogates fro1n S that arc related to the subset of the join-index in 1nc1nory. This heuristic 

ensures that no redundant accesses arc pcrforn1cd on relation R,, but it n1ay incur redundant accesses 

to the second relation. The Sorting-based heuristic is 1nost suited to the applications that have totally 

ordered join-keys. R,igorously speaking, the sorting-based heuristic sorts the surrogatcs(c.g. systc1n­

dcfincd identifiers for pages) rather than the join-key attributes. If tables arc sorted by the respective 
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join-keys, then surrogates for the pages in a table n1ay be ordered by the lo\vcst key-value for any tuple 

in the page. This reduces redundant page I/O in co1nputing joins using a join-index, for join-keys \vith 

totally ordered don1ains. Since n1ulti-din1cnsional don1ains, e.g. spatial data types, do not have natural 
total-order, sorting surrogates n1ay not be as effective for co1nputing spatial-joins using join-indices. V\.'c 

propose _\synnnctric Clustering to address this problc1n. _\synnnctric clustering uses the entries in the 

join-index for grouping pages of one relation, say R,, based on their interaction \vith the pages in the 

other relation, say S. If the join-index (e.g. Figure l(b)) represents the su1n1nary of a spatial join, then 

the pages of R, arc clustered using their spatial relationship \vith the pages of S, and the proposed 1ncthod 

is called _\synnnctric Spatial Clustering. 

2.1 Basic Idea Behind Asymmetric Clustering(AC) 

The cxa1nplc in Figure 3 highlights the different approaches of _\C and the sorting heuristic. Figure 3(a) 
sho\vs a 49-nodc PCG, \vith nu1nbcrs 1-24 and letters _\-'{ corresponding to the surrogates of the t\VO 

page-level relations. The figure can represent a spatial-join co1nputation bct\vccn t\VO layers of geographic 

data consisting of s1nall polygons. The pages fro1n each relation n1ay overlap pages fro1n the other. 

Consider a 1nc1nory \vith seven pages for buffering the pages of R and S relations. There n1ay be 

additional buffering pages for n1anaging the result, index, etc. The _\C heuristic used a different clustering 

A 2 D 6 12 p A 2 D 6 12 p 

c 5 H 11 0 18 

B 4 G 10 N 17 u 

F 9 M 16 T 22 

E 8 L 15 s 21 x 

7 K 14 R 20 w 24 

J 13 Q 19 v 23 y 

(a) Original graph (b) Sorting (c)AC 

Legend: 0: Cluster 1 0: Cluster 2 Q : Cluster 3 D : Cluster 4 

Figure 3: Exa1nplc of the _\C and Sorting heuristic 

of pages of the first relation, relative to the sorting-based approach. Figure 3(b) and 3(c) sho\v the 

clusters of pages of the first relation that arc used by _\C and the sorting-based 1ncthod. The pages of 

R arc nu1nbcrcd 1-24, and \vithin a cluster arc annotated by a co1n1non sy1nbol. For cxa1nplc, nodes 
1,2,3,4,5,6 in Figure 3(b) arc all circled, denoting that these arc loaded together by sorting. Si1nilarly, 

nodes 7,8,9,10,11,12 arc annotated \vith a hexagon, and so 011. \"isually, one can verify that the clusters 

used by _\C arc spatially cohesive. The nu1nbcr of pages of the second relation \vhich have edges to 

n1ultiplc clusters of pages in the first relation yield redundant I/ 0. One n1ay consider using other spacc­

filling curves( e.g. Z-ordcr, Hilbert) to i1nprovc the pcrforn1ancc of the sorting-based 1ncthod. Ho\vcvcr, 

n1in-cut graph partitioning, the 1ncthod used by _\C, outpcrforn1s space-filling curves in the clustering 

of non-unifor1nly distributed spatial data, as sho\vn in our previous \vork [31, 32]. 
The sorting heuristic clusters the nodes of the first page-level relation and then loads the pages 

in the sorted order. The loading sequence for the cxa1nplc in Figure 3 is sho\vn in Table 2. V\.'ith a 
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buffer size of seven, the sorting heuristic \vill load pages { 1, 2, 3, 4, 5, 6} fro1n the first relation in the 

first six buffers and then \vill load one page at a tin1c fro1n the set of pages, {-4, B, C, D, E, F, G, H, I}, 
in the 7th buffer. For the ne>.i: round, it loads {7, 8, 9, Hl, 11, 12} in the first six buffers, and then 
{ E, F, G, H, I, ,J, K, L, 1\I, J_V, (), P} one at a tin1c in the 7th buffer, and so on, as sho\vn in Table 2. The 

sorting heuristic results in 17 redundant I/ Os, \vi th a total of 66 I/ Os. 

Sorting Heuristic II AC 

Round Fir-::>1 Six Buffer::> '!'he 71 h buffer Fir::>1 Six Buffer::> '!'he 71 h buffer 

A 1 B 1C 1 D 1 E1F 1(; 1H 1;2;4;5;9;10 A 1 B 1C 1 D 1F 1(; 1H 1 L 1fv1 1N 

2 7;8;9; 10; 11) 12 E 1F 1(; 1H 1 l 1J 1K 1L 1fv1 1N 1() 1P B,E,F,J,K,L,Q,R,V 

l:l 1 14 1 151 1G 1 171 18 J,K,L,M,N,0,P,Q,R,S,T,U () 1 11 1 121 171 18122 

4 19;20;21 ;22;2'.l;24 Q,R,S,T,U,V,W,X,Y 151 lG 120 12l 12:J 124 L,M,N,R,S,T,V,W,X,Y 

Total I/O 66 62 

Table 2: Loading Sequence of Sorting and _\PG for Figure 4 

The _\C clusters the nodes of the first page-level relation according to their connections \vith the sec­

ond relation. The clustering, as sho\vn in Figure 3(c), \vith a buffer size of seven, provides four clus­

ters. l\otc that these clusters arc different fro1n the page-clusters used in sorting. The _\C heuristic 

\vill load pages { 1, 2, 4, 5, 9, 10} of the first relation in the first six buffers, then, one by one, \vill load 
{A, B, C, D, F, G, H, L, Af, N} in the 7th buffer. In the next round, it loads { 3, 7, 8, 13, 14, 19} together 

into the first six buffers, and then { B, E, F, J, K, L, (!, R, V} one at a time into the 7th buffer. Table 2 

sho\vs the total loading sequence. The _\C results in 13 redundant I/Os, \vith a total of 62 I/Os. The 

difference of four I/ Os out of 66 in this cxa1nplc n1ay not look large. Ho\vcvcr, the relative difference in 

I/Os using the sorting and clustering 1ncthods \vill increase \vith an increase in data-set size. This linear 

characteristic of sorting yields poor clustering and li1nits the savings in redundant I/ Os. 

2.2 Description of Asymmetric Clustering Method 

The goal of asy1rnnctric clustering 1ncthods is to cluster the pages of one relation, given the join-index or 
its PCG. This can be forn1alizcd as a n1in-cut hypcrgraph-partitioning problc1n. The pages of a relation 

\vill for1n the nodes of the hypcrgraph. Each page p of the other relation \vill for1n a hypcrcdgc, covering 

all pages of the first relation connected to p in PCG. Partitioning the nodes in this hyper graph \vill for1n 

a group of pages of the first relation that can be loaded together. :0.-'Iini1nizing cut hypcrcdgcs during 

partitioning reduces the nu1nbcr of pages of the second relation that \vill need to be loaded into 1nc1nory 

n1ultiplc tin1cs. 

Consider the cxa1nplc spatial-join problc1n depicted in Figure 4(a) \vith t\VO point data-sets, (a,b,c,d) 
and (_\,B,C,D). _\ssu1nc a blocking factor of 1 to si1nplify the cxa1nplc. The PCG of the join-index 

for D'istance('i,j) <)I is sho\vn in Figure 4(c) using the overlay and distance buffer inforn1ation. The 

nodes of the h:;1)crgraph sho\vn in Figure 4(d) consist of the nodes of relation R,, i.e. (a,b,c,d). The 

h:;1)crcdgcs represent nodes (-\,B,C,D) of S. The h:;1)crcdgc corresponding to _4 connects a and c, since 

(-\,a) and (_\,c) satisfy the join predicate. The partition ((a,c),(b,d)) has no cut hypcrcdgcs, and 

co1nputing the join using it \vill result in no redundant I/O \vith loading sequence (a,c,_\,C,b,d,B,D), 
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if 3 buffers arc available to hold the pages of t\VO relations. In contrast, the partition ((a,b),(c,d)) 

cuts all four hypcrcdgcs, and co1nputing this join \vill yield four redundant I/ Os \vi th loading sequence 

(a,b,A._,C,B,D,c,d,A._,C,B,D), if only 3 buffers arc available to hold the pages of t\VO relations. 

~L L A B A B 
A B A B 

,,,, 
,, ! T a b a b ':~ "~} /~~:~> ® ® L a® ®b c d c d c d 

c D 
,,, 

,_ 

\D c D c D cl 
(a) Dataset R (b) Dataset S ( c) Overlay and Join (d) Graph PCG (d) Hypergraph model 

distance < LI 12 (one object)/page 

Figure 4: Construction of a one-sided hypcrgraph fro1n the data set 

V\.'c forn1ally describe _\C no\v, via the follo\ving pseudo-code. 

AC Algorithm 

Input: (i (Vr 1 V.s 1 h') is a page connectivity graph 

Output: S =< f-'1 1 f-'2 1 ••• 1 Pr > is a page access sequence with r ;:::: I Vr I + I Vid .( f-';s need not be distinct) 

asse<t(IVcl < jV,IJ; 

assert(H;:::: 2); /* nurnher of buffers */ 

l-f(ir(Vr 1 1-fh.r) DeriveHypergraph((i); /* 1-f(ir is a hypergraph, 11-fh'rl IV.sl */ 

/*For wch node in IVid. build a hyperedge to enr:ornpass all of its corresponding nodes in Vr */ 

f-'Setr hMetis-Partition(l-f(ir 1 H - l) /* f-'Setr is the set of partitions */ 

i=O; 

while ((f-';"=SelectUnprossedPartition(f-'Setr ))!=NULL)/* Select the un-processf:d partition */ 

AddPageSequence(S1 f-';" );/* Add all the nodes in f-';" into the loading sequence */ 

f-';, Sort-Eliminate-Dup( (i 1 f-';" ); 

/* Sort and elirninate the duplicated nodes in V.s of (J which connat to nodes in f-';" */ 

AddPageSequence(S1 f-';, );/* Add all the nodes in f-';, into the loading sequence */ 

f-';" .flag "processed"; /* A1ark this partition as ''processed'' */ 

i++; 

The first step of the _\C algoritlnn, i.e. DeriveHp ergraph(GL creates a hypcrgraph fro1n a given page 

connectivity graph G. l\odcs of the first relation R for1n the nodes of the hypcrgraph. For each node v 

of the second relation, it builds a h:;1)crcdgc to cnco1npass a set of nodes on the first rclation(R) that arc 

connected to v in G. l\cxt, _\C partitions this hyper-graph using the n1in-cut hyper-graph partitioning 

algoritlnn, h:V'Ictis [17, 18, 19), \vhich is a n1ulti-lcvcl hypcrgraph-partitioning algoritlnn that has been 

sho\vn to produce high quality bi-sections on a \vidc range of problcn1s that arise in scientific and \"LSI 
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applications. h:V'Ictis n1ini1nizcs the ( \vcightcd) hyper-cut and thus tends to create partitions in \vhich 

connectivity an1ong the vertices in each partition is high, resulting in good clusters. Finally, _\C loads 

each partition in the prin1ary relation and its connected nodes in the second relation, one by one, to 
co1nputc the join. The I/O cost of _\C can be characterized via the follo\ving lcnnna: 

Lemma 1 Given a partition f\/~1 , l1~::i, ••• , l1~P} of l1~, i.e. pages of relation R, frorn the page-connectivity 

graph PCG = (Vr, V,, E), there is a page-access SCq'Ucncc of lcn,qth K = IVrl + LrrV. f(v) to process the 

spatial ;oin, where f (v) denotes the rrurnbcr of partitions of Vr that have an edge to node v in V,. 

Proof: _:\._node v in \ls is connected to f(v) partitions of l1~. Therefore, the node v in \ls has to be 

loaded f(v) tin1cs into the buffer to co1nputc the spatial join. The total nu1nbcr of redundant 

LrrV. (f(v) 1). The total I/O cost= IVrl + IV,I + LrrV. (f(v) 1) = IVrl + IV,I + LrrV. f(v) 

IVrl + LrrV. f(v) • 

I/Os is 

IY,I = 

V\.'c note that the n1in-cut h:;1)crgraph-partitioning algoritlnn, e.g. h:V'Ictis, n1ini1nizcs the nu1nbcr of 

h:;1)crcdgcs connecting nodes across clusters. This docs not directly n1ini1nizc LvEV, J(v), as it docs 
not distinguish bct\vccn a hypcrcdgc spanning four clusters and another spanning t\VO clusters. V\.'hilc 

_\C outpcrforn1s the sorting-based heuristic already, the pcrforn1ancc of _\C \vill i1nprovc \vhcn better 

algoritlnns for hypcrgraph partitioning arc available \vhich n1ini1nizc the total nu1nbcr of cuts on cut­

h:;1)crcdgcs. V\.'c plan to CAl)lorc this in future \vork. 

2.3 Comparison of Asymmetric Approaches: Sorting vs. AC 

2.3.1 Experiment Design 

V\.'c no\v co1nparc the pcrforn1ancc of the Sorting heuristic and _\C, using a join index derived fro1n 

the Sequoia 2000 [33] dataset. The Point table contains 62,584 California place nan1cs \vith their 

associated locations(Longitudc and Latitude), extracted fro1n the \;S Geological Survcy's Geographic 

l\an1cs Inforn1ation Systc1n(Gl\IS). The Polygon table contains 4,388 records, representing Cropland 

and Pasture land use in California. Throughout Section 2.3 and 5, the Point and Polygon tables \vill be 

referenced as R and S, respectively. V\.'c plot the point and polygon data set of California records as in 
Figure 5. 

l\o\v, consider the follo\ving queries: 

Q.A. "For each place in the Point table, find N nearest croplands fro1n the Polygon table". 

Q.B. "For each place in the Point table, find all croplands \vhich arc \vithin a distance D". 

The spatial join of these t\VO queries produces sets of join indices and such join indices arc of interest 

in spatial data n1ining for neighborhood indexing [6]. The value of N and D can be increased/decreased 
for adjusting the edge ratio [5]. Give a join graph G = (ll/i, l1~S', E), the edge ratio of G, denoted by 0, 
is defined as the ratio of the total nu1nbcr of edges in G to the nu1Ainnun possible nu1nbcr of edges in G 

• _ lt!I if it is a fully connected graph: i.e., e - IVrdlVsl. The edge ratio provides a n1casurc of the page-level 
join selectivity. 

The variable paran1ctcrs arc the Buffer size, Page size and Edge ratio. The 1nctric of evaluation is the 

nu1nbcr of page accesses required by each algoritlnn to i1nplcn1cnt the join. The edge ratio is controlled 
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Figure 5: Exa1nplc of the Sequoia 2000 data set 

by N and D. The nu1nbcr of nearest neighbors, l\, is varied fro1n 1 to 5, yielding an edge-ratio of 0.002 to 

0.005. The side-size of range queries, D, is varied fro1n 400 to 4800 units \vhcrc the extent of California 
is almost 1.2 * Hl" units (C\orth-South) x 0.8 * Hl" units (East-West). This yields an edge-ratio of 0.002 

to 0.003. 

Page size represents the size of disk blocks and 1nc1nory pages. Different values of page sizes include 

2. 4. 8. 16. 32. 64 Kbytes. The size of the records in the point table is 64 bytes. The blocking factor 

for the Point table is the ratio of page size and record size. Point records arc spatially clustered in the 

pages of the point table. The records in the Polygon table arc of variable size. The size of a record in 
the Polygon table is 16+ 32*(# of Points in the Polygon) bytes. The nu1nbcr of points in a polygon can 

vary fro1n a dozen to a fc\v thousands, and a large polygon n1ay span n1ultiplc pages. 

The buffer size represents the ratio of available 1nc1nory size as a fraction of the size of the Point 

table, \vhich is the s1nallcr of the t\VO tables. :0.-'Icn1ory buffer size varies fro1n 4 % to 20% of the size of 

the s1nallcr table. 

Figure 6 sho\vs the various process steps of the cxpcrin1cnt design. Fro1n the base point and polygon 

tables, \VC derived fa1nilics of join indices for queries Q.A. and Q.B. for different values of edge ratio. 
l\cxt, a set of page-connectivity graphs(PCGs) arc generated for each join index, given different values 

of page size. The page-connectivity graphs arc input to the "Pagc-_\cccss-Scqucncc Generator," \vhich 

si1nulatcs the behavior of OP_\S-FB algoritlnns (i.e. Sorting and _\C) for a given buffer size. The pagc­

acccss sequence and total page I/ Os arc tracked for each co1nbination of join algoritlnn, page size, buffer 

size, and edge ratio to derive the CAl)Crin1cnt results. 

2.3.2 Experiment results 

Figures 7 and 8 sho\v the co1nparison bct\vccn the _\C and Sorting heuristic for range-query join-indices 

and 1\-ncarcst-ncighbor join-indices, respectively. The _\C 1ncthod is unifor1nly better than the Sorting 

heuristic. 

Figures 7(a) and 8(a) sho\v the i1npact of page size, \vhich \VC vary fro1n 2 kbytcs to 64 kbytcs. The 

page size and the nu1nbcr of page accesses arc sho\vn in logaritlnn scalc(basc t\VO). _\s the page size 
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Figure 6: Expcrin1cntal setup and design. 
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Page Access Sequence 

increases, the nu1nbcr of pages decreases, and clustering efficiency i1nprovcs for all 1ncthods, reducing 

the pcrforn1ancc gap bct\vccn the t\VO 1ncthods. 

Figures 7(b) and 8(b) sho\v the effect of buffer size (as a fraction of the size of the ~nnallcr relation) 

on the I/O pcrforn1ancc of _\C and the sorting-based 1ncthod. A._s long as the buffer is s1nallcr than 

the s1nallcr of the t\VO relations involved in the join, both _\C and the sorting-based approach use 1nost 

of the buffers to load the pages of only one relation. The difference in pcrforn1ancc co1ncs fro1n their 

difference in clustering ability: _\C has a lo\vcr I/O cost than Sorting. 

Figures 7(c) and 8( c) sho\v the effect of the edge ratio. _\C unifor1nly outpcrforn1s the Sorting-based 

approach. The gap bct\vccn the pcrforn1ancc of the t\VO 1ncthods docs not sho\v any trend. 
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Figure 7: Range Query Join-index: The effect of page size, buffer size, and nu1nbcr of nearest 

neighbors on the _\C and Sorting heuristic 
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Figure 8: Nearest Neighbor Join-index: The effect of page size, buffer size, and nu1nbcr of nearest 

neighbors on the _\C and Sorting heuristic 

3 Symmetric Methods 

V\.'hilc _\C is an i1nprovcn1cnt over the Sorting-based 1ncthod for spatial joins, it has a fc\v dra\vbacks. For 

cxa1nplc, its buffer utilization can be poor, since it gives ahnost the entire buffer space to one relation. V\.'c 

illustrate this \vith the help of the spatial join problc1n sho\vn in Figure 9. Figure 9(a) sho\vs a polygon set 

\vith 6 polygons, RD .. R,5, and a point data set \vith 6 points. The adjacency n1atrix 1'vfpcc representation 

of a join-index is sho\vn in Figure 9(b), along \vith the page access sequence for the sorting-based 

algoritlnn \Vith three 1nc1nory buffers. Sorting requires 16 I/Os, including 4 redundant I/Os on Sl, S2, 

S3, and S4, using a page-access sequence of RO, Rl, 50, 51, 52, R2, R3, 51, 52, 53, 54, R4, R5, 53, 54, 55. 
_:\._ synnnctric 1ncthod n1ay alternate bct\vccn the pages of the t\VO relations, as sho\vn in Fig­

ure 9(c), to co1nputc the join \vith 12 I/O (i.e. no redundant I/O) using a page-access sequence of 

RO, 50, 51, Rl, 52, R2, 53, R3, 54, R4, 55, R5. This property can be generalized to other adjacency ma­

trices with only B-diagonal entries, where {Mpcc['i,j] = 1} =¢' fri jl <:'. lB/2J}, and Bis the number 

of buffers available for pages of R, and S. The indices 'i and j refer to the ro\v-indiccs and cohunn-indiccs. 

The synnnctric 1ncthod can process the B-diagonal entries of an adjacency n1atrix \vith no redundant 

I/Os, given B buffers for R, and S. 

The n1ain approaches in symmetric two-table clustering arc based on either the Traveling Salcsn1an 

Problc1n heuristic or on incrcn1cntal clustering. _:\._traveling salcspcrson(TSP)-bascd heuristic [10] uses 

a co1nplctc graph constructed by taking the nodes of one relation as the nodes of the graph. The \vcight 

on an edge bct\vccn nodes a and b denotes the nu1nbcr of page-accesses required to fetch all of the 

neighbors of b, given that all of the neighbors of a arc in 1nc1nory. This 1ncthod requires a large an1ount 

of 1nc1nory, as the co1nplctc graph gro\vs quadratically \vith the nu1nbcr of nodes in the s1nallcr of the 

relations. Incrcn1cntal clustering is based on selecting the ncA-t page or the next set of pages to be fetched 
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Figure 9: Co1nparison of sy1rnnctric and asynnnctric rncthods 

into rncrnory, given the pages in the buffer and the rcn1aining edges to be processed in the bi-partitc 

page-connectivity graph. The selection is often based on the nurnbcr of neighbors in the rncrnory buffers 

and the nurnbcr of neighbors on the disk. Details of actual heuristics follo\v. 

Symmetric Heuristic: FP \va,s proposed by Fotouhi and Pran1anik [7]. The buffer is initialized 

\vith a node \vhich has the srnallcst degree in the page-connectivity graph. The rncrnory buffer is added 

\vith the largest resident-degree node. The resident degree of node _4 is the nu1nbcr of nodes \vhich arc 

connected to _4 and arc in 1nc1nory buffers. If 1norc than one node has the largest resident degree , the 

algoritlnn chooses the one \vith the s1nallcst non-resident degree. The non-resident degree of a node _4 

is equal to totaLdegree(A.) res'idenLdegree(A.). When the buffer is full, a node that has the smallest 

nu1nbcr of edges \vith the nodes on the disk can be S\vappcd out. 

Symmetric Heuristic: 011( developed by Orniecinski [28], is designed specifically for bipartite 

join graphs. Initially, load a pair of nodes (r;,sj), \vhcrc r; ER and Sj ES, fro1n the page-connectivity 

graph in the 1nc1nory buffers, such that (a)(r;, Sj) is connected and (b)thc su1n of the degree of r; and Sj 

is n1inin1al. In each iteration, an out-of-1nc1nory least-non-residential-degree neighbor p of an in-1nc1nory 

lo\vcst-non-rcsidcntial-dcgrcc node q is selected to be S\vappcd in. If the 1nc1nory buffers arc full, then 

the lo\vcst-non-rcsidcntial degree node r \vhich is not connected to p in PCG is S\vappcd out. l\odc r 

n1ay co1nc back to 1nc1nory \vithin the next fc\v iterations. 

Symmetric Heuristic: Chan [5] generalized the O:V'I heuristic by S\vapping in a set of nodes, 

i.e. scgn1cnts, in each iteration. The set of nodes selected for an iteration arc the unprocessed on-disk 

neighbors of the lo\vcst-non-rcsidcntial degree node n, either in 1nc1nory or on disk. l\odc n can be 

processed and S\vappcd out of the 1nc1nory buffers at the end of the current iteration. If the 1nc1nory 

buffers do not have enough c1npty space, then the page \vith the lo\vcst nu1nbcr of a non-residential 

degree is S\vappcd out. 

:V'Iost synnnctric 1ncthods proposed in the literature arc incrcn1cntal, considering local inforn1ation 

in PCG. V\.'c propose a Synnnctric Clustcring(SC) 1ncthod, \vhich CAl)loits global inforn1ation across the 

entire PCG. SC is described in section 4. 

3.1 An example 

V\.'c use an cxa1nplc to illustrate the differences bct\vccn various heuristics for co1nputing joins, given a 

join-index. R,cadcrs arc \varncd that this cxa1nplc is a bit detailed to bring out the differences bct\vccn 

various 1ncthods. On the first reading, one n1ay gloss over the details of Section 3.1, and si1nply look at 
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Table 3 to get the surmnary. We have tried hard to find an example which could both explain our method, 

i.e. SC, and explain the differences between all of the methods. We have not been able to find anything 

simpler. Figure 10( a) shows the polygon-clusters in R and 5 relations with their overlays. Some polygon­

clusters have one polygon; others have two polygons, for example, RO, Rl, ... , R5, 51, 52, ... , 55, and 

58, 59, . .. , 513. Polygon clusters arc natural in geographic data as well. For example, the boundary 

of the United States will be represented by a collection of polygons representing the lVfainland, Alaska, 

Hawaii, etc. 
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for Join-index of overlay(R,S). 

Dark region= edges \vithin a 
partition. Lig htly shaded re­

gion= edges within H-diagonal 

The spatial-join relationship shown uses geometric as well as topological representation. Figure lO(a) 

shows an overlay of the two data-sets to provide a visual representation of join relationships. Shaded 

areas arc provided for realism. One may imagine a beautiful city with many parks and lakes( shaded 

areas) which break the continuity of streets (objects in R) and avenues (objects in 5). Figure lO(b) 

provides adjacency matrix representation of the page-connectivity graph with one object per page. To 

simplify the example, we assume a unit blocking factor, i.e. one polygon-duster or road per disk page. 

A sunnnary of the behavior of alternative methods is shown in Figure 11, which has five different 

pieces. The adjacency matrix representation of the join index is reproduced from Figure lO(b) to facilitate 

understanding. The IDs of the polygon clusters in R and S appear innncdiatcly to the left of the matrix. 

The two vectors left of and below the node-identifiers list the degree of each node in PCG. For example, 

the degree of R13 is 6. The nodes with the highest degree (13) are R5 and S8, followed by RJ2, which 

has a degree of 12. 

The remaining two pieces of Figure 11 present the surmnary behavior of various algorithms in terms 

of page-access sequence. These tables show the rank-order of polygon-clusters (i.e. Pages assuming unit 

blocking factor) from R and S in their respective page-access sequences. For example, the page access 

sequence for OlVI is RO,SO,Sl,S2,S8,RJ,S3,R2,S4, R3,S5,R4,R5,R6, .. and so on. lVIultiple ranks for a node 

13 



AC FF O]V[ Char SC R 
28 26 20 26 29 
27 ,4 ,6 27 16,27 
26 22 2, 24 22 

--------- '3 0 0 0 0 0 0 0 0 1 :-1 --1 --1 --1 

~~] '2 0 0 ' ' ' ' ' ' 1 i 1 ' ' ' ---------

" 0 0 0 0 0 0 ' T --fl"T --1 --1 --1 
25 20,37 ,9 22 20 
24 18 31 '8 20 ,9 
23 30 17,32 ,8 '8 

---------

'° 0 0 0 0 0 ' ' ' 1 ! ' ' ' ' 0 ---------
--------- 9 0 0 0 0 ' ' ' ' 1 i ' ' ' 0 0 
--------- 8 0 0 0 ' ' ' ' ' '' ' ' 0 0 0 

22 12,29 15,24 ,6 '7 
7 10 42 14 31 ,4 ,4 
6 23 '3 28 12,31 
5 9 36 12 30 '2 5 

--------- 7 0 0 -l --} --l --{ ' -} '' ' 0 0 0 0 
--------- 6 0 ' ' --n ' 0 0 0 0 0 

s ' 1 i ' ' ' ' 1! ' 0 ' ' ' ' ' ---------
4 1 ---1:' T -, --1 --1 --r 0 1 0 0 0 0 0 

4 7,44 '° '° 4 
3 5,41 8 8 3 
2 3,39 6 6 2 

---------
3 1 l\ 1 1 1 1 0 0 1 0 0 0 0 0 ---------
2 1 1 1 1 0 0 0 1 0 0 0 0 0 

1 1! 1 1 0 0 0 0 1 0 0 0 0 0 

' ' ' ' ' 0 1 1 ', 1 0 0 0 0 0 1 0 0 0 0 0 --------- -6 --1-: 2 3 4 s 6 7, 8, 9 rn, " '2 '3 s 

I I 19 I I 19 I I 131 I I I 6 7 9 9 9 8 8 7 6 5 4 I 
/ 

Node degrees 

SC 6 7 9 10 1 13 5 21 :fa 24 25 26 28 30 

Cha= 2 3 4 7 9 11 13 
15 5 17 19 21 23 25 29 30 31 3~ 33 34 35 

0Jv[ 2 3 4 7 9 11 2C 25 5 2 22 27 28 29 33 
FF 2 

34, 
6 1i 1g 15 17 8 

32 34 45 28 43 H2 19 21 24 27 
35 

AC 8 9 lC 11 12 13 lL 15 1 (' 17 18 19 20 21 
2S 3C 31 3C 33 3L 35 3(' 37 38 39 40 

Figure 11: Co1nparison of different 1ncthods 

indicate redundant I/O. For cxa1nplc, 0:0.-'I loads R,4,RB,R,7,R,8, and S7 t\vicc in 1nc1nory \vith rankings of 

(12,30),(14,31),(15,24),(17,32), and (25,33). This information is further surnnmrized in Table 3, which 

sho\vs total I/O, nodes \vith redundant I/O, and n1in/n1ax/avcragc degree of nodes \vith redundant I/O. 

:0.-'Iorc details arc available in _\ppcndix _:\._ and B. 

Method AC FP OM (~han SC 

Total I/0 40 45 33 35 31 

Nodes \\rith redundant I/() S2~Sl3 Rl~R4, R6, R71 R9, R4,R6,R7, S(~S6 Rl2, R5 1 

RIO, S(~S5, S7, S8 R8,S7 Sl3 

Debrree of A.vg 8 8.3 8 8.3 12.6 

nodes \Vith ?v1in 4 5 8 6 12 

redundant I/() ?v1ax 13 13 8 9 13 

Table 3: Sunnnary of page accesses for different algoritlnns 

FP prefers to S\vap-in the nodes \vith the highest residential degree and S\vap out the nodes \vith the 

lo\vcst non-residential degree. In this cxa1nplc, these policies tend to favor high degree nodes for buffering, 

leading to redundant I/ 0 on lo\v-to-1ncdiu1n degree nodes \vhich have co1nc 1nc1nory already. l\otc that 

nodes R,5 and RJ2 have no redundant I/O despite a very high degree, \vhilc RJ, R,2, and SO have 

redundant I/O despite having a very lo\v degree. Table 9(_\ppcndix B.4) provides a detailed execution 

trace of FP for interested readers. 

0:0.-'I has a good overall pcrforn1ancc \vith only 5 redundant I/Os. Ho\vcvcr, the redundant I/Os occur 

\vith nodes of n1cdiu1n degree, e.g. R,4,RB,R,7,R,8, and S7(dcgrcc 8.) The nodes \vith a higher degree 

have no redundant I/O. This can be related to the S\vap-in and S\vap-out policy. S\vap-in policy favors 

lo\v-rcsidcntial degree neighbors of lo\v non-residential degree in-1nc1nory nodes. The policy has the 
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unintended effect of pulling all of the neighbors (SO,Sl,S2,S8) in order of degree of the in-1nc1nory node 

\vith the lo\vcst non-residential degree, e.g. RJ). If one of these neighbors (S8) has a very high degree, 

it n1ay stick around for a long tin1c due to S\vap-out policy based on the lo\vcst non-residential degree+. 
This favored trcatn1cnt of high non-residential degree nodes in 1nc1nory leads to increased redundant 

I/O, in this cxa1nplc. Table 8(A._ppcndix B.3) provides a detailed execution trace of 0:0.-'I for interested 

readers. 

Chan's 1ncthod is a logical rcfincn1cnt of the 0:0.-'I 1ncthod. It tries to bring in all of the neighbors 

of the node J_V \vith the lo\vcst non-residential degree. This allo\vs the co1nplctc processing of all edges 

incident on J_V. The hope is to reduce redundant I/O: ho\vcvcr, Chan's 1ncthod leads to an unintended 

side effect for spatial joins. A.ftcr RD co1ncs into the buffer, its ncighbors(SO,Sl,S2,S8) arc brought in 
to process it. A.Jtcr RD is processed, the next node \vith the lo\vcst non-residential degree is RJ, \vhich 

co1ncs in 1nc1nory \vith its rcn1aining neighbor S3. A.ftcr RJ is processed, R,2 is selected, and soon the 

nodes of R, arc favored to be processed first, since the first node to be loaded \Vas fro1n R,. This leads to 

excessive redundant loading for nodes of S, in this cxa1nplc. Table 7(A._ppcndix B.2) provides a detailed 

execution trace of Chan for interested readers. 

In contrast to FP, 0:0.-'I, and Chan, SC uses a global clustering approach. SC uses sy1rnnctric clustering 
to pcr1nutc the rO\VS and cohunns of the adjacency n1atrix representation of PCG to bring as n1any edges 

as possible \vithin the B-diagonal. A.JI of the edges \vithin the B-diagonal can be processed \vithout 

redundant I/ 0. The redundant I/ 0 for edges outside the B-diagonal arc n1ini1nizcd by co1nputing the 

vertex cover, i.e. a set of nodes covering all of the edges outside the B-diagonal. The nodes in the vertex 

cover arc scheduled \vith appropriate partitions, and so1nc of these vertices n1ay yield n1ultiplc redundant 

I/Os. SC has only three redundant I/Os, resulting from a vertex cover {S8,R.12,R.5} of the 15 off B­

diagonal edges. Incidentally, the nodes \vith redundant I/Os have a very high degree. Table lO(A._ppcndix 
B.5) provides a detailed execution trace for interested readers. 

4 Proposed Symmetric Clustering Method 

In contrast to incrcn1cntal approaches (e.g. FP, 0:0.-'I, Chan), Synnnctric Clustcring(SC) uses a global 

approach based on Band-diagonalization of the adjacency n1atrix representation of PCG. The nu1nbcr 

of redundant I/ Os depends only on the edges outside of the B-diagonal and can often be reduced via 

identifying a vertex-cover. 

R,ccall that pure B-diagonal entries for a square n1atrix arc defined by {ltfpcc[(j] = 1}:::} {l'i ii:::; 
l B /2 J }, \vhcrc Bis the nu1nbcr of buffers available for pages of R, and S. Band-diagonalization of a n1atrix 

rearranges the rO\VS and cohunns of the n1atrix to bring in as n1any non-zero entries as possible \vithin 

B-diagonals. Thus, a n1atrix \vi th only B-diagonal clcn1cnts is already band-diagonalized. Ho\vcvcr, a 

band-diagonalized n1atrix n1ay have a fc\v entries outside of the B-diagonal. 

SC Algorithm 

Input: (i (V1 h') is a page-connectivity graph; Bis the number of buffers. 

11 i::> non-in1ui1ive. See 1he explana1ion frorn [28] ''If a node in 1he buffer i::> going 10 be ::>\vapped ou1 1 1hen in 1he \VOr::>1 

ca::>e i1 could be brough1 in one addi1ional 1irne for each page i1 i::> connec1ed 10 ou1::>ide 1he buffer1 a&:>urning i1 \vere 10 be 

::>\vapped ou1 ea<:h 1irne.i' '!'hu::> ::>\vap-ou1 kicks ou1 1he node \vi1h 1he Jo,ve::>1 non-re::>iden1ial degree. 
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Output: S =< f-'1 1 f-'2 1 ••• 1 Pr> is a page-access sequence with r;:::: IVl.(P;s need not be distinct) 

{Step 1} < (inn 1 f-'ordcr >=Band-diagonaliation( (i 1 H); /*(Jet 13-diagonal graph and ordered set of partitions*/ 

{Step 2} < (ionn >=Get-off-B-diagonal-entries((inn); /*Find all the of]-13-diagonal Fdges and nodes frorn (inn */ 

{Step 3} < VC' >=Find-vertex-cover((ionn); /*Find the vertex cover VC' for the Of]-13-diagonal cut-Fdge h'onE' */ 

{Step 4} < S >=Access-sequence-generator( f-'ordcr 1 (inn 1 V C'); /* (Jenerate the page access SUfttence */ 

First, SC derives the Band-diagonalized n1atrix G 13n by pcr1nuting the rO\VS and cohunns of the 

adjacency n1atrix representation of PCG to bring in as n1any edges as possible \vithin the B-diagonal. 

Secondly, fro1n G 13 n, SC gets the graph G 013 n for off-B-diagonal edges and their corresponding nodes. 
Thirdly, SC dctcr1nincs the vertex cover for Go13n. Finally, SC generates the page-loading sequence 

based on the Band-diagonalized n1atrix, the vertex cover of the off-B-diagonal edges, and the partition 

ordering. 

Example Revisited 

Consider the join-co1nputation problc1n discussed in Figures 10 and 11. The input to the SC algoritlnn 

is the page-connectivity graph sho\vn in Figure lO(b). 

In step 1, the nodes in the PCG of Figure lO(b) arc rearranged to get as n1any edges \vith the 

B-diagonal as possible. The lightly shaded area in Figure lO(b) sho\vs the B-diagonal. In this cxa1nplc, 
input graph G and output graph G 13 n of step 1 arc identical for si1nplicity. The nodes arc partitioned in 

groups of 7 nodes, \vhich is 1 less than the nu1nbcr of 1nc1nory buffers available for R, and S. Partitions 

Pl={RO-R4,SO-Sl}, P2={R5-R6,S2-S6},P3={R7-RJ1,S7-S8}, P4={RJ2-RJ3,S9-S13} arc used in this 

cxa1nplc, as sho\vn in the shaded rectangles in Figure lO(b ). The partitions arc loaded in the order 

Pl,P2,P3, and then P4. The edges bct\vccn the nodes \vithin a co1n1non partition can be processed \vith 

no redundant I/ 0. The edges bct\vccn the nodes that arc in adjacent partitions in the loading sequence 

and \vhich fall inside the B-diagonal can also be processed \vithout any redundant I/ Os, due to the 
availability of 1 extra buffer. 

The redundant I/ Os for the rcn1aining edges can be reduced by co1nputing the vertex cover via step 

2 and 3. There arc 15 edges off the B-diagonal \vith a vertex cover of {S8, R,5, RJ2}. There arc 5 edges 

bct\vccn partitions Pl and P3, and they all incident on node S8. They can be processed \vith one extra 

I/O by bringing S8 into the last buffer \vhcn the nodes of Pl arc in the buffer. Si1nilarly, the 10 edges 

bct\vccn the nodes in P2 and P4 can be processed in t\VO I/Os. Since 5 of those arc incident on RJ2 and 
R,5, bringing RJ2 \vith P2 and R,5 \vith P4 \vill take care of all of these edges. Thus, SC results in only 

three redundant I/Os, resulting fro1n a vertex cover {S8,RJ2,R,5} for the 15 off B-diagonal edges. Step 

4 is to generate a page access sequence using the execution trace fro1n previous steps. 

4.1 The 1/0 cost of SC method 

The sy1rnnctric clustering approach to n1ini1nizc redundant I/ 0 can be described in tcrn1s of the follo\ving 

problc1n statcn1cnt: 

Lemma 2 Given a loading ordered partition { P1 , P,, ... , P,, Pi, ... , Pk} of PCG = (V, E), there is a 

page access scq·uencc of length k = IVI+ red·undant-I/O to comp·utc the spatial ;oin where the red·undant-
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I/O is rrivcn by: 

(1) 
V; E(verf.r cover of ov.fside /3wwwdiagonal edges) 

\vhcrc Part'it'ion degree(\/;) is the nu1nbcr of distinct partitions \vhich contain nodes -\/~j outside of the 

B-diagonals. 

Proof: A.JI of the edges \vithin the n1ain B-diagonals can be processed \vithout redundant I/ 0, using a 

contour diagonalization strategy as illustrated in Figure 9(c). The redundant I/O for each node in the 

vertex cover is li1nitcd by the nu1nbcr of partitions sharing an off-B-diagonal edge. 

4.2 A heuristic for Band-diagonalization 

The first step of Band-diagonalization can be based on either specialized envelope-reduction algo­

ritluns [1, 9, 23] or n1in-cut graph partition algoritlnns [20, 21]. V\.'c use the latter in this paper and plan 

to explore the forn1cr in future \vork. V\.'c describe the heuristic approach that \VC currently use. 

Band-diagonalization 

Input: (i is a page connectivity graph; B is the number of buffers. 

Output: (inn is the B-diagonal connectivity graph; f-'ordcr is the partition order 

f-'Setm Graph-Partition((i 1 H - !); /*Using graph partition software*/ 
f-'ordcr Order-Partition(f-'Setm); /*Order the partitions using the greul.y heuristic */ 

Graph-Partition: _:\._ n1in-cut partition algoritlnn, e.g. 1nctis [20L divides the nodes of the 

PCG into disjoint subsets \vhilc n1ini1nizing the nu1nbcr of edges \vhosc nodes arc incident in t\VO 

different partitions. One 1nc1nory buffer is reserved for bringing in pages fro1n the vertex cover of 

the off-B-diagonal entries. For cxa1nplc, the n1in-cut partitioning of PCG for the ovcrlay(R,,S) u1 

Figure 10 may yield 4 partitions for B=8. The partitions shown in Figure lO(b) arc Pl={R.0-R.4,SO-Sl}, 

P2={R.5-R.6,S2-S6},P3={R.7-R.ll,S7-S8}, P4={R.12-R.13,S9-S13}, resulting in 69 edges whose incident 

nodes arc in t\VO different partitions. The breakup of these edges by pairs of partitions of incident nodes 

is sho\vn in Table 4. Forn1ally, the n1in-cut graph-partitioning algoritlnn addresses the follo\ving problc1n: 

Given: _:\._connectivity graph G = (\/, E) \Vith llll = n, and the nu1nbcr of buffers, B ~ 2. 

Find: A partition of V into p subsets, V1, V,, ... , Vr such that V, n Vi = 0 for ·i op j and LJ, V, = V. 

Objective: :0.-'Iini1nizc the size of the set of edges Ee ~ E \vhosc incident vertices belong to different 

subsets. 

Constraint: IVd <:'. (B 1), and the number of partitions, p = flVl/(B l)l 

R,cccnt advances have provided scalable graph-partitioning soft\VHTC such as :0.-'Ictis [20L \vhich can 

handle the large graphs relevant to databases in a relatively reasonable response tin1c, e.g. a fc\v seconds. 

V\.'c have had good results using it for database problcn1s [24, 32]. 
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Order-Partition chooses a partition ordering, i.e. a loading sequence, using a partition-interaction 

n1atrix 1\J. _\n entry 1tf [ P;, ~j] lists the nu1nbcr of cut-edges bct\vccn the nodes in partitions P; and 

~j· _\n cxa1nplc partition-interaction n1atrix for the join-index of Figure 10 is sho\vn in Table 4. The 
procedure uses a si1nplc heuristic to construct the loading sequence. It sorts the entries in 1tf[P;, ~j] 

in descending order and arbitrarily breaks the tic. It initially chooses the entry \vith the largest value, 

getting a loading sequence of length 2. Then, it CA-tends the loading on both sides in a greedy n1anncr. 

For cxa1nplc, suppose 1tf[I':.1, P:.d \Vas selected first. Then, the loading sequence P2-I':.1 can be CA-tended to 

the right by choosing P4 and extended to the left by choosing P 1 fro1n an1ong the rcn1aining partitions. 

The choice is based on the highest value of 1tf[P2,P;] and 1tf[I':.i,~j] in the partition-interaction n1atrix. 

_:\._ better heuristic can be designed to select loading sequences that have a higher nu1nbcr of cut-edges 
bct\vccn consecutive partitions. To i1nprovc the pcrforn1ancc of the proposed SC 1ncthod, \VC \vill consider 

these in future \vork. 

Pi P2 Pa P, 

Pi * 18 5 () 

P2 18 * 18 ]() 

Pa 5 18 * 18 

P4 () ]() 18 * 

Table 4: # of cut-edges bct\vccn partitions ~j and P; 

V\.'c use Figure 12 as an cxa1nplc to illustrate the steps in Band-diagonalization using the graph­

partition technique. Figure 12(a) is the original PCG relation, \vhcrc R, and S arc t\VO relations to 

be joined, and \vhcrc each point in the picture denotes an edge connection bct\vccn the pages of t\VO 

relations. V\.'c use :0.-'Ictis [20] to partition this PCG, and each partition has size ( B 1), \vhcrc B is the 
nu1nbcr of buffers available. V\.'c sho\v the result after the partition in Figure 12(b): the pages fro1n the 

R, and S relations arc relabeled by their partitions. Finally, \VC re-order these partitions to bring as n1any 

points as possible inside the B-diagonal, as sho\vn in Figure 12(c). In Figure 12(b), 28% of the edges 

arc outside the B-diagonal. _\ftcr partition reordering, \VC have reduced these edges to 22% of the total 

edges. Edges outside of the B-diagonal can be processed by using a vertex cover, as discussed next. 

4.3 Vertex Cover Computation 

The redundant I/Os in the SC approach arc due to the cdgcs(i.c. non-zero n1atrix clcn1cnts) outside 

the B-diagonal of a clustered adjaccncy-n1atrix representation of a join-index. These outsidc-B-diagonal 
edges arc grouped via a vertex-cover algoritlun to dctcr1ninc a s1nall set of pages needing redundant 

I/ Os. Dctcr1nining the n1inin1al vertex-cover for a general graph is l\P-hard [8]. Ho\vcvcr, polyno1nial 

tin1c algoritluns [14] arc available for dctcr1nining n1inin1al vertex covers for bi-partitc graphs, e.g. PCG 

for join-indices. 

The Find-vertex-cover procedure dctcr1nincs the vertex cover for all of the off-B-diagonal edges by 

a fast but greedy heuristic \vhich is described bclo\v. The heuristic sorts the nodes related to the off­

B-diagonal edges by their degree, i.e. the nu1nbcr of incident edges. The node \vith the highest degree 
is added to the vertex cover and all of the edges incident on this node arc dropped. These steps arc 
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Figure 12: \;sing graph partitioning to derive the B-diagonal 

repeated to cover all of the off-B-diagonal edges. In the future, \VC plan to use better algoritlnns \vhich 

arc likely to i1nprovc the pcrforn1ancc of the proposed SC 1ncthod. 

Find-vertex-cover 

Input: C:onn (Vonn 1 h"onn) is the graph for off-B-diagonal edges and corresponding nodes 
Output: V c: is the vertex cover for Ci on n 

while( hon n is not empty) { 

Vhiyhc.st =Find_highest_degree_node( Von n ); /* Node has the highest dF:f)ree * / 

vc vcu ; /* Add this node to the set of vertex cover */ 

Update(G'onn); /*Update C:onn by rernoving node and its corresponding Fdges */ 

In Figure 10, for cxa1nplc, \vith the loading sequence P 1 P2 P.J P4 , the vertex cover for the 15 

off-B-diagonal cut-edges arc nodes R5, RJ2 and SS. Page R5 covers edges (R5,S9), (R5,S10), (R5,Sll), 

(R5,S12) and (R5, S13). Page RJ2 covers edges (RJ2,S2), (RJ2,S3), (RJ2,S4), (RJ2,S5) and (RJ2,S6). 

Page SS covers edges (RO,SS), (RJ,SS), (R2,SS), (R3,SS) and (R4,SS). 

4.4 Generate access sequence 

The A .. cccss-scqucncc-gcncrator procedure derives the page-access sequence. It loads each partition in 

the prc-dctcr1nincd order. V\.'hcn transferring fro1n one partition P; to the next scheduled partition P;+ 1 , 

the procedure orders the loading sequence of the nodes using the contour-diagonalization order sho\vn in 

Figure 9(c). A .. ftcr loading a \vholc partition, \VC find all of the off-B-diagonal vertex cover nodes \vhich 

connect to this partition, and load these nodes, one by one, to co1nputc the join. 
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Access-sequence-generator 

Input: Pordcr is the loading sequence of the partitions; 

(inn is the B-diagonal connectivity graph; 

V c: is the vertex cover for all the Off-B-diagonal edges. 

Output: S =< P11 P21 ••• 1 Pr> is a page access sequence. 

for(i l; i :::;_ I f-'ordcrli i + + ){ 
P;= GetPartition(f-'ordcr 1 i) /*(Jet the ith partition*/ 

if(i==l) { AddPageSequence(S1 P;);/* Add all the nodes within P 1 into the loading sequence */ 

else { OrderAndAddPageSequence(S1 P;~J 1 f-';); 

/* Order and add the nodes within P; into the loading sequence by the following rules: */ 

/* t. Add the node within P; which has the highest connectivity with P;~iinH - diagonal */ 
/* 2. Replace the node within P;~ 1 which has finished its join with the nodes in P; */ 

PVC_Set FindConnected_node_from_VC( P;, V C:); 

/* Find if any Of]-13-diagonal vertex cover which connects to this partition */ 

AddPageSequence(S, PVC_Set); /*Add these nodes into the loading Sf:ffttence */ 

5 Comparative Evaluation of SC, AC and Competitors 

The cxpcrin1cntal setup is sho\vn in Figure 6. R,ccalling that the dataset is extracted fro1n Sequoia 

2000 [33L \VC construct join-indices for 1\-ncarcst-ncighbor(Q.A._), as \vcll as for distance-based range 

qucrics(Q.B). \"ariablc paran1ctcrs include buffer size, page size, and edge ratio. R,clation R, refers to 

the GC\IS Point table, and relation S refers to the Landuse Polygon table from the Sequoia 2000 [33] 

dataset. For the sake of brevity, \VC refer readers to section 2.3.1 for details of the cxpcrin1cnt design. 

5.1 Experiment results 

Figures 13 and 14 co1nparc all of the OP_\S-FB heuristics for I\-nearest-neighbor join-indices and rangc­
qucry join-indices, respectively. For different cxpcrin1cnts, \VC vary the page size, buffer size, and edge 

ratio. 

5.1.1 Page size 

Page size affects the clustering of the base relations and also the degree of the nodes in the PCGs. V\.'c 
study the effect of page size on the pcrforn1ancc of the OP_\S-FB 1ncthods. Figure 13(a) and 14(a) sho\v 

the effect of page size. The page size is varied fro1n 2 kbytcs to 64 kbytcs. The page size and the nu1nbcr 

of page accesses arc sho\vn in the logaritlunic for1n of base t\vo. In the 1\-ncarcst-ncighbor join-indices, 

the SC and _\C outpcrfor1n all of the other 1ncthods using different page sizes. In the R,angc-qucry 

join-indices, SC and _\C require fc\vcr page accesses than all of the other 1ncthods. The _\C outpcrforn1s 

SC \vhcn page size is greater than 64 kbytcs. The 0:0.-'I's 1ncthod pcrforn1s \vcll \vith the 4 and 8 kbytc 

page size. 
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Figure 13: l\carcst l\cighbor Query: The effect of page size, buffer size, and nu1nbcr of nearest neighbors 

for different OPAS-FB heuristics 

5.1.2 Buffer size 

Figure 13(b) and 14(b) sho\v the effect of buffer size. V\.'c varied the nu1nbcr of buffers as a percentage of 

the nu1nbcr of pages of the s1nallcr relation. The percentage is changed fro1n 5 to 20. The _\C and SC 

pcrfor1n better than all of the other 1ncthods \vhcn the buffer size is relatively lo\v, e.g. 5 to 10 percent. 

The Chan and 0 :0.-'I 1ncthods do \veil \vith large buffer sizes. 

5.1.3 Edge Ratio 

In this cxpcrin1cnt, \VC changed the edge ratio by increasing/decreasing the nu1nbcr of neighbors and the 

size of the range query. The result of the cxpcrin1cnt is sho\vn in Figures 13(c) and 14(c). _\C and SC 

unifor1nly outpcrfor1n all of the other 1ncthods. The SC requires fc\vcr page accesses than _\C. 

6 Conclusion and Future Work 

In this paper, \VC introduced t\VO nc\v algoritlnns for spatial join co1nputation, given a join-index and 

a fixed buffer size. The key idea is to use spatial clustering. The propscd _\C and SC algoritlnns 

outpcrforn1cd the traditional 1ncthods in our cxpcrin1cnts \vith the Sequoia 2000 [33] dataset, particularly 

\vhcn the size of the 1nc1nory buffer \Vas s1nall( < 10%), relative to the size of the spatial relations. V\.'c 

also provided a forn1al characterization of an upper bound on the nu1nbcr of redundant I/ Os needed by 

AC and SC. 
In the future \VC \vould like to i1nprovc so1nc of the heuristics chosen in the i1nplcn1cntation of _\C 

and SC, as discussed throughout this paper. V\.'c \vould also like to look at related issues regarding 
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query ::>ize :J800 Range query ::>ize 3800(0)=0.00:l) !Oo/r, of 1he ::>inaller rela1ion 1 Page 

::>ize: 2K 

Figure 14: R,angc Query: Effect of page size, buffer size, and nu1nbcr of nearest neighbors for different 

0 PAS-FB heuristics 

n1aintcnancc of join-indices in the face of updates and also the interaction of join-indices \vith the join­

co1nputation algoritlnn. Finally, \VC arc interested in CAl)loring the usefulness of _\C and SC in data 

V\.'arehouses [15, 16] (e.g. processing star-joins using the ST_\R,index [15]) and spatial data n1ining(e.g. 

neighborhood index [6]). 
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A Summary trace for different algorithms in Figure 11 

Table 5 provides a su1n1nary trace of various heuristics. Each ro\v represents a nc\v page being fetched 

into n1ain 1nc1nory. Thus, the nu1nbcr of rO\VS represent the total nu1nbcr of pages fetched. For si1nplicity, 

the clustering of I/ 0 for n1ultiplc pages is not n1odclcd. _\n entry (+RO) for Sorting in iteration 1 n1cans 

that page RO \Vas fetched. _\n entry ( +Sl, = Sl) for iteration 9 of Sorting i1nplics that Sl \Vas fetched 

into 1nc1nory( +Sl) and that all edges incident on Sl \Vere processed \vith the pages available in the 

buffer. The set of pages available in the buffer in this iteration arc {RO, Rl, R2, ... , R6}, since \VC have 

fetched those in previous iterations. The buffer containing 51 can be reused in the next iteration to bring 

in 52, as sho\vn by entry ( +52) for Sorting in iteration 10. The ncA-t interesting entry is (-52, +53) in 

iteration 11 for Sorting, \vhcrc the buffer containing 52 is ovcr\vrittcn by inco1ning page 53 even though 

so1nc edges (e.g. R7 52) incident cannot be processed right a\vay. This is due to a buffer size fixed at 

eight. l\otc that 52 returns to 1nc1nory in iteration 29 to process the edge (R7 52). This leads to a 

redundant I/O. Because the graph is highly connected in spatial order, the _\C \vill not re-cluster the R 

relation, and uses the san1c loading sequence as the Sorting heuristic. 

Traces of other algoritlnns arc sho\vn in other cohunns using 8 buffers. l\otc that the nu1nbcr of the 

last rO\VS \vith a 1 + 1 cntry(pagc fetch) designates the total nu1nbcr of page I/Os for an algoritlnn. In 

other \vords, the Sorting/_\C-bascd algoritlnn has 40 I/Os, Chan's heuristic has 35, 0:0.-'I has 33, FF has 

45 and SGP has 31, as sho\vn in the last ro\v labeled I/O count. 
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Algorithms for computing Join with a Join Index 
Iteration Sorting/ ASC Chan OM FP SSC 

+HO +HO +HO +HO +HO 
2 +HJ +SO +SO +SO +HJ 

" +H2 +SJ +SJ +HJ +H2 
4 +Ha +S2 +S2 +SJ +Ha 
5 +H4 +SH,=HO +SH,=HO +H2 +H4 
(i +H5 +HJ +HJ +S2 +SO 
7 +HO +Sa,=HJ +Sa,=HJ +Ha +SJ 
8 +SO,=SO +H2 +H2 +SH,=HO +SH 
g +SJ,=SJ +S4,=H2 +S4,=H2 +H4 -S8,+S2,=HO 

10 +S2 +Ha +Ha -HJ,+HO +Sa,=HJ 
11 -S2,+Sa +S5,=Ha +S5,=Ha -SO,+Sa +S4,=H2 
12 -Sa,+S4 +H4 +H4 -H2,+H7 +H5,=SO 
J a -S4,+S5 -SO,+SO,=H4 -H4,+H5,=SO -SJ ,+S4 +S5,=Ha 
14 -S5,+SO +HO +HO,=SJ -Ha,+HJ2 +HO,=SJ 
J 5 -SO,+S7 -SJ ,+S7,=HO +H7 -S2,+S5 +SO,=H4 
Hi -S7,+S8 +H7 -HO,+HJ2,=S2 -H4,+S8 +HJ2 
17 -S8,+S9 -S2,+S9,=H7 +HH,=Sa -HO,+S7 -HJ2,+H7,=S2 
18 -S9,+SJO +HH +H9,=S4 -H7,+H9 +HH,=Sa 
1 g -SJO,+SJ J -Sa,+SJO,=HH +HJO,=S5 -Sa,+SJO +H9,=S4 
20 -SJ J ,+SJ2 +H9 +HJa -HH,+HJO +HJO,=S5 
21 -SJ 2,+SJ a,=HO -S4,+SJ J ,=H9 -H7,+HJ J ,=S8 -S4,+SJ J +S7 
22 -SJa,+H7,=HJ +HJO +SJO,=SJO -H9,+HJ J -H5,+HJ J ,=SO 
2a +H8,=H2 -S5,+SJ2,=HJO +S9 -S8,+H5 +SH,=HO 
24 +H9,=Ha +HJJ -H8,+H7,=S9 -S5,+SJ2 +S9,=H7 
25 +HJO,=H4 -SO,+SJa,=HJJ +S7 -S7,+S9 +SJO,=HH 
20 +HJ J ,=H5 +HJa,=HJa -S7,+SO,=H7 -HJO,+HJa,=SJO +SJ J ,=H9 
27 +HJ2,=HO +HJ2,=S8 +SJ J ,=H9,=SJ J +SJ a,-SJ a,=SJ J +HJ2,=S7 
28 +HJa +H5,=S7 +SJ2,=HJO,=SJ2 +SO,=HJJ,=HJ2 +SJ2,=HJO 
29 +S2,=S2 +SO,=SO,=S9 +SJ a,=H5,=HJ J +H7,=H7,=SJ2 +HJa,=SH 
ao +sa,=sa +SJ ,=SJ ,=SJO +H4,=H4,=HJ2 +HH,=HH +SJa,=HJJ 
~ll +S4,=S4 +S2,=S2,=SJ J +HO,=HJ a,=SJ a +H9,=H9,=S9 +H5 
a2 +S5,=S5 +Sa,=Sa,=SJ 2 +HH,=SO +SO,=SO 
aa +SO,=SO +S4,=S4,=SJ a +S7 +SJ,=SJ 
a.i +S7,=S7 +S5,=S5 +S2,=S2 
a5 +SH,=SH +SO +SH,=HJ a,=SH 
ao +S9,=S9 +H4,=H4 
a1 +SJO,=SJO +HJO,=HJO 
~rn +SJJ,=SJJ +Sa 
au +SJ2,=SJ2 +HJ ,=HJ ,=Sa 
40 +SJ a +S4,=H5 
41 +H2,=H2,=S4 
42 +HO,=SO 
.ia +S7,=HO,=S7 
44 +Ha 
45 +S5 

1/0 count 40 35 33 45 31 

Table 5: Sunnnary of results for all algoritlnns(Buffer size=8, -:S\vap Out, +:_\dd, Done) 
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B Trace for different algorithms in Figure 11 

B.1 Execution Trace for ASC/Sorting method 

Table 6 sho\vs the behavior of the Sorting 1ncthod for co1nputing a join, given the join-index of Figure 10. 

Table 6 has five cohunns. The first cohunn sho\vs the iteration nu1nbcr. The second cohunn sho\vs the 

node S\vappcd out in the current iteration. The third cohunn sho\vs the node selected and brought into 

the 1nc1nory buffers. The fourth and fifth cohunns sho\v the pages of R, and S in the n1ain 1nc1nory 

buffer. The last cohunn sho\vs the nodes \vhich have been processed co1nplctcly and need not co1nc into 

the 1nc1nory buffer again. 

I Iteration I Swap out I Add I Page of Hin Bulfer I Page of Sin Bulfer I Done 

1 HO HO 
2 Hl HO,Hl 

" H'.2 HO,Hl,H'.2 
4 Ha HO,Hl ,H'.2,Ha 
5 H4 HO,Hl ,H2,Ha,H4 
(i H5 HO,Hl ,H2,Ha,H4,H5 
7 HO HO,Hl ,H2,Ha,H4,H5,HO 
8 so HO,Hl ,H2,Ha,H4,H5,HO so so 
g SJ HO,Hl ,H2,Ha,H4,H5,HO SJ SJ 
10 S'.2 HO,Hl ,H2,Ha,H4,H5,HO S'.2 
11 S'.2 sa HO,Hl ,H2,Ha,H4,H5,HO sa 
12 sa S4 HO,Hl ,H2,Ha,H4,H5,HO S4 
1 a S4 S5 HO,Hl ,H2,Ha,H4,H5,HO S5 
14 S5 so HO,Hl ,H2,Ha,H4,H5,HO so 
15 so S7 HO,Hl ,H2,Ha,H4,H5,HO S7 
Hi S7 SH HO,Hl ,H2,Ha,H4,H5,HO SH 
17 SH S9 HO,Hl ,H2,Ha,H4,H5,HO S9 
18 S9 SlO HO,Hl ,H2,Ha,H4,H5,HO SlO 
1 g SlO Sl 1 HO,Hl ,H2,Ha,H4,H5,HO Sl 1 
20 Sl 1 Sl'.2 HO,Hl ,H2,Ha,H4,H5,HO Sl'.2 
21 Sl'.2 Sla HO,Hl ,H2,Ha,H4,H5,HO Sla HO,Hl ,H2,Ha,H4,H5,HO 
'.2'.2 Sla H7 H7 
2a HH H7,H8 
24 H9 H7,H8,H9 
25 HlO H7,H8,H9,H10 
'.2(i Hll H7,H8,H9,H10,Hl 1 
27 Hl'.2 H7,H8,H9,H10,Hl 1,Hl '.2 
28 Hla H7,H8,H9,H10,Hl 1,Hl 2,Hl a 
'.29 S'.2 H7,H8,H9,H10,Hl 1,Hl 2,Hl a S'.2 S'.2 
ao sa H7,HH,H9,H10,Hl 1,Hl 2,Hl a sa sa 
~ll S4 H7,HH,H9,H10,Hl 1,Hl 2,Hl a S4 S4 
a2 S5 H7,HH,H9,H10,Hl 1,Hl 2,Hl a S5 S5 
aa so H7,HH,H9,H10,Hl 1,Hl 2,Hl a so so 
a.i S7 H7,HH,H9,H10,Hl 1,Hl 2,Hl a S7 S7 
a5 SH H7,HH,H9,H10,Hl 1,Hl 2,Hl a SH SH 
ao S9 H7,HH,H9,H10,Hl 1,Hl 2,Hl a S9 S9 
a1 SlO H7,HH,H9,H10,Hl 1,Hl 2,Hl a SlO SlO 
~rn Sl 1 H7,HH,H9,H10,Hl 1,Hl 2,Hl a Sl 1 Sl 1 
au S12 H7,HH,H9,H10,Hl 1,Hl 2,Hl a S12 S12 
40 Sla H7,HH,H9,H10,Hl 1,Hl 2,Hl a Sla H7,HH,H9,H10,Hl 1,Hl 2,Hl a,Sl a 

Table 6: Example: the Sorting/ASC rnethod(Buffer size=8) 
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B.2 Execution Trace for Chan's method 

Table 7 sho\vs the behavior of Chan's 1ncthod for co1nputing a join, given the join-index of Figure 10. 

Table 7 has five cohunns. The first cohunn sho\vs the iteration nu1nbcr. The second cohunn sho\vs the 

node S\vappcd out in the current iteration. The third cohunn sho\vs the node selected and brought into 

the 1nc1nory buffers. The fourth and fifth cohunns sho\v the pages of R, and S in the n1ain 1nc1nory 

buffer. The last cohunn sho\vs the nodes \vhich have been processed co1nplctcly and need not co1nc into 

the IIlCinOry buffer again. 

It('f!:ttion I Swap out I Add H Bu/f('r S Bu/f('r Do1w 

HO HO 
2 so HO so 

" SJ HO SO,Sl 
4 S'.2 HO SO,Sl ,S'.2 
5 SH HO SJ ,S2,S8 HO 
(i Hl Hl SO,Sl ,S'.2,S8 
7 sa Hl SO,Sl ,S'.2,S8,Sa Hl 
8 H'.2 H'.2 SO,Sl ,S'.2,S8,Sa 
g S4 H'.2 SO,SJ ,S2,S8,Sa,S4 H2 
10 Ha Ha SO,SJ ,S2,S8,Sa,S4 
11 S5 Ha SO,SJ ,S2,S8,Sa,S4,S5 
12 H4 H4 SO,SJ ,S2,S8,Sa,S4,S5 
J a so so H4 SJ ,S2,S8,Sa,S4,S5,SO H4 
14 HO HO SJ ,S2,S8,Sa,S4,S5,SO 
J 5 SJ S7 HO S2 ,SH ,Sa ,S4 ,S5 ,SO ,S7 HO 
Hi H7 H7 S2 ,SH ,Sa ,S4 ,S5 ,SO ,S7 
17 S2 S9 H7 SH ,Sa ,S4 ,S5 ,SO ,S 7 ,S9 H7 
18 HH HH SH ,Sa ,S4 ,S5 ,SO ,S 7 ,S9 
1 g sa SJO HH SH,S4,S5,SO,S7 ,S9,SJ 0 HH 
20 H9 H9 SH,S4,S5,SO,S7 ,S9,SJ 0 
21 S4 SJ J H9 SH,S5,SO,S7,S9,SJO,SJ J H9 
22 HJO HJO SH,S5,SO,S7,S9,SJO,SJ J 
2a S5 SJ2 HJO SH,SO,S7 ,S9,SJ O,S J J ,SJ 2 HJO 
24 HJJ HJJ SH,SO,S7 ,S9,SJ O,S J J ,SJ 2 
25 so SJ a HJJ SH,S7 ,S9,SJ O,SJ J ,SJ 2,SJ a HJJ 
20 HJa HJa SH,S7 ,S9,SJ O,SJ J ,SJ 2,SJ a 
27 HJ2 HJ2 SH,S7 ,S9,SJ O,SJ J ,SJ 2,SJ a SH 
28 H5 H5,RI2 S7 ,S9,S J O,SJ J ,SJ 2,S J a S7 ,S9,SJ O,SJ J ,SJ 2,SJ a 
29 so H5,RI2 so so 
ao SJ H5,RI2 SJ SJ 
~ll S2 H5,RI2 S2 S2 
a2 sa H5,RI2 sa 
aa S4 H5,RI2 S4 S4 
a.i S5 H5,RI2 S5 S5 
a5 so H5,RI2 so HJ2,H5,SO 

Table 7: Exa1nplc: Chan's 1ncthod(Buffcr sizc=8) 
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B.3 Execution Trace for OM's method 

Table 8 sho\vs the behavior of 0:0.-'I's 1ncthod for co1nputing a join, given the join-index of Figure 10. 

Table 8 has five cohunns. The first cohunn sho\vs the iteration nu1nbcr. The second cohunn sho\vs the 

node S\vappcd out in the current iteration. The third cohunn sho\vs the node selected and brought into 

the 1nc1nory buffers. The fourth and fifth cohunns sho\v the pages of R, and S in the n1ain 1nc1nory 

buffer. The last cohunn sho\vs the nodes \vhich have been processed co1nplctcly and need not co1nc into 

the 1nc1nory buffer again. 

I It('f!:ttion I Swap out I Add I H Bu/f('f I S Bu/f('r Do1w 

1 HO HO 
2 so HO so 

" SJ HO SO,Sl 
4 S'.2 HO SO,Sl ,S'.2 
5 SH HO SO,Sl ,S'.2,S8 HO 
(i Hl Hl SO,Sl ,S'.2,S8 
7 sa Hl SO,Sl ,S'.2,S8,Sa Hl 
8 H'.2 H'.2 SO,Sl ,S2,88,Sa 
g S4 H2 SO,SJ ,S2,88,Sa,S4 H2 
10 Ha Ha SO,SJ ,S2,88,Sa,S4 
11 S5 Ha SO,SJ ,S2,88,Sa,S4,S5 Ha 
12 H4 H4 SO,SJ ,S2,88,Sa,S4,S5 
J a H4 H5 H5 SO,SJ ,S2,88,Sa,S4,S5 so 
14 HO H5,HO SJ ,S2,88,Sa,S4,S5 SJ 
J 5 H7 H5,HO,H7 S2,88,Sa,S4,S5 
Hi HO HJ2 H5,H7,Rl2 S2,88,Sa,S4,S5 S2 
17 HH H5,H7,Rl2,HH 88,Sa,S4,S5 sa 
18 H9 H5,H7,Rl2,HH,H9 88,S4,S5 S4 
1 g HJO H5,H7 ,Rl2,HH,H9,H JO 88,S5 S5 
20 HJa H5,H7 ,Rl2,HH,H9,H J O,H J a SH 
21 H7 HJJ H5,HJ 2,HH,H9,HJO,HJ a,HJ J SH SH 
22 SJO H5,HJ 2,HH,H9,HJO,HJ a,HJ J SJO SJO 
2a S9 H5,HJ 2,HH,H9,HJO,HJ a,HJ J S9 
24 HH H7 H5,HJ 2,H9,HJO,HJ a,HJ J ,H7 S9 S9 
25 S7 H5,HJ 2,H9,HJO,HJ a,HJ J ,H7 S7 
20 S7 so H5,HJ 2,H9,HJO,HJ a,HJ J ,H7 so H7 
27 SJ J H5,HJ 2,H9,HJO,HJ a,HJ J S0,811 H9,SJ J 
28 SJ2 H5,HJ 2,HJO,HJ a,HJ J S0,812 HJO,SJ2 
29 SJ a H5,HJ2,HJa,HJJ S0,813 H5,HJ J ,HJ 2,HJ a,SJ a 
ao H4 H4 so H4 
~ll HO HO so 
a2 HH HO,R8 so so 
aa S7 HO,R8 S7 HO,HH,S7 

Table 8: Example: OM's rncthod(Buffcr size =8) 
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B.4 Execution Trace for FP's method 

Table 9 sho\vs the behavior of FP's 1ncthod for co1nputing a join, given the join-index of Figure 10. 

Table 9 has five cohunns. The first cohunn sho\vs the iteration nu1nbcr. The second cohunn sho\vs the 

node S\vappcd out in the current iteration. The third cohunn sho\vs the node selected and brought into 

the 1nc1nory buffers. The fourth and fifth cohunns sho\v the pages of R, and S in the n1ain 1nc1nory 

buffer. The last cohunn sho\vs the nodes \vhich have been processed co1nplctcly and need not co1nc into 

the 1nc1nory buffer again. 

I It('f!:ttion I Swap out I Add I H Bu/f('f I S Bu/f('r Do1w 

1 HO HO 
2 so HO so 

" Hl HO,Hl so 
4 SJ HO,Hl SO,Sl 
5 H'.2 HO,Hl,H'.2 SO,Sl 
(i S'.2 HO,Hl,H'.2 SO,Sl ,S'.2 
7 Ha HO,Hl ,H'.2,Ha SO,Sl ,S'.2 
8 SH HO,HJ ,H2,Ha SO,SJ ,S2,S8 HO 
g H4 HJ ,H2,Ha,H4 SO,SJ ,S2,S8 
10 Hl HO H2,Ha,H4,R6 SO,SJ ,S2,S8 
11 so sa H2,Ha,H4,R6 SJ ,S2,S8,Sa 
12 H2 H7 Ha,H4,R6,H7 SJ ,S2,S8,Sa 
J a SJ S4 Ha,H4,R6,H7 S2,S8,Sa,S4 
14 Ha HJ2 H4,R6,H7,HJ2 S2,S8,Sa,S4 
J 5 S2 S5 H4,R6,H7,HJ2 S8,Sa,S4,S5 
Hi H4 HH HO,H7,RI2,HH S8,Sa,S4,S5 
17 HO S7 H7,RI2,HH SH,Sa,S4,S5,S7 
18 H7 H9 RI2,HH,H9 SH,Sa,S4,S5,S7 
1 g sa SJO RI2,HH,H9 SH,S4,S5,S7 ,SIO 
20 HH HJO RI2,H9,HJO SH,S4,S5,S7 ,SIO 
21 S4 SJ J RI2,H9,HJO SH,S5,S7,SIO,SJ J 
22 H9 HJJ HJ2,HJO,HJJ SH,S5,S7,SIO,SJ J 
2a SH H5 HJ2,RIO,HJJ,H5 S5,S7,SIO,SJ J 
24 S5 SJ2 HJ2,RIO,HJJ,H5 S7,SIO,SJJ,SJ2 
25 S7 S9 HJ2,RIO,HJJ,H5 SJO,SJJ,SJ2,S9 
20 HJO HJa HJ2,RII,H5,HJa SJO,SJJ,SJ2,S9 SJO,SJ J ,SJ2 
27 SJ a HJ2,RII,H5,HJa S9,SJa SJ a 
28 so HJ2,RII,H5,HJa S9,SO HJJ,HJ2 
29 H7 H5,RI3,R7 S9,SO H7 
ao HH H5,RI3,R8 S9,SO HH 
~ll H9 H5,RI3,R9 S9,SO H9,S9 
a2 so H5,RI3 S6,SO so 
aa SJ H5,RI3 S6,SJ SJ 
a.i S2 H5,RI3 S6,S2 S2 
a5 SH H5,RI3 SO,S8 HJa,SH 
ao H4 H5,H4 so H4 
a1 HJO H5,RIO so HJO 
~rn sa H5 S6,Sa 
au Hl R5,HJ S6,Sa HJ ,Sa 
40 S4 H5 S6,S4 H5 
41 H2 H2 S6,S4 H2,S4 
42 HO HO so so 
.ia S7 HO S7 HO,S7 
44 Ha Ha 
45 S5 S5 Ha,S5 

Table 9: Example: FP's rncthod(Buffcr size =8) 
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B.5 Execution Trace for SC 

Table 10 sho\vs the behavior of SC's 1ncthod for co1nputing a join, given the join-index of Figure 10. 

Table 10 has five cohunns. The first cohunn sho\vs the iteration nu1nbcr. The second cohunn sho\vs 

the node S\vappcd out in the current iteration. The third cohunn sho\vs the node selected and brought 

into the 1nc1nory buffers. The fourth and fifth cohunns sho\v the pages of R, and S in the n1ain 1nc1nory 

buffer. The sixth cohunn sho\vs the nodes \vhich have been processed co1nplctcly and need not co1nc 

into the 1nc1nory buffer again. The last cohunn sho\vs the partition nu1nbcr. 

I It('f!:ttion I Swap out I Add I H Bu/f('f I S Bu/f('r Do1w I Partition I 
1 HO HO 1 
2 Hl HO,Hl 1 

" H'.2 HO,Hl,H'.2 1 
4 Ha HO,Hl ,H'.2,Ha 1 
5 H4 HO,Hl ,H2,Ha,H4 1 
(i so HO,HJ ,H2,Ha,H4 so 1 
7 SJ HO,HJ ,H2,Ha,H4 SO,SJ 1 
s SH HO,HJ ,H2,Ha,H4 SO,SJ ,S8 1 
g SH S2 HO,HJ ,H2,Ha,H4 SO,SJ ,S2 HO 2 
10 sa HJ ,H2,Ha,H4 SO,SJ ,S2,Sa Hl 2 
11 S4 H2,Ha,H4 SO,SJ ,S2,Sa,S4 H2 2 
12 H5 Ha,H4,H5 SO,SJ ,S2,Sa,S4 so 2 
J a S5 Ha,H4,H5 SJ ,S2,Sa,S4,S5 Ha 2 
14 HO H4,H5,HO SJ ,S2,Sa,S4,S5 SJ 2 
J 5 so H4,H5,HO S2,Sa,S4,S5,SO H4 2 
Hi HJ2 H5,HO,RI2 S2,Sa,S4,S5,SO 2 
17 HJ2 H7 H5,HO,H7 S2,Sa,S4,S5,SO S2 " 18 HS H5,HO,H7,HH sa,S4,S5,SO sa " 1 g H9 H5,HO,H7,HH,H9 S4,S5,SO S4 " 20 HJO H5,HO,H7 ,HH,H9,H J 0 S5,SO S5 " 21 S7 H5,HO,H7 ,HH,H9,H J 0 SO,S7 " 22 H5 HJJ HO,H7,HH,H9,HJO,HJ J SO,S7 so " 2a SH HO,H7,HH,H9,HJO,HJ J S7,SH HO " 24 S9 H7,HH,H9,HJO,HJ J S7,SH,S9 H7 4 
25 SJO HH,H9,HJO,HJ J S7,SH,S9,SJO HS 4 
20 SJ J H9,HJO,HJ J S7,SH,S9,SJO,SJ J H9 4 
27 HJ2 HJO,HJJ,HJ2 S7,SH,S9,SJO,SJ J S7 4 
28 SJ2 HJO,HJJ,HJ2 SH,S9,S J O,SJ J ,SJ 2 HJO 4 
29 HJa HJJ,HJ2,HJa SH,S9,S J O,SJ J ,SJ 2 SH 4 
ao SJ a HJJ,HJ2,HJa S9,SJ O,S J J ,SJ 2,SJ a HJJ,HJ2,HJa 4 
~ll H5 H5 S9,SJ O,S J J ,SJ 2,SJ a H5,S9,SJO,SJ J ,SJ 2,SJ a 4 

Table Hl: Example: SC rnethod(Buffer size =8) 
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