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Abstract 
-- Incremental mining algorithms that  can efficiently derive the current minirig output by 

utilizing previous mining results are attractive to business organizations since data  mining is typically 
a resource-intensive recurring activity. In this paper, we present the DELTA algorithm for the ro-  
bust and efficient incremental mining of association rules on large market basket databases. DEL,T/\ 
guarantees efficiency by ensuring that ,  for any dataset, at  most three passes over t,he increment and 
one pass over the previous database are required to  generate the desired rules. Further, it. handles 
“multi-support” environments where the support requirements for t,he current mining differ from those 
used in the previous mining, a feature in tune with the exploratory nature of the mining process. \Ve 
present a performance evaluation of DELT.4 on large databases over a range of increment sizes and 
data  distributions, as well as change in support requirements. ‘The experimental results show t,hat. 
DELTA can provide significant improvements in execution timcs over previously proposed incremental 
algorithms in all these environments. In fact, for many workloatis, its performance is close t,o that, 
achieved by a n  opt,imal, but practically infeasible, algorithm. 
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1. INTRODUCTION 

In many business organizations, t,he historical tlatabase is dynamic in that, it is pc.riotlic:ally 
updated with fresh data. For such environnwnts, data mining is not a one-time operat,ion but 
a recurring activity, especially if the database has becn significantly updated since t,ht. prcvious 
mining exercise. Repeated mining may also be required in order to  evaluate the effects of business 
st,rategies that have been implemented based on the rcsult,s of the previous mining. In ail overall 
scmse, mining is essentially an exploratory activity and therefore, by its very nat,ure, operat,cs i i s  a 
feedback process wherein each new mining is guided by the results of the previous Iniriing. 

In the above context, it, is attractive to consider the possihility of using the results of the previous 
mining operations to  minimize the amount of work done during each new mining operation. That, is. 
given a previously mined database D B  and a subsequent increment db to this database, to efficient,ly 
mine db and D B  U db. Mining db is necessary to evaluate the effect,s of tiusiness strategies; whereas 
mining D B  U db is necessary to  maintain the updated set of mining rules. Such “incremental” 
mining is the focus of t,his paper. Practical applicat,ions where incremental mining t,ec:hniques 
are especially useful include data warehouses and Web mining since these systems are ronst,ant,ly 
updated with fresh data - on the web, for instance, about, one million pages are added daily [ l a ] .  

We consider here the design of incremental mining algorithms for databases that can be r e p  
resented as a two-dimensional matrix, with one dimension being a (fixed) set, of possibiliticls, ;-tncl 
the other dimension being a dynamic history of instances, with each instance recording a ,joint, 
occurrence of a subset8 of these possibilities. A canonical example of such a matrix is t,hc “Iriarkot 
basket” database [l], wherein the possibilities are the items that are on sale by the st,orct, and t,ho 
instances record the specific set of items bought by each customer. For ease of expositiori. WP will 
assume a market basket database in the remainder of this paper. 

Within the above framework, we focus in particular on the identification of ussociation ru les  [I]. 
that is, rules which establish interesting correlations about the joint, occurrence of itenis in ciistornor 



 

purchases - for example, “Eighty percent of the customers who bought milk also bought cereal”. 
Association rules have been productively used in a variety of applications ranging from bookstores 
(e.g. when you purchase a book at Amazon.com, the site informs you of the other books that have 
been typically bought by earlier purchasers of your book) to health care (eg .  in detecting shifts 
in infection and antimicrobial resistance patterns in intensive care units [7]). 

Since the association rule problem is well-established in the database research literature (see 
[l, 191 for complete details), we assume hereon that the reader is familiar with the concepts and 
algorithmic techniques underlying these rules. In particular, we assume complete knowledge of the 
classical Apr ior i  algorithm [3]. 

1.1. T h e  State-of- the-Art  

The design of incremental mining algorithms for association rules has been considered earlier 
in [ 5 ,  8, 9, 10, 11, 181. While these studies were a welcome first step in addressing the problem 
of incremental mining, they also suffer from a variety of limitations that make their design and 
evaluation unsatisfactory from an “industrial-strength” perspective: 

Effect of Skew The effect of temporal changes (i.e. skew) in the distribution of database values 
between DB and db has not been considered. However, in practical databases, we should 
typically expect to see skew for the following reasons: (a) inherent seasonal fluctuations in 
the business process, and/or (b) effects of business strategies that have been put into place 
since the last mining. So, we expect that skew would be the norm, rather than the exception. 

As we will show later in this paper, the performance of the algorithms presented in [ll, 181 is 
sensitive to the skew factor. In fact, their sensitivity is to the extent that, with significant skew 
and substantial increments, they may do worse than even the naive approach of completely 
ignoring the previous mining results and applying Apriori from scratch on the entire current 
database. 

Size of Database The evaluations of the algorithms has been largely conducted on databases 
and increments that are small relative to  the available main memory. For example, the 
st,andard experiment considered a database with 0.1 M tuples, with each tuple occupying 
approximately 50 bytes, resulting in a total database size of only 5 MB. For current machine 
configurations, this database would completely fit into memory with plenty still left to spare. 
Therefore, the ability of the algorithms to scale to the enormous disk-resident databases that 
are maintained by most business organizations, has not been clearly established. 

Characterizing Efficiency Apart from comparing their performance with that of Apriori, no 
quantitative assessment has been made of the efficiency of these algorithms in terms of 
their distance from the optimal, which would be indicative of the scope, if any, for further 
improvement in the design of incremental algorithms. 

Incomplete Results Almost all the algorithms fail to provide the mining results for solely the 
increment, db. As mentioned before, these results are necessary to help evaluate the effects 
of business strategies that have been put into place since the previous mining. 

Changing User Requirements It is implicitly assumed that the minimum support specified by 
the user for the current database ( D B  U db)  is the same as that used for the previously 
mined database ( D B ) .  However, in practice, given mining’s exploratory nature, we could 
expect user requirements to change wit,h time, perhaps resulting in different minimum support 
levels across mining operations. Extending the algorithms to efficiently handle such “multi- 
support” environments is not straightforward. 

Hierarchical Databases Virtually all the previous work is applicable only to “flat” databases 
where the items in the database have independent characteristics. In reality, however, 
databases are often LLhierarchical”, that is, there exists a is-a hierarchy over the set of items 



in t,he tlat,abasct. For example, sweaters and ski ,jackets are bot,h instances of wirit>er wriar. As 
pointed out in [16], such taxonomies are valuable since rules a t  lower levels may riot, sat,isfy 
t,he riiininiurri support threshold and hence not, riiariy rules arc likely t,o lw out,pilt- if t,hoy 
are not considered. They are also useful to  prune away many of the iiriinterrstirig rules thnt 
~voiild bc c-)ut,put a t  low minimum support thresholds: sincv a significant fraction o f  thc I u l ~ s  
a.t, loivcr 1 ~ ~ ~ 1 s  rnxy I) (>  subsumed by those a t  higher 1rvt:ls. 

1 .  .”?. (’(~71,t7ibrrtio?l. .~ 

Iri this paper. we present. and evaluate an incrcmcntid niinirig algorithm called DELTA (Difkr- 
vntial Evaluation of L x g e  iTemset Algorit hni). The core of DELTA is similar to  t,hc prrq.ioiis algo- 
iit,lirns but, it also incorporates import,ant dcsign alt,er;it,ioiis for adtlrcssing t,heir ;tt)ovc,-inoiitioii(’(I 
limitations. LVitli t,hese ext,ensions, DELTA rcpresents a pract,ical algorit,hm t,liat, caii 1~ c~ffc~tivc\ly 
utilized for red-.world databases. The miin  features of tlic desigri and evaluat,ion of DELT21 ilro 

the following: 

DELTA guarant,ees that,, for the entire rnining proc:css. at most t11w~~ passes o w r  tlir iiicwmcrit, 
arid w i , e  p a s s  over tlic previous database may be IIPC( y. \I;(> exprct, that such hoiintls will 
1)c risefiil tlo hsiriesscs for t,he p r o p c ~  sclieclulirig of t mining opcrst,ions. 

For t,hc special case wliere the new results arc a .sur’)set of t,he old rcsnlts, anti thrrefotc i n  
principle rqu i r ing  no processing over the prcvioiis database. DELTA is opt,iIrial i r i  that it, 
r q u i r r s  only a sZ7igk pnss  over t,he increment to c‘on~plet~e t he mining process. 

For cornput irig t,he negative border [19] closure: a major pt:rformance-drtc.I.rrljniiifi fact,or i n  
t,licJ iricwriitint,al niiriing process, a n(:w hybrid sc,licirie that crmibines tlw fcxatiii.cis ( ) L ‘  (~;l.rli(~r 
a.pproaclies is iiiiplcment,ecl. 

DELTA provides coniplete mining results for both t,hc cmtirc currant r1atal)asc~ a h  wt.11 a s  
solely tlir incrrrricmt. 

DELTA can handle iriulti-support environments. rcqiiiring only one  adt1itiori;il p‘ 
current dat.aba.se to  achieve this functionality. 

By carefiilly integrating optimizations previously proposed for first,-t,ime hierarchical xriiniug 
algorithms, the DELTA design has bcen cxtendetl to dficient,ly handle increrriental rriirling of 
liicrarchical association rules. 

The perforrnance of DELTA is evaluated on it variety of dynamic databases and comp;iretl 
wit,h that of Apriori and the previously proposed incremental mining algorithms for flat, as-- 
sociation rules. For hierarchical association rules. we compare DELTA against, t,hc Cumiilat3f~ 
first,-tinie mining algorithm presented in [16] I A l l  experiments are niatle on dat,abasc!s that 
arc significantly larger than the entire main memory of the machine on which thri experiment:; 
wcre conducted. The effects of databast. skew are also modeled. 

The results of our experiments show that  DELTA can provide significant irnprovements in 
execution times over the previous algorithms iri  all t,liese environments. Furt,hw. DEL7=4’:: 
pvrformanct~ is comparatively robust, with respect, to  database skew. 

We also include in our evaluation suite the performance of an (171 oracle that has cwrripletr 
ciprzorz kriowledgcl of the identities of all the large itemsets (and their associated negativo 
Imrder) both in the current database as well as in the increment and only rrquires f,o f i r i d  
t,licir rwpect,ive counts. It is easy tm see that  this algorithm, alt,hough practically infcasiblr. 
represents the optimal since all other algorithms will have to  do a t  least the same amount of 
work. Therefore, modeling the oracle’s performance permits us to  charact,erizc thc efficienq. 
of pract,ical algorithms in terms of t,lieir distance from the optimal. 

t Fiat and hierarchical databases are also referred t o  as “boolran” and “generalized” databases,  respectively, i r i  

t , t i r z  m i n i n g  literat,ure. 



DB, db, DB u db 
S U P v t i n ,  D B  SuPmin D B U d b  

SUPmin  
LDB 7 7  Ldb LDBudb 
N D B ,  N d b ,  NDBUdb 

N 
Small 

L 

Previous, increment, and current database 
Previous and New Minimum Support Thresholds 
Minimum Support Threshold when sup;: = sup;fzdb 
Set of large itemsets in DB, db and DB U db 
Negative borders of L D B ,  Lclb and LDBudb 

Negative border of L 
Set of small itemsets with known counts (during program execution) 

L D R U d b  n ( L D B  u N D B )  

Table 1: Notation 

Our experiments show that DELTA’S efficiency is close to that obtained by the oracle for 
many of t,he workloads considered in our study. This shows that DELTA is able to extract 
most of the potential for using the previous results in the incremental mining process. 

1.9. Organization 

The remainder of this paper is organized as follows: The DELTA algorithm for both flat and 
hierarchical association rules is presented in Section 2 for the equi-support environment. The 
algorithm is extended to handle the multi-support case in Section 3. The previously proposed 
incremental mining algorithms are summarized in Section 4. The performance model is described 
in Section 5 and the results of the experiments are highlighted in Section 6. Finally, in Section 7, 
we present the conclusions of our study and outline future research avenues. 

2. THE DELTA ALGORITHM 

In this section, we present the design of the DELTA algorithm. For ease of exposition, we first 
consider the “equi-support” case, and then in Section 3, we describe the extensions required to 
handle the “multi-support” environment. In the following discussion and in the remainder of this 
paper, we use the notation given in Table 1. Also, we use the terms “large”, “small”, “count” and 
“support” with respect to the entire database DB U db, unless otherwise mentioned. 

The input to  the incremental mining process consists of the set of previous large itemsets LDB,  
its negative border N D B ,  and their associated supports. The output is the updated versions of the 
inputs, namely, LDBudb and NDBUdb along with their supports. In addition, the mining results 
for solely the increment, namely, Ldb U N d b ,  are also output. 

2.1. The Mechanics of DELTA 

The pseudo-code of the core DELTA algorithm for generating flat association rules is shown in 
Figure 1 - the extension to  hierarchical association rules is presented in Section 2.2. At most three 
passes over the increment and one pass over the previous database are made, and we explain below 
the steps taken in each of these passes. After this explanation of the mechanics of the algorithm, 
we discuss in Section 2.3 the rationale behind the design choices. 

2.1.1. First Pass over the Increment 

In the first pass, the counts of itemsets in LDB and N D B  are updated over the increment db,  
using the function Updatecounts (line 1 in Figure 1). By this, some itemsets in N D B  may become 
large and some itemsets in LDB may become small. Let the resultant set of large itemsets be L. 
These large itemsets are extracted using the function GetLarge (line 2). The remaining itemsets 
are put in Small (line 3),  and are later used for pruning candidates. The algorithm terminates if 
no itemsets have moved from N D B  to L (lines 4-5). This is valid due to the following Theorem 
presented in [18]: 



DELTA (DB, dh, LDB, N D B ,  SUPnz in ,  

Input: Previous Database DB, Increment db, Previous Large Itemsets L D B ,  
Previous Negative Border N D B  , Minimum Support Threshold s7~p,,,,,, 

Output: Updated Set of Large Itemsets LDBud6, Updat,ed Negative Border NDuudb 
begin 
1. 
2. 
3 .  
4. 
5. 

6. 

8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23.  

24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 

- 
I .  

UpdateCounts(db, LDB U N U B ) ;  
L = GetLarge(LDB U N D B ,  sup,,,, * (DB u dbl),  
S?na/l = ( L U B  U N D B )  - L 
if (L"B == L) 

// first pass over db 

// used later for pruning 

return(LDB, N D B ) ,  

]Ir = NegBorder(L), 
if ( N  5: S ~ n a l l )  

grt supports of itemsets in N from Small 
return(l, N ) ;  

NIL = AT - Small; 
UpdateCounts(db, N u ) ;  
C = GetLarge(N". * Idbl); 
SmaZl"~ = N t L  - C 
if (ICl :> 0) 

// second pass over db 

/ /  used liitcxr for pruning 

c ' = C U L  
Reset Cou nts (C) , 
do // compute negative border closure 

C = C U NegBorder(C); 
C = C - (Small u SniriU") / /  priinr 

until C does not grow 

if (ICl > 0) 
c = c - ( L  u N U )  

UpdateCounts(db,C) / /  third and final pass over db 

ScanDB = GetLarge(C U N u ,  supmzn * Jdbl); 
N' = NegBorder(L U ScanDB) - Sniall; 
get supports of itemsets in N' from (C U N " )  
UpdateCounts(DB, N' U ScanDB); 
LD1jUdb = L u GetLarge(ScanDB, 
NDnU'lh = NegBorder(LDBU"); 
get supports of NDBUd5 from (Small U N ' )  

// first (and only) pass over Dl? 
* / D B  U dbl); 

); return( ~,LlBudl )  N D B U d b  

- end 

Fig. 1: T h e  DELTA Incremental Mining Algorithm 

Theorem 1 If X is mi itemset that is not in LDR but is in LDBUdh, then there must he some 
mbse t  :x of X which was in N D B  and is n.ow in LDBudo. 

Honcc, for t,he special case where the new results are a subset of the old results, and therefore in 
principle requiring no processing over the previous database, DELTA is optimal in that it, requires 
only a single pass over the increment to coniplet,e the mining process. 

21.2.  Second Pnss over the Increment 

0 1 1  the other hand, if some itemsets do move from ND" to L, then the negative border N of 
I, is computed (line G ) ,  using the AprioriGen [3] function. Itemsets in N with unknown counts are 
stoIed in a set, N" (line 10). The remaining itemsets in N i.e. with known counts, are all small. 



Therefore, the only itemsets that may be large (and are not yet known to  be so) are those in N u  
and their extensions. If there are no itemsets in N u ,  the algorithm terminates (lines 7-9). 

Now, any itemset in N" that is not locally large in db  cannot be large in D B  u db. Further, 
none of its extensions can be large as well. This is based on the following observation of [8]+: 

Theorem 2 An i temse t  cun  be presen t  an LDBUdb only if it i s  present  in ei ther  LDB or Ldb (or 
both). 

Therefore, a second pass over the increment is made to find the counts within db  of N u  (line 11). 
Those itemsets that turn out to be small in db  are stored in a set called Smalldb (line 13), which 
is later used for pruning candidates. 

2.1.3. Third (und F ina l )  P a s s  over  the  I n c r e m e n t  

We then form all possible extensions of L which could be in LDBUdb U NDBUdb and store them 
in set C. This is done by computing the remaining layers of the negative border closure of L 
(lines 15-20). (We expect that the remaining layers can be generated together since the number of 
%itemsets in L is typically much smaller than the overall number of all possible 2-itemset pairs.) 
At the start of this computation, the counts of itemsets in C are reset to zero using the function 
Resetcounts (line 16). Then, at every stage during the computation of the closure, those itemsets 
that are in Small and Smalldb are removed so that none of their extensions are generated (line 19). 
After all the layers are generated, itemsets from L and N u  are removed from C since their counts 
within D B  U db and db respectively, are already available (line 21). The third and final pass over 
db  is then made to find the counts within db of the remaining itemsets in C (line 23). 

2.1.4. First (und Only) P a s s  over  the  Previous Database 

Those itemsets of the closure which turn out to be locally large in db need to  be counted over D B  
as well to  establish whether they are large overall. We refer to these itemsets as ScanDB (line 24). 
Since the counts of NDBUdb need to be computed as well, we evaluate NegBorder(L U ScanDB).  
From this the itemsets in Small are removed since their counts are already known. The counts of' 
the remaining itemsets (i.e. N' in line 25) are then found by making a pass over D B  (line 27). 

After the pass over D B ,  the large itemsets from ScanDB are gathered to form LDBUd6 (line 28) 
and then its negative border NDBUdb is computed (line 29). The counts of NDBUdb are obtained 
from Small and N' (line 30). Thus we obtain the final set of large itemsets LDEUdb and its negative 
border NDBUdb.  

2.1.5.  Resu l t s  for t h e  I n c r e m e n t  

Performing the above steps results in the generation of LnBudb and NDBUdb along with their 
supports. But, as mentioned earlier, we also need to generate the mining results for solely the 
increment, namely, Ldb U N". To achieve this, the following additional processing is carried out 
during the above-mentioned passes: 

After the first pass over the increment, we have the updated counts of all the itemsets in 
LDB U N D B .  Therefore, the counts of these itemsets with respect to the increment alone is 
very easily determined by merely computing the differences between the updated counts and the 
original counts. After this computation, the itemsets that turn out to be large within db  are 
gathered together and their negative border is computed. 

If the counts within db of some itemsets in the negative border are unknown, these counts are 
determined during the second pass over the increment. Subsequently, the negative border closure 
of the resultant large itemsets (over db)  is computed and the counts within db  of the itemsets in 
the closure are determined during the third pass over the increment. Finally, the identities and 
counts within db  of itemsets in Ldb U N d b  are extracted from the closure. 

t This observation applies only t,o the equi-support case. 



In the above, note that a particular iternset could be a candidate for computing L”” u N““, 
as well as LL)r’udb u N”Bud’. To ensure that t’here is no unnecessary duplicate counting, ;ill such 
common itcniscts itr? idcntificd and two counters are maintained for each of them: the first, c.ountc!r 
initially stores the it,cmset.‘s support in D B ,  while the: second storcs the support, in d h .  4i’ t~r  t,liu: 
support i n  db  is cwrriputcd, t.he first countcr is incrmientcrtl by t,his value it t l i cw rrflwts tliii 
support in D B  U (11). 

2.2. Generating Hirrc~rchicr~l Associat ion Rules 

irig skps  described in t,he previous sub-sect,ion are conipletely sufficient t o  deliver the 
ticsired mining out,piits for flat databases. We now niove on to describing how it is easily possiblti 
to extend t,he DELTA design to also handle the generat,ion of association rules for h,ierarchical 
( lat ahascs . 

‘I’hc: hierarchical rule mining problem is to find associat,ion rules between items at any Itw4 of’ 
a given t,axonorriy graph ( i s - a  hierarchy). An obvious but, inefficient solution t,o this problerri is to 
rrducc~ it, to  a. Aa.t mining context using the following strategy: While reading each transaction from 
the cl;lt,iib;tse. dynarriic:ally create an “augmeiit,cd” t,ransactioii that also includes all th r  ant 
of all t.hc itcrns fcat,ured in the original transaction. Now. any of the flat, mining algorithms (:;in IK 
applied on this augmented database. 

A svt, of optiniizations t,o improve upon the above scheme were int>roduced in [IS] its part, o f  
tho  (hirnnlate (first,-time) hierarchical mining algorithm. Interest,ingly, we hiivrl found that, t,lieso 
ol)t,irriizations can be utilized for incrcmerital mining as well, and in particular, can be c1c;inly 
integr;itt:d in the c:ore DELT,4 algorit,lini. In the remainder of this sub-sect,inn, wt’ tlcscribc th t i  
optiriiiz;i.tions and their incorporation in DELTA. 

8.%.1. Cirnrulete 0ptinraz.ntions 

(‘u~iiiilat,e’s optimizations for efficiently mining hierarchical databases are thc following: 

0 Pre-computing ancestors Rather t,lnan finding the ancestors for each itern by traversing 
t hc tilxonor~iy graph, the ancestors for each item arc precomputc:d and stored in an array. 

0 Filtering the ancestors added to transactions While reading a transaction from thc 
database, it is riot necessary to augment it with all ancestors of items in that transaction. 
Only ancest,ors of items in the transaction that are also present in some candidate itemset, 
are added. 

0 Pruning itemsets containing an item and its ancestor A candidate itemset, that, cow 
tains both an item and its ancestor may be pruned. This is because it will haw exactly the 
same support as the itemset which docm’t contain t,hat ancestor and is tjherefore rcdunda.nt. 

2.2.2. 1ncorporo.tion in DELTA 

Thtl :rbove optimizations are incorporated in DELT,4 in thc following manner: 

1. The first optimization is performed only in routines that access the database and therefore 
do not affect thc structure of the DELTA algorit,hm. 

2. The second optimization is performed before each pass over the increment or previous 
Ancestors of items that are not, part of any candidate are removed from the database. 

itIr;iy.s of anc~stors  t,hat were precomputcd during the first opt,imization. 

3.  ‘ rh~ third optimization is performed only once arid t,hat is at, the end of the first pass over the 
increment. At this stage the identities of all potentially large 2-itemsets (over D B  U r lb)  arc 
luiown, and hence no further candidate 2-itSemsets will be generated. Among the potent,ially 
large 2-iternsets, t,hose t,hat contain an item and its ancestor are pruned. It, follows t,hat, 
i.andidates generat,ed from the remaining 2-iternsets will also have the same property, i . r .  



they will not contain an item and its ancestor. Hence this optimization does not need to be 
applied again. 

2.3. Rat iona le  for t h e  DELTA Des ign  

Having described the mechanics of the DELTA design, we now provide the rationale for its 
construction: 

Let L be the set of large itemsets in LDB U N D B  that survive the support requirement after 
their counts have been updated over db,  and N be its negative border. Now, if the counts of all the 
itemsets in N are available, then the final output is simply L U N .  Otherwise, the only itemsets 
that may be large (and are not yet known to be so) are those in N with unknown counts and their 
extensions - by virtue of Theorem 1. At  this juncture, we can choose to do one of the following: 

Complete Closure Generate the complete closure of the negative border, that is, all extensions 
of the itemsets in N with unknown counts. While generating the extensions, itemsets that 
are known to be small may be removed so that none of their extensions are generated. After 
the generation process is over, find the counts of all the generated itemsets by performing 
one scan over D B  U db. We now have all the information necessary to first identify LDBUdb, 
and then the associated NDBudb.  

Layered Closure Instead of generating the entire closure at one shot, generate the negative 
border “a layer at a time”. After each layer is computed, update the counts of the itemsets 
in the layer by performing a scan over D B  U db. Use these counts to prune the set of itemsets 
that will be used in the generation of the next layer. 

Hybrid Closure A combination of the above two schemes, wherein the closure is initially gen- 
erated a layer at a time, and after a certain number of layers are completed, the remaining 
complete closure is computed. The number of layers upto which the closure is generated in 
a layered manner is a design parameter. 

The first scheme, Complete Closure, appears infeasible because it could generate a very  large 
n u m b e r  of candidates if the so-called “promoted borders” [ l l ] ,  that is, itemsets that were in N D B  
but have now moved to LDBUdb, contain more than a few 1-itemsets. This is because if pl  is 
the number of 1-itemsets in the promoted borders, a lower bound on the number of candidates is 
2P1 (ILI - P I ) .  This arises out of the fact that every combination of the pl 1-itemsets is a possible 
extension, and all of them can combine with any other large itemset in L to form candidates. 
Therefore, even for moderate values of pl  , the number of candidates generated could be extremely 
large. 

The second strategy, Layered Closure, avoids the above candidate explosion problem since it 
brings a pruning step into play after the computation of each layer. However, it has its own 
performance problem in that it may require several passes over the database, one per layer, and 
this could turn out to be very costly for large databases. Further, it becomes impossible to provide 
bounds on the number of passes that would be required for the mining process. 

Therefore, in DELTA, we adopt the third hybrid strategy, wherein an initial Layered Closure 
approach is followed by a Complete Closure strategy. In particular, the Layered Closure is used 
only for the f i r s t  layer, and then the Complete Closure is brought into play. This choice is based on 
the well-known observation that pruning typically has the maximum impact for itemsets of length 
two - that is, the number of 2-itemsets that turn out to be large is usually a small fraction of the 
possible 2-itemset, candidates [14]. In contrast, the impact of pruning at higher itemset lengths is 
comparatively small. 

To put it in a nutshell, the DELTA design endeavors to achieve a reasonable compromise be- 
tween the number of candidates counted and the number of database passes, since these two factors 
represent the primary bottle-necks in association rule generation. That our choice of compromise 
results in good performance is validated in the experimental study described in Section 6 .  



 

3 .  MULTI-SUPPORT INCREMENTAL MINING IN DELTA 

In the previous section, we considered incremental mining in the context, of "equi-support " 
onvironments. As mentioned in the Introduction, however, we would expect that user requirements 
would typically change with time, resulting in different minimum support levels across mining 
operations. In DELTA, we address this issuc which has riot been previously considered in the 
literature. W(! expcc't t,hat, this is an import,ant value addition given t,he inherent, exploratory 
riat,iirc: of mining. 

For convenience, we break up the multi-support problem into two cases: Stronger,; where thc 
current, threshold is higher (i.e., >  sup$^), and Weuker, where the current, threshold is 
lower (i.e,, s ~ p ~ f ~ ~ , " " ~  < s 7 ~ p g E ) .  We now address each of these cases separat,cly: 

3.1. Stronger. Suppor t  Threshold 

'The st,ronger support case is handled almost exactly the same way as tjhe equi-support case, that 
is, as though the threshold has not  chonyed. The only difference is that the following optirnizat,ion 
is incorporated: 

Init,ially, id1 itemsets which are not large w.r.t. sup{fYd"  are removed from L D H  and the cor- 
rctsponding negative border is then calculated. The it,cmset,s that are removed are not discarded 
completely, but, are whined separately since they may become large after count,ing over tht. ' lncr(!.- . 

merit dh. They rriay also be part of the computed negative border closure (lines 15-20 in Figurc? 1). 
If' so) then duririg the pass over D B  their counts are riot measured since they arc already Itnown. 
If t,he count,s of all thct itemsets in t,he closure are l<nown. the p i m  07ier D B  hecor 

3.2. Wccoker Support Threshold 

The weaker support case is much more difficult to handle sincc the LDR sct, now needs t,o I)()  
e,xpunded but t,he identities of these additional set,s c;tnnot be deduced from the increment, dh.  
In p;trticular, note that, Theorem 2, which DELTA rrtlied on for pruning carid in t2he q u i -  

tlfdllcT that.  
a caiididatc is srnall over D B  ,just because it is not p 

However, it is easy to observe that the output required in t,he weaker threshold case is a .sup 
of  what, would br  out,put had the support threshold not (,hanged. This observation suggest,s i i  

strategy by which the DELTA algorithm is executd as though t,he support, threshold hiid ,riot 
ciiarqcd. while at the sarnrt time making suitable alt,erations t,o Iiandle t,hc support, t,hreshold 
changc. 

111 DELTA, the above strategy is incorporated by generating extra candidates (as described 
below) t)ased on the lowered support threshold. It, is only for. these candidat,es t,hat Theorem 2 
does not, hold. Hence, it, is necessary to  find their counts over the t?nt,ire database D B  U do. This 
is t lori~ s imul taneo~~sly  while executing equi-support DELT,4. 

The pseudo-code for the complete algorithm is given as function DeltaLow in Figure 2: and is 
desc:Iibecl in the remainder of this section. The iniportant point, to note here is that the rmhancetl 
DELI'A requires only one additional pass over. the entire databasc t,o producc. the desired rcsiilts. 

support case, n o  longer  holds when the support thresliold is lowered since wc I 

ent in L ~ "  u ivDB. 

,9.2.1 First Priss over  the Increment  

As in t,he equi-support case, the counts of itemset,s in L u B  and N"" are updat.cd owr  1;hc 
increment d D  (line 1 in Figure 2) .  By this, some itemsets in N"" rnav become large and sorw 
itemsct,s in LD" may become small. Let the resultant set) of large itenisets (w.r.t,. l ~ e  L.  
Thesv large itemsets are extracted using t,he function GetLarge (line 2). Itemsets in the negativr 
border of' L with unknown counts are computed as NegBorder(L) - (LuB U N D B ) .  We refer to t,his 
set, as NBetween since these itemsets are likely to have supports between sup:% and 
(line 3 ) .  For these itemsets, Theorem 2 does not hold clue to the lowered support threshold. 



DeltaLow (DB, db, LDB, NDB, S U ~ Z ? ~ ,  s u ~ z f ; * ~ )  
Input: Previous Database DB,  Increment db, Previous Large Itemsets LDB,  

Previous Negative Border NDB , Previous Minimum Support Threshold supKfn, 
Present Minimum Support Threshold 

Output :  Updated Set of Large Itemsets LDBUdb, Updated Negative Border NDBudb 
begin 
1. 
2. 
3. 
4. 

5 .  
6 .  
7. 
5. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
1Q. 
11. 
2nd 

UpdateCounts(db, LDB U NDB); 
L = GetLarge(LDB U N D B ,  supmin DBud6 * IDB U dbl); 
NBetween = NegBorder(L) - (LDB U NDB); 
/ /  perform lines 2-31 of DELTA for equi-support case using 
/ /  the following modification: find the counts of itemsets in NBetween also 
/ /  over (DB U ctb). Let (L’, N’) be the output obtained by this process. 
L’ = L’ U GetLarge(NBetween, 
Small = N‘ U (NBetweea - L’); 
if (NegBorder(L‘) C Small) 

/ /  pass over db 

with 

x ( D B  U dbl); 

get supports of itemsets in NegBorder(L‘) from Small 
return(L’, NegBorder(L‘)); 

c = L‘; 
ResetCounts( C) ; 
do / /  compute negative border closure 

C = C u NegBorder(C); 
C = C ~ Small / /  prune 

until C does not grow 

UpdateCounts(DB U db, C); 
~ D B u d 6  = L! U GetLarge(C, 
NDEudb = NegBorder(LDBUd6); 
get supports of itemsets in NDBUd6 from (C U Small) 
return(LDBU“, NDBUd6); 

c = c - (L’ u Sntall) 
/ /  additional pass over D B  U db 

* IDB u dbl); 

Fig. 2: DELTA for Weaker Support Threshold (DeltaLow) 

3.2.2. Remaining Passes of Equi-Support DELTA 

The remaining passes of equi-support DELTA are executed for the previous support supgfn. A 
difference, however, is that, the counts of itemsets in NBetween over D B  U db are simultaneously 
found (line 4). 

Among the candidates generated during the remaining passes of equi-support DELTA, some 
may already be present in NBetween. To ensure that there is no unnecessary duplicate counting, 
all such common itemsets are identified and only one copy of each is retained during counting. 

3.2.3. Additional Pass over the Entire Database 

At the end of the above passes, the counts of all l-itemsets and 2-itemsets of LDBUd6 u NDBud6 
are available. The counts of 1-itemsets are available because LDB U NDB contains all possible 
l-itemsets [18], while the counts of all required 2-itemsets are available because L contains all large 
l-itemsets in D B  U d b  and NBetween contains the immediate extensions of L that are not already 
in ( L D B  U NDB). Therefore, it becomes possible to generate the negative border closure of all 
known large itemsets without encountering the “candidate explosion’’ problem described for the 
Complete Closure approach in Section 2.3. 

Let L‘ be the set of all large itemsets whose counts are known (line 5), and let Small be the 
set of itemsets with known counts which are not in L‘ (line 6). If the counts of the negative border 



of L‘ are already known: t,lien the algorithm terminatcts (lincs 7 9). Otherwisc, all t,he remairiirig 
extctnsions of L’ that, could become large are det,ermincd by computing the negative horder rlosiire 
(lincts 1G16). (.4s in the equi-support ca.sc, we expect, t,liat, the remaining layers of thc dosiirc: 
can be generated toget,httr since the number of 2-itenisets in L’ is t,ypically niuch smallcr t,hari the 
overall nurriber of all possible 2-itemset pairs.) The iternsets of t,he closure are countctd ovei- t lit. 
(intire databasc (liric 17), and the final set of large iternsets and its negat,ive 1)ordc.r iLr(1 cktermiric~l 
(1inc.s 18 -20) .  

4. PREVIOUS 1NCR.EMENTAL ALGORITHAIS 

In this section, we provide an overview of the algorithms t,liitt, have been clevchped ovor t I I I ~  
last t,wo years for incrrnicnt,al mining of fl;it ;wm5at,iori riilos 011 rnarket, baskct, dat,abases. 

4.1.  T h  FUP Algot~ithm 

The FUP (Fast Update) algorithm [8, 9, 101 represents the first, work in the area of iricrerrimtal 
mining. It operat,es on an iterative basis and in each iteration makes a complete sca71 of thr c 7 ~ 7 , r m t  

detu,bnsc.. In each srari, the increment is pr,ocrwed first and the results obtained arc’ uscttl to guidc 
t,he rriining of t,he origirial tiatlabase D B .  An important, point to note about, the FUP algorithm i:; 
that i t  requires A:- passes over the entire database, whm: k: is t,hc cardinality of t,he lorigost 1;trgo 
itcmisct,. F u r t h t ~ ,  it does not, generate the mining results for solely thct increrncmt. 

111 t,he first 1)a.s~ over the increment, all thc 1-itemsets are cxmsiderd as candidates. At, t h  eritl 
o f  this pass, the coinpl supports of t,he candidates t,liiit, happen t,o be also large in D B  ilre krmwri. 
Those which liiw(3 the minirrium support are rct airicd in L”RU“h. Among the other candidxtcs. 
ollly tliosc> wliirli ww large in db can 1)ecomc large ovt~Ial l  duo t,o Theorem 2 (Scct,iori 2 ) .  €Icric.c’ 
tliey are ident,ifieii ;md t,he previous database D B  is m i ~ d  to obt,airi t,heir ovrr.al1 supports, t,lius 
obt airiing the svt of all large 1-it,ernset,s. The candidates for tlie ncxt pass are calciilat,otl iisirig tlic, 
AprioriGen fiinrtion. arid t,he process repeats in  t,his I I I ~ L M I ~ ~  until ill1 thc. largv it,cmscts h a w  I r w r i  

identified. 
After FUP, algorithms t,hat utilized t,lie ~regutive t toder information were proposecl i r i t l q  ICII- 

clrrit1,v in  [ 111 i~11d [ 181 with the goal of achieving ~iiore cfficicncy i r i  the incremental rriiniiig pi-oc’ess. 
In t,lie sqi ic l .  ~ ( 7  will use Borders t,o refer t,o t,lic algorithni in [ll], arid TBAR. to rclfei. t o  the, 
algor.it,lini in [18]. Since these algorithms are baseti 011 t,lie riegat,ive lwrder conccpt, t1ic.y will 
cIrxrit)cd in terms of t,he DELTA4 design. 

4 .  .?. Tlw Bovlcr..r .4l~yn-itli,m 

Thc original Borders algorithm differs from DELTA iri that it c:oniput,es the entiri) negativv 
bord(Lr (,losure at, one shot, that is, it uses the Complet,e Closure opt,iori. which could pot~mti;rlly 
rcsult in t,he candidate explosion problem mentioned in Section 2.3, 

A new version of the Borders algorithm was recently proposed in [S]. This version gocs t,o the> 
ot,iiei oxtxemc of t,he closure computation, adopting a Layered Closure approach. As inentioneti 
in Section 2.3. this strategy could result, in significantly increasing the number of dat,al)ase passe's, 

A variant, of t,he new algorithm was proposed t,o handle mult,i-support mining. The applic:abilit,y 
of t,his algorithm, however, is limited to the very special case of zero-size increments. that is. wIic1c 
thci database has not changed a t  all between the previous arid the current mining. 

riiay therefore be problernatic for largo databases. 

Finally, like FIJP, Borders also does not generate t,ho mining result,s for solely thc incwnitwt . 

4.J.  T h  TBAR Algorathm 

The TBAR algorithm differs from DELTA in two major respects: First, it initially cosripletely 
mines t,he incrernent db ,  that is, Ldb U N d h  is computed by applying t,he Apriori algorithm on the 
inc.reinerit. Wt: expect that this strategy would prove to be inefficient for large increments sinre 
thr, prcvious mining resiilt8s are not used a t  all in this mining process. 



Second, it adopts the Complete Closure approach. The complete closure is however computed 
only after having mined the increment. Therefore, unlike Borders, the candidate explosion problem 
is unlikely to occur because more candidates can be pruned. After computing each level of the 
closure, itemsets in N d b  are excluded from further candidate generation. However, even with this 
pruning, there are likely to be too many unnecessary candidates in TBAR, especially for skewed 
increments since it relies solely on the increment for its pruning. 

4.4. Other Algorithms 

Recently a new algorithm for first-time mining called CARMA was proposed in I131 where its 
applicability to  incremental mining was also briefly mentioned. Although the algorithm is a novel 
and efficient approach to first-time mining, we note that it suffers from the following drawbacks 
when applied to  incremental mining: (1) It does not maintain negative border information and 
hence will need to access the original database D B  if there are any locally large itemsets in the 
increment, even though these itemsets may not be globally large. (2) The shrinking support 
intervals which CAR.MA maintains for candidate itemsets are not likely to be tight for itemsets 
that become potentially large while processing the increment. This is because the number of 
occurrences of such itemsets in D B  will be unknown and could be as much as supmi, * IDBI. 

An incremental mining algorithm, called MLUp, for updating “multi-level” association rules 
over a taxonomy hierarchy was presented in [lo]. While MLUp’s goal is superficially similar to 
the incremental hierarchical mining discussed in this paper, it has the following major differences: 
Firstly, a different minimum support threshold is used for each level of the hierarchy. Secondly, 
MLUp restricts its attention to deriving intra-level rules, that is, rules within each level. In contrast, 
our focus in this paper is on the formulation given in [16] where there is only one minimum support 
threshold and inter-level rules form part of the output. 

5. PERFORMANCE STUDY 

In the previous sections, we presented the FUP, Borders and TBAR incremental mining 
algorithms, apart from our new DELTA algorithm. To evaluate the relative performance of these 
algorithms and to confirm the claims that we have informally made about their expected behavior, 
we conducted a series of experiments that covered a range of database and mining workloads. The 
performance metric in these experiments is the total execution time taken by the mining operation. 
(Note that,  as mentioned in Section 4, both FUP and Borders do not compute the mining results 
for solely the increment, and hence their execution times do not include the additional processing 
required to generate these results.) 

5.1. Baseline Algorithms 

We include the Apriori algorithm also in our evaluation suite to serve as a baseline indicator 
of the performance that would be obtained by directly using a “first-time” algorithm instead of an 
incremental mining algorithm. This helps to clearly identify the utility of “knowing the past”. 

Further, as mentioned in the Introduction, it is extremely useful to put into perspective how 
weZZ the incremental algorithms make use of their “knowledge of the past”, that is, to  character- 
ize the eficiency of the incremental algorithms. To achieve this objective, we also evaluate the 
performance achieved by the ORACLE algorithm, which “magically” knows the identities of all 
the large itemsets (and the associated negative border) in the current database and increment and 
only needs to gather their corresponding supports. Note that this idealized incremental algorithm 
represents the absolute minimal amount of processing that is necessary and therefore represents a 
lower boundt on the (execution time) performance. 

The ORACLE algorithm operates as follows: For those itemsets in LDBudb U NDBudb whose 
counts over D B  are currently unknown, the algorithm first makes a pass over D B  and determines 
t,hese counts. It then scans db to  update the counts of all itemsets in LDBUdbUNDBUdb. During the 

tWithin the  framework of the data  and storage structures used in our study. 



Parameter 1 Meaning 
Number of items 
Mean transaction length 
Number of potentially large itemsets 
hleari length of potentially large itemsets 
Nuniber of transact,ions in database D B  
Niiniber of transactions in increment dh 
Skew of increment rlb (w.r.t. D B )  
Prob. of changing large itemset identity 
Prob. of changing item identity 

P i s  

Table 2 :  P;tramei.cr ‘I:zblr 

__I 

Values 
1000 
10 
2000 
3 
4 M (200 MB disk occupancy) 
1%, lo%, 50%, 100% of D 

0.33 (for Skewed) 
Itlentical, Skewed I 

0.50 (for Skewed) i 
~ 

Parameters 1 Meaning j Values 
R I Number of roots 1 250 

Number of levels 
Farioii t 
Del,th-ratio 

4 
5 
1 

Table ‘ 3 :  Taxonomy 1’ararriet.cr. ‘I’able 

pass over dh, it also determines the countas within db of itemsets in Ldb U N“. Duplicate candidates 
itre avoided by retaining only one copy of each of them. So, in the worst case, it rieeds to make 
one pass over the previous database and one pass over t,he increment. 

For evaluating the performance of DELTA on hierarchical databases, we compared it with 
Cumulate and OR.ACLE as no previous incremental algorithms are available for comparison. We 
chose Cumulate among the algorithms proposed in [I61 since it performed the best on most of our 
workloads. The hierarchical databases were generated using the same technique as in [16]. 

5.2. Database Geizcmtion 

The databases used in our experiments were synthetically generated using the t.echnique de- 
scribed in [3] and ahtempt to mimic the customer purchase behavior seen in retailing environments. 
The parameters used in the synthetic generator are described in Table 2. These are similar to those 
used in [3] except that t,he size and skew of the increment are two additional parameters. Since 
t,he gcwxator of [3] does not include the concept of an increment, we have t,aken the following 
approach, similar to [8]: The increment is produced by first generating the entire D B  U o‘b and 
then dividing it into D B  and db. 

Additional parameters required for the taxonomy in our experiments on hierarchical databases 
are shown in Table 3.  The values of these paramet,ers are ident,ical to those used in [16]. 

5.2.1. Datu Skew Generation 

‘The above method will produce data that is identically distributed in both D B  and db. How- 
ever, as rneritioried earlier, databases often exhibit temporal trends resulting in the increment, 
perhaps liaving a different distribution than the previous database. That is, there may be signif- 
icant rhanges in both the number and the identities of the large itemsets between D B  and rib. 
To model this .‘skew” effect, we modified the generator in the following manner: After D trans- 
actions are produccd by the generator, a certain percentage of the potentially large itemsets are 
changed. A potentially large itemset is changed as follows: First, with a probability determined 
by the parameter pis  it is decided whether the itemset has to be changed or not. If change is 
decided, each item in t,he itemset is changed with a probability determined by the parameter p , t .  



The item that is used to replace the existing item is chosen uniformly from the set of those items 
that are not already in the itemset. After the large itemsets are changed in this manner, d number 
of transactions are produced with the new modified set of potentially large itemsets. 

5.3. Itemset Data Structures 

In our implementation of the algorithms, we generally use the hashtree data-structure [3] as 
a container for itemsets. However, as suggested in [2], the 2-itemsets are not stored in hashtrees 
but instead in a 2-dimensional triangular array which is indexed by the large 1-itemsets. It has 
been reported (and also confirmed in our study) that adding this optimization results in a consid- 
erable improvement in performance. All the algorithms in our study are implemented with this 
optimization. 

5.4. Overview of Experiments 

We conducted a variety of experiments to evaluate the relative performance of DELTA and the 
other mining algorithms. Due to space limitations, we report only on a representative set here. In 
particular, the results are presented for the workload parameter settings shown in Table 2 for our 
experiments on non-hierarchical (flat) databases. 

The parameters settings used in our experiments on hierarchical databases are identical except 
for the number of items ( N )  and the number of potentially large itemsets ( L )  which were both 
set to 10000. The specific values of additional parameters required for the taxonomy are shown in 
Table 3. 

The experiments were conducted on an UltraSparc 170E workstation running Solaris 2.6 with 
128 MB main memory and a 2 GB local SCSI disk. A range of rule support threshold values 
between 0.33% and 2% were considered in our equi-support experiments. 

The previous database size was always kept fixed at 4 million transactions. Along with varying 
the support thresholds, we also varied the size of the increment db from 40,000 transactions to 
4 million transactions, representing an increment-to-previous database ratio that ranges from 1% 
to 100%. For our experiments on hierarchical databases, the performance was measured only for 
supports between 0.75% and 2% since for lower supports, the running time of all the algorithms 
was in the range of several hours. 

Two types of increment distributions are considered: Identical where both D B  and db have 
the same itemset distribution, and Skewed where the distributions are noticeably different. For 
the Skewed distribution for which results are reported in this paper, the pis  and pit parameters 
were set to 0.33 and 0.5 as mentioned in Table 2. With these settings, at the 0.5 percent support 
threshold and a 10% increment, for example, there are over 700 large itemsets in db which are not 
large in D B ,  and close to 500 large itemsets in D B  that are not large in db. 

We also conducted experiments wherein the new minimum support threshold is different from 
that used in the previous mining. The previous threshold was set to 0.5% and the new threshold 
was varied from 0.2% to 1.5%. Therefore, both the Stronger Threshold and Weaker Threshold 
cases outlined in Section 2 are considered in these experiments. 

6. EXPERIMENTAL RESULTS 

In this section, we report on the results of our experiments comparing the performance of the 
various incremental mining algorithms for the dynamic basket database model described in the 
previous section. 

6.1. Experiment 1: Flat / Equi-Support / Identical Distribution 

Our first experiment considers the equi-support situation with identical distribution between 
D B  and db on flat databases. For this environment, the execution time performance of all the 
mining algorithms is shown in Figures 3a-d for increment sizes ranging from 1% to 100%. 



31c - - -% Apriori +- - - -+ FUP x- - --xTBAR >c - - -XBorders 
c3-------0 DELTA - ORACLE I 

3(a) T10.14.D4M, 1% increment 
40 r I 

m I 
I 

30 \ I i.1 g 10 

W 

n -  
“0 0.5 1 1.5 2 

SUppOrt (yo) 

3(c) T10.14.D4M, 50% increment 

6o i 

0 I.- 
0 0.5 1 1.5 2 

support (Yo) 

3(b) T I  0.14.D4M. 10% increment 
40 r 

i= 
c 2o 
0 
ZJ g 10 
W 

0.5 1 1.5 2 
0 

0 

ZJ g 10-  
W 

0 0.5 1 1.5 2 
support (Ye) 

3(d) T10.14.D4M, 100% increment 

8o I 
m 

60 a\ 

“0 0.5 1 1.5 2 
support (Yo) 

Fig. 3: Flat / Equi-Support / Identical Distribution 

Focusing first on FUP, we see in Figure 3 that for all the increment sizes and for all the support 
factors, FUP performs better than or almost the same as Apriori. Moving on to TBAR, we observe 
that  it^ outperforrris both Apriori and FUP at small increment sizes and low supports. At, high 
supports, however. it is slightly worse than Apriori due t,o the overhead of maintaining the. negative 
border information. As the increment size increases, TBAR’s performance becomes progressively 
degraded. This is explained as follows: Firstly, TBAR updates the counts of itemset,s in LUBUNDR 
over d b  these itemsets are precisely the same as the set, of all candidates generated in running 
Apriori over D B .  Secondly, it, performs a coniplete Apriori-based mining over db. When I db  I = 
I D B  1 ,  the tot,al cost of these two factors is the same as the tot,al cost incurred by t,he Apriori 
algorithm. However. TBAR finally loses out because it needs to make a further pass over D B .  

Turning our attention to Borders, we find in Figure 3a, which corresponds to the 1 percent 
increment, t,hat while for much of the support range its performance is similar to that of FUP and 
TBAR, there is a sharp degradation in performance at a support of 0.75 percent. The reason for 
t,his is the “candidate explosion” problem described earlier in Section 4. This was confirmed by 
ineasiiring the riurnber of candidates for supports of 1 percent and 0.75 percent ~ in the fornicr 
case, it was a lit,tlc over 1000 whereas in the latter, it had jumped to over 30000! 

Tlici above candidate explosion problem is further intensified when t,he increment size is iri- 
crcvistrd, t,o the extent that, its performance is an order of magnitude worse than the other algorithms 

Finally, considering DELTA, we find that it, significantly outperforms all the other algorithms 
at, lower support, thresholds for all the increment sizes. In fact,, in this region, the perforviame of 
DELTA cilmlo.st c~~incicles with that of ORACLE. The rea.son for thc especially good performarice 
liere is the following - low support values result in tighter valiies of k ,  the maximal large iteniset, 
size, leading to correspondingly more iterations for FUP over the previous database D B ,  and for 
TBAR over t,he increment, db. In contrast, DELTA requires only t,hree passes over the incremrmt 

t,herefore we h a v ~  not shown Borders performance in Figures 3b~-d .  
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Fig. 4: Flat / Equi-Support / Skewed Distribution 

and one pass over the previous database. Further, because of its pruning optimizations, the number 
of candidates to be counted over the previous database D B  is significantly less as compared to 
TBAR - for example, for a support threshold of 0.5 percent and a 50% increment (Figure 3c), it 
is smaller by a factor of two. 

We note that the marginal non-monotonic behavior in the curves of TBAR, Borders, DELTA 
and ORACLE at low increment sizes is due to the fact that only sometimes do they need to access 
the original database D B  and this is not a function of the minimum support threshold. 

6.2. Experiment 2: Flat / Equi-Support / Skewed Distribution 

Our next, experiment considers the Skewed workload environment, all other parameters being 
the same as that of the previous experiment. The execution time performance of the various 
algorithms for this case is shown in Figures 4a-d. We see here that the effect of the skew is 
pronounced in the case of both TBAR and Borders, whereas the other algorithms (including 
DELTA) are relatively unaffected. 

The effect of skew is noticeable in the case of TBAR since it relies solely on the increment to 
prune candidates from its computation of the closure and therefore many unnecessary candidates 
are generated which later prove to be small over the entire database. Borders, on the other hand, is 
affected because the number of 1-itemsets that are in the promoted border tends to increase when 
there is skew. For instance, for a minimum support of 0.33% and an increment of lo%, there were 
nine 1-it,emsets among the promoted borders and the number of large itemsets was 4481, resulting 
in over 2 million candidates. 

In contrast to the above, Apriori and FUP are not, affected by skew since the candidates that 
they generate in each pass are determined only by the overall large itemsets, and not by the large 
itemsets of the increment. 
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DELTA is not, as affected by skew as TBAR since it utilizes the complete ncgativr l~order 
information to  prune away candidates. That is, all itemsets which are known to be small c+tht?r o v ~ r  
D B  u dh or over db are pruned away during closure generation, and not merely those rant1id;itcs 
which are small over db. Hence, DELTA is relat,ively stable with respect to data skew. As in 
the Identical distribution case, it can be seen in Figures 4a-b that for small increment sizos. it,s 
performance almost, coincides with that of ORACLE. It, however degrades to  some extent, for largcs 
skewed increments because of two reasons: (1) the number of itemsets in L D B  - LDBUfLb increases, 
resulting in more unnecessary candidates being updated over db, and (2) the number of it,ernset,s 
in L”BUdb - LL’B increases, resulting in more promoted borders followed by more candidat,es ov(:r 
D B .  Even in these lat,ter cases it is seen to perform considerably better than other algorithms. 
For cixarnple, for a minimum support, of 0.33%) and an increment of 100%. its perforniance is n i o r ~  
than twice as good ;IS that of TBAR. 

6. ,‘I. E.xperiment 3‘: Flat / Multi-Support / Identical Distribution 

The previous experiment,s modeled equi-support environments. We now move on to considering 
multz-support environments. In these experiments, we compare the performance of DELTA wit,li 
tlhilt of Apriori and ORACLE only since, as mentioned earlier, FUP, TBAR. and Borders do not 
handle t,he multi-support case. 

In this experiment, we fixed the initial support to be 0.5% and the new support was varied 
bet,ween 0.2% and 1.576, thereby covering both the Weaker Threshold arid St,ronger Threshold 
possibilities. For this environment, Figures 5a-d show the performance of DELT-4 relative to that 
of Apriori for t,hc databases where the dist,ribiition of t,he increments is Identical to that, of diet 
previous database. 

We note here that at  either end of the support spect,rum, DELTA performs very similarly to 
Apriori wherea,s in the “middle band” it dorbs noticeably better, especially for moderake increment 
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sizes (Figures 5a-b). In fact, the performance gain of DELTA is maximum when the new mini- 
mum support threshold is the same as the previous threshold and tapers off when the support is 
changed in either direction. At very low support thresholds, the number of large itemsets increases 
exponentially, and therefore the number of candidates generated in the negative border closure 
in DELTA will be a few more than the number of candidates generated in Apriori. Most of the 
candidates will have support less than the previous minimum threshold, and hence all of them 
have to be counted over the previous database. Therefore, the performance of DELTA approaches 
that of Apriori in the low support region. In the high support region, on the other hand, most of 
the candidates do not turn out to be large and hence both algorithms perform almost the same 
amount of processing. 

6.4. Experiment 4: Flat / Multi-Support / Skewed Distribution 

Our next experiment evaluates the same environment as that of the previous experiment, except 
that the distribution of the increments is Skewed with respect to the original database. The 
execution time performance for this case is shown in Figures 6a-d. We see here that the relative 
performance of the algorithms is very similar to that seen for the Identical workload environment. 
Further, as in the equi-support skewed case (Experiment 2), DELTA is stable with respect to 
skew since it uses information from both D B  and db  to prune away candidates. Only when the 
increment size is 100% do we notice some degradation in the performance of DELTA. However, it 
performs slightly better than Apriori even for this large increment. 

6.5. Experiment 5: Hierarchical / Equi-Support / Identical Distribution 

The previous experiments were conducted on flat databases. We now move on to experiments 
conducted on hierarchical databases. In these experiments, we compare the performance of DELTA 
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with that of Cumulate and ORACLE only since, as mentioned earlier, no incremental algorit,hrns 
are available for comparison. The execution time performance of t,he various algorithms for t,his 
casc is shown in Figures 7a-d. Note that the time takpn to complete mining is measured in liours 
here as cornpared t,o the rrzinutes taken in the previous experiments. The reason for this large 
increase is t,hat the number of large itemsets is much more (about, 10--15 times) ~~ taliis is lwarise 
itenisets can be formed both within and across levctls of the item t,axononiy graph. 

For all support, thresholds and database sizes, we find that DELTA significant,ly outperforms 
Curnulate, and is in fact very close to ORACLE. We see that DELT,4 exhibits a huge performaricc 
gain over Cumulate, upto (is much us 9 t imes  at the 1% increment and 0.75% support, threshold, 
and as much as 3 times on average. In fact, the perforrrlancc of DELTA is seen to overlap with that 
of ORACLE for small increments (Figures 7:t-b). The reason for this is the number of candidates 
in DELTA over both rib and DB were only marginally more than t,hat in ORACLE. This is again 
because thc set, of large itemsets with its negative border is relatively stable, arid DELTA pruncs 
away most of tho iirinecessary candidates in its second pass over the increment. 

h e  t>o space c:orist,raints, the experimental results for hierarchical databases where the incw- 
rrient's distribution is Skewed, as also the niulti-support environmerlts, are riot, presented herr. 
Thev a.re available in [15] and are similar in  nature to t,hosrl presented earlier in  this p a p r ~  for flal. 
dat,abasrs. 

7. CONCLUSIONS 

We corisidereti the problem of incrementally mining association rules on market basket dat,abases 
that, have been subjectcd t,o a significant number of updates since their previous mining cxercise. 
Instead of mining t,he wholc database again from scratch, we attempt to use the previous mining 
results, that is, knowledge of t,he it,emsets which are large in the previous dat,abase, t,heir nega.t,ivo 



 

border, and their associated supports, to  efficiently identify the same information for the updated 
database. 

We proposed a new algorithm called DELTA which is thc result of a synthesis of existing algo- 
rithms, designed to address each of their specific limitations. It guarantees completion of mining 
in three passes over the increment and one pass over the previous database. This compares favor- 
ably with previously proposed incremental algorithms like FUP and TBAR wherein the number 
of passes is a function of the length of the longest large itemset. Also, DELTA does not suffer 
from the candidate explosion problem associated with the Borders algorithm owing to its better 
pruning strategy. 

DELTA’S design was extended to handle multi-support environments, an important issue not 
previously addressed in t,he literature, at  a cost of only one additional pass over the current 
database. 

Using a synthetic database generator, the performance of DELTA was compared against that 
of FUP, TBAR and Borders, and also the two baseline algorithms, Apriori and ORACLE. Our 
experiments showed that for a variety of increment sizes, increment distributions and support 
thresholds, DELTA performs significantly better than the previously proposed incremental algo- 
rithms. In fac t ,  f o r  m a n y  workloads i ts  performance approached that  of ORACLE, which represents 
a lower bound o n  achievable performance,  indicating that DELTA is  quite efficient in i t s  candidate 
pruning  process. Also, while the TBAR and Borders algorithms were sensitive to skew in the data 
distribution, DELTA was comparatively robust. 

In the special scenario where no pass over the previous database is required since the new 
results are a subset of the previous results, DELTA’S performance is optimal in that it requires 
only one pass over the increment whereas all the other algorithms either are unable to recognize 
the situation or require multiple passes over the increment. 

Finally, DELTA was shown to be easily extendible to hierarchical association rules, while main- 
taining its performance close to ORACLE. NO prior work exists on extending incremental mining 
algorithms to handle hierarchical rules. 

In summary, DELTA is a practical, robust and efficient incremental mining algorithm. In our 
future work, we plan to extend the DELTA algorithm to handle quantitative rules [17] and also to 
develop incremental algorithms for sequence [4] and classification rules [6]. 
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