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tIn the 
ontext of data mining and indu
tive logi
 programming(ILP), large sets of queries must be evaluated against a set of ex-amples. One parti
ularly e�e
tive optimisation is to organise thesesets of queries as a query pa
k, yielding speedup fa
tors of up to20. This was a
hieved through 
ompiling a query pa
k for an en-han
ed WAM. The weak point in this story is that 
ompilation ofhuge pa
ks - they are represented as a nested disjun
tion with sev-eral thousands of goals and a nesting depth of more than 10 - withthe usual te
hniques is too ineÆ
ient to give su
h learning systemsalso a high overall speedup when using the pa
k te
hnology. There-fore, the 
ompilation of large disjun
tions with many variables hadto be improved. In this paper, we investigate the problems 
urrentProlog 
ompilers have when dealing with su
h huge disjun
tions. Wepropose some remedies and dis
uss the trade-o�s. In parti
ular thepaper presents a new 
lassi�
ation algorithm for variables { whi
his almost linear in the 
ase of ILP { and a numbering s
heme forvariables that redu
es the total number of variables. The paper alsodis
usses an issue in the generated WAM 
ode related to pre
isegarbage 
olle
tion. We have implemented a prototype 
ompiler andpresent some preliminary �gures. The paper also 
onsiders the pos-sibility of in
rementally 
ompiling growing disjun
tions/pa
ks whi
his parti
ularly interesting in the 
ontext of indu
tive learning.
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k for anenhan
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ompilation of huge pa
ks -they are represented as a nested disjun
tion with several thousands of goals and anesting depth of more than 10 - with the usual te
hniques is too ineÆ
ient to givesu
h learning systems also a high overall speedup when using the pa
k te
hnology.Therefore, the 
ompilation of large disjun
tions with many variables had to beimproved. In this paper, we investigate the problems 
urrent Prolog 
ompilers havewhen dealing with su
h huge disjun
tions. We propose some remedies and dis
ussthe trade-o�s. In parti
ular the paper presents a new 
lassi�
ation algorithm forvariables { whi
h is almost linear in the 
ase of ILP { and a numbering s
heme forvariables that redu
es the total number of variables. The paper also dis
usses anissue in the generated WAM 
ode related to pre
ise garbage 
olle
tion. We haveimplemented a prototype 
ompiler and present some preliminary �gures. The paperalso 
onsiders the possibility of in
rementally 
ompiling growing disjun
tions/pa
kswhi
h is parti
ularly interesting in the 
ontext of indu
tive learning.1 Introdu
tionWhen indu
tive logi
 programming (ILP) is used for data mining purposes,one generates lots of hypotheses and 
he
ks whether they are valid with respe
tto a database (a set of examples) in order to dis
over the "best" hypothesis. Inthe 
ase of the ILP systems Tilde andWarmr developed by the K.U.Leuvengroup, a hypothesis is a
tually a Prolog query and it is exe
uted with respe
tto a Prolog program, des
ribing general knowledge about the problem domainand also 
ontaining the a
tual examples. Moreover, the ILP queries have somePreprint submitted to Elsevier Preprint 21 August 2000



spe
i�
 properties. First, a query is just a 
onjun
tion of atoms and di�erentqueries 
an have the same atoms at the start of the 
onjun
tion, i.e. they 
anhave a 
ommon pre�x. Next, during the data mining pro
ess valid queries arere�ned, i.e. some atoms are added at the end of the query. In both 
ases, itwould be useful that 
ommon parts are only exe
uted on
e. Current Prologsystems have no dire
t support for this, while tabling is no real solution.ilProlog is a Prolog system that was re
ently developed purposefully toprovide spe
ial support for optimisations and for requirements to ILP systems,in parti
ular the validation of hypotheses. ilProlog is WAM-based and
urrently uses the XSB [14℄ 
ompiler for the generation of the abstra
t ma
hine
ode and a reader implemented by Koen De Boss
here [5℄. The kernel iswritten in C using state of the art te
hnology: its roots are in [8℄. In orderto improve the evaluation of a set of queries, we group them together in aso-
alled query pa
k, whi
h is similar to a Prolog disjun
tion but its exe
utionis tuned towards ILP as mentioned in Se
tion 2. In [7℄ an extension to WAMsupporting the exe
ution of query pa
ks is explained in detail. [3℄ reports howilProlog has been used by the ILP systems Tilde [2℄ and Warmr [6℄ andhow they bene�t from the query pa
k support. Experimental results show thatthe evaluation of a set of queries speeds up by a fa
tor of 20 when query pa
ksare used. However, when query pa
ks are used, they must be generated and
ompiled and this redu
es the eÆ
ien
y gain. During experiments for [3℄ weobserved that it sometimes takes more time to 
ompile the query pa
ks thanto exe
ute them. In some 
ases this meant a speed loss instead of a speedup.While, with the new 
ompiler des
ribed here, we have a net eÆ
ien
y gain ofa fa
tor 4, whi
h is 
onsiderable.Having identi�ed the 
ompilation of query pa
ks as a bottlene
k in oursystem, we re
onsidered the 
ompilation of (large) disjun
tions as this 
oversalso the issues for query pa
ks. The relation between query pa
ks and dis-jun
tions is explained in more detail in Se
tion 2. Se
tion 3.1 dis
usses thegeneral issues of 
ompiling a disjun
tion, while se
tion 3.2 des
ribes the spe-
i�
 problems arising when 
ompiling large disjun
tions. Se
tion 4 des
ribesthe new 
ompiler whi
h solves the problems. Se
tion 5 revisits rea
hability,information needed during garbage 
olle
tion, in the 
ontext of pa
ks be
auseour implementation does not respe
t the order of bran
hes. Finally, Se
tion 6dis
usses the in
remental 
ompilation of pa
ks.2 Query Pa
ks and Disjun
tionsAs mentioned above ILP systems usually generate a large amount of queries.These systems want to know for ea
h of these queries whether it fails orsu

eeds. Almost always these queries have 
ommon pre�xes. Exe
uting thesequeries as query pa
ks [3℄ is a te
hnique that 
ombines these queries, su
h that2




ommon pre�xes are exe
uted only on
e. Synta
ti
ally, query pa
ks are similarto Prolog disjun
tions. When grouping two queries with a 
ommon pre�x, thequery pa
k 
onsists of the 
ommon pre�x followed by a disjun
tion with twobran
hes, where ea
h bran
h 
orresponds to the part where the queries di�er.Generalisation for grouping more queries is straightforward when disjun
tionsare also nested. In the following example the queries q1, q2, q3 and q4 aregrouped as qd.q1 :- a,b,
,d.q2 :- a,b,e,f.q3 :- a,b,e,g,h.q4 :- a,b,i.qd :- a,b, ( 
,d ; e, ( f ; g, h) ; i).Using disjun
tions avoids re
omputation of 
ommon pre�xes su
h as a,band a,b,e in the previous example. In the 
ontext of ILP we 
an go further:for ea
h original query, we only want to know whether it su

eeds or not 1 .Due to ba
ktra
king, normal Prolog exe
ution dete
ts all su

esses. Using 
uts(or some of its spe
ial variants) does not help as it 
ould prevent ba
ktra
kinginto bran
hes that have not yet su

eeded. Therefore, a dedi
ated exe
utionfor su
h disjun
tions, then 
alled query pa
ks, is needed. The basi
 idea is thatas soon as a bran
h su

eeds, it will no longer be 
onsidered on ba
ktra
king.Suppose that in the above example the 
,d bran
h (
orresponding to thequery a,b,
,d) su

eeds, but the 
alls to e and i fail and that we ba
ktra
kto b. Now, it is as if the 
,d bran
h is not there any longer and only the otheralternatives have to be tried. The paper [7℄ des
ribes possible implementationsand shows that an extension of the WAM leads to better results than a meta-interpreter or a sour
e-to-sour
e transformation. This has been 
on�rmed bythe experiments for [3℄ where also the need of a good query pa
k 
ompiler wasobserved. Note that the WAM implementation possibly 
hanges the order inwhi
h the remaining bran
hes are 
onsidered. For the example above, it mightbe the 
ase that after ba
ktra
king to b the bran
h with i is 
onsidered beforethe originally se
ond one.In order to get a better idea of for example typi
al Tilde query pa
ks,we report the following properties for a set of query pa
ks taken from theexperiment on the Mutagenesis data set [12,3℄:� Nbq is the number of queries in a pa
k.� Nbv is the number of variables in a pa
k (as 
omputed by numbervars).� MaxL(F) with MaxL the maximum length of the queries (i.e. the maximumnumber of atoms in the queries of the pa
k) and F the fra
tion of the queries1 we are not interested in answer substitutions, neither in multiple su

esses.3



Pa
k Nbq Nbv MaxL(F) MinL(F) Nbd MaxBr(F) MinBr(F) Br(F)pa
k1 46 141 3(100) 3(100) 1 46(100) 46(100) 46(100)pa
k2 432 818 6(64) 4(11) 8 57(12) 48(12) 56(50)pa
k4 3616 6306 9(80) 7(2) 64 59 (5) 57(56) 57(56)pa
k6 12616 21546 12(86) 10(0.6) 216 76(0.5) 59(69) 59(69)pa
k7 1498 2667 7(74) 5(3) 27 58(7) 52(4) 57(44)pa
k8 16744 28905 10(78) 7(0.3) 295 60(1) 57(39) 58(46)pa
k9 39706 68024 11(82) 8(0.1) 689 66(0.1) 58(49) 58(48)Table 1Some properties of typi
al query pa
ks.that do have the maximum length.� MinL(F) with MinL the minimum length of the queries in the pa
k and Fthe fra
tion of the queries that do have the minimum length.� Nbd is the number of disjun
tions in a query pa
k (where e.g. (a;b;
;d) is
ounted as one disjun
tion with a bran
hing fa
tor of four or having fourbran
hes).� MaxBr(F) is the maximum number of bran
hes MaxBr in the disjun
tions,with F the fra
tion of the queries that have the maximum bran
hing fa
tor.� MinBr(F) is the minimum number of bran
hes in the disjun
tions with Fthe 
orresponding fra
tion.� Br(F) is the bran
hing fa
tor Br that 
orresponds to the largest fra
tion(F) of disjun
tions.3 Compiling disjun
tions3.1 General issues in 
ompiling a disjun
tionStandard WAM does not pres
ribe how to 
ompile 
lauses 
ontaining an ex-pli
it disjun
tion - the ; 
ontrol 
onstru
t. E.g. [1℄ does not mention su
hdisjun
tions at all. As a 
onsequen
e, Prolog implementations based on WAMhave designed their own parti
ular way of dealing with the disjun
tion. Oneapproa
h is to introdu
e a new predi
ate for the disjun
tion and sour
e-transform the disjun
tion away into a sequen
e of 
lauses, as exempli�ed inthe following:a :- b, (
 ; d), e.is transformed to:a :- b, newpred, e. 4



newpred :- 
.newpred :- d.This approa
h simpli�es in many ways the rest of the implementation- seelater, but also has its pitfalls: when the bran
hes of the disjun
tion 
ontaina 
ut (!/0), the new predi
ate must 
ontain an an
estor 
ut, whi
h meansthat the transformed program is no longer ISO-
ompliant. Also, if the goalsa,b,
,d and e 
ontain variables, one would like to give the newpred as fewarguments as possible: this poses a 
omplexity issue and is one of the reasonswhy in our setting, this is not an optimal 
hoi
e. Next problem is that the
hoi
e point 
reated for newpred, 
ontains most often more slots than the
hoi
e point 
reated for an inlined 
ompilation of the disjun
tion (see later).Finally, the transformation in the above example leads to the 
reation (atruntime) of 2 environment frames instead of one, whi
h is a time and spa
eloss.The other solution to 
ompiling a disjun
tion is to inline it: this is done forinstan
e in systems like XSB [14℄ and Yap [15℄. Sin
e ilProlog is 
urrentlybased on the XSB 
ompiler, we have inherited the approa
h. For a 
lause likeExample 3.1a :- b, (
 ; d), e.The following 
ode is generated:allo
ate 2
all b/0trymeorelse 3
all 
/0jump 4label 3trustmeorelsefail
all d/0label 4deallex e/0This approa
h doesn't su�er from problems with larger 
hoi
e points, moreenvironments or with 
uts, but is tri
ky: optimal 
lassi�
ation of variables intemporary and permanent is not obvious, the notion of the �rst o

urren
e ofa (permanent) variable needs to be re-investigated (shown in an example later)and even the permanent variable numbering (assignment to an environmentslot) is no longer obvious.� Example 3.2a :- (b(X) ; 
(X)). % X 
an be voida :- (b(X) ; 
(X,X)). % X 
an be temporary� Example 3.3 5



a :- (b(X), 
(X) ; d(Y), e(Y)).
an be rewritten to:a :- (b(X), 
(X) ; d(X), e(X)).showing that X and Y (of the original 
lause) share the same slot.� Example 3.4a :- (b(X) ; 
), d(X).The o

urren
e of X in d(X) is not a �rst o

urren
e, even though followingthe se
ond bran
h of the disjun
tion, it wasn't initialised - meaning the
ompiler must emit 
ode that initialises X in the se
ond bran
h.Implementations have not always gotten this right: SICStus Prolog [13℄does not give the singleton warning for Example 3.2 and XSB used to 
hokeon Example 3.4. Neither Yap nor XSB make X and Y share the same slot inExample 3.3. Some of the problems 
ompiling disjun
tion inlined disappearif the bran
hes don't meet at the right. That's probably why M-Prolog usedto restri
t the usage of disjun
tion to non-meeting bran
hes.Another problem with inlined disjun
tion is related to pre
ise garbage
olle
tion: systems like Yap and ilProlog put at ea
h 
ontinuation pointin the 
ode the information whi
h permanent variables are live at that point.This is similar to having pointer maps as des
ribed in [4℄. So, the a
tual 
odefor Example 3.1 isallo
ate 2
all a/0a
tive yvar 0trymeorelse 3a
tive yvar 0
all b/0a
tive yvar 0jump 4label 3trustmeorelsefail
all 
/0a
tive yvar 0label 4deallex d/0where the pseudo-instru
tion a
tive yvar has as arguments some des
rip-tion 2 of whi
h permanent variables are a
tive at that (
ontinuation) point.If the (re)trymeorelse instru
tion makes sure that the 
ontinuation pointersaved in its 
hoi
epoint points to the a
tive yvar instru
tion following thetrymeorelse, one 
an have a uniform view - during marking - of rea
hability.2 might be through a table. 6



Yap-2.2.1 Yap-2.2.1 XSB XSB SICStus-3.8.2time permvars time permvars timepa
k1 0.01 2 0.57 2 0.12pa
k2 0.26 13 24.39 13 2.31pa
k4 * * 1641.9 83 60.25pa
k6 * * - - 597.44pa
k7 2.37 38 282.29 38 14.24pa
k8 * * - - 1194.6pa
k9 * * - - MTable 2Current Prolog systems and large disjun
tionsAll these potential pitfalls related to the inlined 
ompilation of disjun
tionhave at least one implementor made regret this 
hoi
e [10℄.3.2 Issues in 
ompiling a large disjun
tionThe problems 
urrent 
ompilers have with large disjun
tions, are mainly that(i) the 
omplexity of the overall 
ompilation is non-linear in the size of thedisjun
tion(ii) large disjun
tions 
ontain too many permanent variables. This is a prob-lem be
ause Prolog implementations typi
ally have a �xed maximumnumber of permanent variables, be
ause it a�e
ts all kinds of designde
isions. Just think about get/put/unify instru
tions that refer to per-manent variables by their number and whi
h have a �xed format for thatnumber (8/16 bits).Both problems will be addressed in se
tion 4. Here we give some empiri
aldata for our 
laims in the form of a table whi
h 
ontains for a number ofsystems, some 
ompilation 
hara
teristi
s for a set of pa
ks taken from theMutagenesis data set [12,3℄.The measurements were performed on a Pentium II, 266MHz, 128Mb.Timings are in se
onds. In the table, a * means that exe
ution was abortedbe
ause of a segmentation violation, M means that the pro
ess got out ofmemory, and - means it took just too long to wait for. The times for Yap andSICStus in
lude read, 
ompile and load. For XSB they in
lude read, 
ompileand produ
e a �le with the abstra
t ma
hine 
ode. The timings of XSB wereobtained by exe
uting a slightly adapted XSB 
ompiler under ilProlog .This doesn't a�e
t the number of permvars. Using this XSB 
ompiler underilProlog is 2 to 4 times faster than using the original within the XSB-system.7



The table 
learly shows that ordinary 
ompiler te
hnology is inadequatefor 
ompiling large disjun
tions. In Se
tion 4.5, Table 3, we'll show the �guresfor the new 
ompiler.4 The new 
ompilerIt turns out that 
urrent 
ompilers do not 
ope adequately with su
h large
lauses with many disjun
tions and many variables. A major issue is thetime-
omplexity of the algorithm for 
lassifying the variables. In our 
ase it isessential that su
h an algorithm is linear in the number of variables o

urringin the system. Due to the huge amount of variables (qui
kly approa
hinghundred thousand variables, see Table 1) it is essential to determine the exa
ts
ope of the variables, so that the spa
e for the variables in the environment
an be redu
ed as shown in Example 3.3. It is obvious that 
orre
tness of thegenerated WAM-
ode should be preserved, in parti
ular spe
ial 
are shouldbe taken for the initialisation problem as shown in Example 3.4. A newilProlog 
ompiler is being developed that ta
kles the above problems, as isexplained in the next subse
tions. This 
ompiler is derived from the 
ompilerused in [9℄.4.1 Classifying variables for disjun
tions that do not meetIn the 
ontext of the ILP appli
ations, there de�nitely was a need for a betteralgorithm for 
lassi�
ation of variables: variables are either permanent, tem-porary or void. Moreover, we 
an fo
us on 
lauses with disjun
tions that donot meet, i.e. the nested disjun
tions in a 
lause form a tree and no disjun
-tion is followed by another 
all. The 
lassi�
ation algorithm should re
ognisethat the same variables that o

ur in di�erent bran
hes are a
tually di�er-ent variables. In addition, for register allo
ation and other optimisations, thenumber of o

urren
es of variables should be 
ounted, not only for temporaryvariables, but also for permanent variables. The algorithm should be blaz-ingly fast, to be able to handle query pa
ks with loads of variables and manybran
hes.The ilProlog 
ompiler is 
urrently written in Prolog. Its 
lassi�
ationalgorithm �rst gathers the relevant information and then the 
lassi�
ation 
anbe done. The 
lassi�
ation algorithm is based on some abstra
t syntax of the
lause, generated in some earlier phase of the 
ompiler: ea
h o

urren
e ofa variable is repla
ed by a term var(Orig, New) where Orig is the originalvariable in the 
lause and New is a fresh variable whi
h is di�erent for ea
ho

urren
e of the variable in the original 
lause. During the 
lassi�
ationalgorithm the Orig variable will be used to store temporary information. TheNew variable will 
ontain the �nal result, namely the type of the variable {void, temporary or permanent { and the number of o

urren
es of the variable.8



As an example we will use:Example 4.1q:- a(X), (a(X, Y);a(X, Y, Y)).The out
ome of the algorithm should 
lassify X as a permanent variable. The�rst o

urren
e of Y as a void variable, the last two o

urren
es of Y as atemporary variable.The input for the algorithm des
ribed here for example 4.1 is:Example 4.2q:- a(var(X, New1), (a(var(X, New2), var(Y, New3));a(var(X, New4), var(Y, New5), var(Y, New6))).The 
lassi�
ation algorithm will parse the tree of disjun
tions depth �rst,from left to right. During this traversal ea
h bran
h in a disjun
tion gets aunique number. This number always grows during the parsing. Sin
e a bran
hin a disjun
tion may 
ontain a disjun
tion as well, we get a tree stru
ture.Given the numbering s
heme above ea
h o

urren
e of a variable in the 
lausewill have a bran
h number, namely the number of the 
urrent bran
h. We alsode�ne a root set, this is the set of all numbers on the bran
hes from the rootof the 
lause to the bran
h the variable o

urs in, thus in
luding its bran
hnumber.For tra
king information on permanent and temporary variables the 
las-si�
ation algorithm divides 
lauses into 
hunks whi
h are also numbered. Theidea is that variables o

urring in only one 
hunk are not permanent. Whende�ning 
hunks, we make a distin
tion between Prolog builtins that are in-lined by the underlying Prolog system and builtins that are de�ned by Prolog
lauses. For 
hunks, the latter are 
onsidered as ordinary (Prolog) 
alls, andthe former are simply 
alled builtins. When s
anning a 
lause from left toright, the �rst 
hunk is the part of the 
lause beginning with the head of the
lause and ending with the �rst 
all in the body (if any). Note that there 
anbe inline builtins between the head and the �rst 
all. The next 
hunks areparts of the 
lause starting just after a previous 
hunk and ending with a 
all(if any).The 
hunks are also numbered depth �rst, from left to right in the tree ofdisjun
tions. A
tually one 
an use the 
hunk number of the �rst 
hunk of abran
h as the bran
h number for that bran
h.During the parsing of the 
lause the variables Orig are instantiated toa list of terms of the format bran
h(O

urren
es, bran
hNr). The samevariable o

urring in two di�erent bran
hes 
an be viewed as di�erent variableswhenever there is no o

urren
e of the same variable in a 
ommon bran
h onthe path from the root of the 
lause. For ea
h su
h di�erent variable a termbran
h(O

urren
es, bran
hNr) will be added to the list.On the �rst o

urren
e of a variable the Orig variable is instantiated as9



[bran
h(O

urren
es, Bran
hNr)℄ with Bran
hNr its bran
h number, andwe store the New variable in a data stru
ture 
ontained in O

urren
es. Onsubsequent o

urren
es of this variable we have to 
he
k whether the Bran
hNris a member of the root set of that o

urren
e. If this is the 
ase we have founda next o

urren
e of the same variable and we add the New variable to the datastru
ture in the variable O

urren
es. In 
ase Bran
hNr is not a member ofthe root set we have found an o

urren
e of the variable whi
h is synta
ti
allyidenti
al, but is a
tually another variable. In this 
ase we add a new termbran
h(O

urren
es, Bran
hNr) to the list in variable Orig. Moreover,sin
e we are numbering depth �rst, from left to right we will never �nd an-other o

urren
e of a variable whi
h belongs to a term bran
h(O

urren
es,Bran
hNr) whi
h was is not the last 
reated one. Therefore we adapt thislist in variable Orig using destru
tive assignment (setarg/3): we put the newterm in front of the list. Then we always have to add subsequent o

urren
esof a variable in the �rst term of the list, or add a new term to the list.Inside the variable O

urren
es we have again a data stru
ture to keepinformation ne
essary to make the di�eren
e between void, temporary anpermanent variables. This O

urren
es variable is again a list of terms
hunk(NewVars, ChunkNr). Whenever we �nd an o

urren
e of a variablewe 
he
k if the number of the Chunk where the variable is found is equal tothe ChunkNr of the �rst term of the list O

urren
es. If this is the 
ase,we add the New variable to the list NewVars, again in front of the list usingsetarg/3. If this 
hunkNr is not equal, we 
reate a new term 
hunk(NewVars,ChunkNr), whi
h is put in front of the list O

urren
es again using setarg/3.Afterwards we 
an safely 
he
k only the �rst element of the list O

urren
essin
e 
hunk numbers are in
reasing.After parsing the �rst Bran
h of the 
ode of Example 4.1 we have thefollowing instantiation of variables:Example 4.3X = [bran
h([
hunk([New2℄,2),
hunk([New1℄,1)℄,1)℄,Y = [bran
h([
hunk([New2℄,2)℄,2)℄The �nal instantiation if the variables after 
omplete parsing:Example 4.4X=[bran
h([
hunk([New4℄,3),
hunk([New2℄,2),
hunk([New1℄,1)℄,1)℄,Y=[bran
h([
hunk([New5,New6℄,3)℄,3),bran
h([
hunk([New2℄,2)℄,2)℄Given the data stru
tures build during the traversal of the 
omplete 
lausewith its disjun
tion tree, the next step is the a
tual 
lassi�
ation of the vari-ables. The result of the traversal of the 
lause returns a list of the variablesin the 
lause. For ea
h of these variables we 
onsider the following 
ases:� If the variable has several bran
h/2 terms then ea
h of these terms 
orre-sponds to a di�erent variable. 10



� If a bran
h/2 term 
ontains only one o

urren
e of the variable, we 
lassifythe variable as void and New is instantiated to the term void.� If the list 
ontained in the �rst argument of the bran
h/2 term has onlyone element, then the variable o

urred only within one 
hunk of the 
lauseimplying that it is a temporary variable. All New variables of all o

urren
eswithin O

urren
es of this bran
h/2 term are uni�ed and instantiated tothe term temp( , Count, ), with Count the number of o

urren
es of thisvariable. The other two arguments will be used later in the 
ompiler, mainlyfor register allo
ation.� If the list 
ontained in the �rst argument of the bran
h/2 term has morethan one list, we have a permanent variable. Similarly, all New variables areuni�ed and instantiated to the term perm( , Count, ).To allow the garbage 
olle
tor to 
olle
t the data stru
tures generatedduring the 
lassi�
ation we overwrite the Orig variable with the atom [℄.The output of the algorithm for Example 4.1 is then:Example 4.5q:- a(var([℄,perm(1)),(a(var([℄,perm(1)),var([℄,void));a(var([℄,perm(1)),var([℄,temp(1)),var([℄,temp(1)))).This 
on
ludes the 
lassi�
ation algorithm for variables for disjun
tionsthat do not meet. Remains to say a word on time 
omplexity. All operationsdone at ea
h o

urren
e of a variable are 
onstant time ex
ept one. Namelythe test whether the 
urrent root set 
ontains the bran
h number of the �rsto

urren
e. The size of the root set is bounded by the depth of the tree ofthe disjun
tive 
lause. Then if d is the depth of the tree, n the number ofo

urren
es of variables and m a measure for the size of the 
lause we havethat the time 
omplexity is of the order n*d + m. Sin
e d will always berather small 
ompared to n and m, the algorithm behaves almost linear.4.2 Classifying variables for disjun
tions that meetThe algorithm des
ribed above does not work in 
ase the bran
hes in a dis-jun
tion meet again. The stru
ture in terms of disjun
tions is then no morea tree. Lu
kily the large 
lauses we had to deal with the disjun
tive bran
hesdid not meet, but it would be ni
e to have an algorithm for general 
lausesthat behaves almost linear as well.4.2.1 MotivationAn example of a program problemati
 for the previous algorithm is:Example 4.6p:- (a(X); b(X)), 
(X). 11



The variable X would be regarded as two di�erent variables in the twobran
hes of the disjun
tion, but unfortunately the o

urren
e of X in the 
allto 
/1 makes them the same variable. This does not look too diÆ
ult to �x.But image a situation like:Example 4.7p:- (a(X); (g, (b(X); 
(X)), (d(X);e(X)) ) ).For this program the analysis should de
ide that the variable X a
tuallyrepresents two variables. One variable that o

urs in the 
all to a/1, andall other o

urren
es of X is the other variable. One of the diÆ
ulties is tore
ognise at the time of seeing the term d(X) that the o

urren
e of X inb/1 and 
/1 are now the same variable. While the o

urren
e of X in a/1 isanother variable.4.2.2 The algorithmThe solution to the problem is to use a di�erent numbering s
heme for thebran
hes. Situations like in Example 4.7 
an be over
ome by using bran
hnumbers in the disjun
tions with 
alls to d/1 and e/1 whi
h are smaller thanthe bran
h numbers in the disjun
tions with 
alls to b/1 and 
/1, but largerthan the number of the bran
h starting at the 
all to a/1. For this purpose weneed a numbering s
heme in whi
h we 
an always �nd a number between twogiven numbers: Rational numbers would be perfe
t, but we have used reals!Then we have at ea
h point in the algorithm in addition to the number of the
urrent bran
h a delta. All numbers in des
endants of this bran
h should takenumbers between the 
urrent bran
h number and the 
urrent bran
h numberplus delta. Whenever we en
ounter a disjun
tion that meets we use numberswithin that disjun
tion between the 
urrent bran
h number plus delta/2 andthe 
urrent bran
h number plus delta. All bran
hes after the disjun
tionwill get numbers between the 
urrent bran
h number and the 
urrent bran
hnumber plus delta/2. While in the previous algorithm bran
h numbers alwaysgrow during the algorithm, here these numbers 
an get smaller during thepro
ess.Whenever we en
ounter an o

urren
e of a variable where the 
urrentbran
h number is smaller that the bran
h number of the variable in the �rstterm in the Orig variable, we dete
ted a variable 
reated in a disjun
tion thatappears in the 
ode after the bran
hes of the disjun
tion have met. Possiblywe have to merge di�erent terms in the Orig, be
ause the algorithm de
idedat an earlier stage that it has found di�erent variables. Not all of the terms inOrig variable will have to be merged, only the ones where its 
orrespondingbran
h number is larger than the 
urrent.The problem that arises now is the new bran
h number that should gowith these merged bran
hes. In 
ase of Example 4.7 it should be the bran
hnumber of the bran
h starting at 
all g/0. Given the 
urrent representation12



this number is quite hard to �nd! Instead of keeping the bran
h number ofthe �rst o

urren
e of the variable we keep the 
omplete root set in
ludingthe bran
h number of the �rst o

urren
e of the variable. Then �nding thenew root set of bran
hes that must be merged is quite easy. We just haveto remove all bran
h numbers from the old root set that are larger than thebran
h number of the new o

urren
e of the variable.Computing these bran
h numbers for Example 4.7 is quite te
hni
al but weworked it out for the te
hni
al readers among you. We annotated the 
lausewith the tuples b(Bran
hNr, Delta) at ea
h start of a bran
h:Example 4.8b(0,256) p:-(b(128,64) a(X); (b(192,64) g,(b(224,16) b(X); b(240,16) 
(X)),(b(208,8) d(X); b(216,8) e(X)) ) ).It is important to note that the bran
h numbers in the disjun
tion 
ontain-ing d and e are smaller than those in the disjun
tion 
ontaining b and 
, butlarger that the number of the bran
h startin at a. Meaning that X in a(X) isa di�erent variable.When working with this new numbering s
heme, keeping root sets insteadof a bran
h number in ea
h term in list Orig and merging terms when dete
tingshrinking bran
h numbers we 
an solve the problem. The remainder of thealgorithm, parsing the 
lause and �nal 
lassi�
ation, remains the same.With respe
t to time-
omplexity this algorithm is not as good as the pre-vious one. Merging di�erent terms in the list Orig 
annot be done in 
onstanttime. Currently this is linear in the number of o

urren
es of the variablesinvolved in the operation. Considering that this part of the 
ompiler is onlyused for hand-written 
ode, meaning relatively small 
lauses, we do not really
are about this potential quadrati
 behaviour.4.3 Reusing slots for permanent variables in the environmentThe usual option for assigning slots in the environment is to assign a slotin the environment whenever a permanent variable is dete
ted. This 
an bedone during analysis of the variables and results in a one on one mappingbetween permanent variables and environment slots. For a disjun
tive 
lauseone 
ould use the same slot for di�erent variables of whi
h the lifetimes do notoverlap. This 
an be seen in Example 3.3. For handwritten 
ode su
h reusewill only result in minor advantage, but in our 
ase su
h reuse is essentialsin
e the 
omputer-generated 
lauses we are dealing with will ex
eed 65536(216) permanent variables. When reusing slots in the environment, this 
aneasily be redu
ed to less than 100 simultaneous permanent variables. Without
ompli
ated data stru
tures or another pass through the 
lause it is quitediÆ
ult to assign slot numbers in the 
lassi�
ation phase of the program.13



Therefore we 
hoose to assign slots to the permanent variables dynami
allyduring the generation of 
ode.In 
ase of disjun
tive 
lauses where bran
hes never meet the s
heme is quitesimple. During the generation of 
ode the 
ompiler remembers the next avail-able slot in the environment. Whenever the �rst o

urren
e of a permanentvariable is en
ountered this number is used and the next number to be usedis in
remented by one. If the 
ompiler �nds a disjun
tion, the next numberto be used 
an be the same for all bran
hes. Indeed when the �rst o

urren
eof a permanent variable is found within one bran
h, this permanent variablewill be surely dead whenever another bran
h in the disjun
tion is exe
utedand 
an be safely reused.In 
ase of disjun
tions that do meet, we 
an never be sure that permanentvariables that o

urred the �rst time in a bran
h will not be used in anotherbran
h. An o

urren
e of this variable in the 
ode after the bran
hes havemet, 
ould link another bran
h. For this purpose we 
ount the o

urren
esof all permanent variables in a bran
h. If this 
ount is not equal to the totalnumber of o

urren
es { we 
olle
t this information in the 
lassi�
ation phase,then the slot allo
ated for this permanent variable 
annot be safely used byother bran
hes in the disjun
tion. Still we use the same method as aboveand we start with the same slot in the environment to be used �rst for thedi�erent bran
hes of disjun
tions. Next to that we have a list of forbiddenslots in the environment: The slots that were used for permanent variables inprevious bran
hes and not all o

urren
es of that permanent variables wereseen in that bran
h.4.4 The initialisation problem for disjun
tions that meetExa
tly those permanent variables from the previous se
tions where:� the �rst o

urren
e was seen by the 
ompiler in some bran
h of a disjun
tion,and� not all of the o

urren
es were seen by the 
ompiler in that very same bran
h
ause problems with initialisation. Sin
e not all o

urren
es were seen in thesame bran
h of the disjun
tion, there must be an o

urren
e in some 
odeafter the disjun
tion, when the di�erent bran
hes of the disjun
tion have met.Of 
ourse during exe
ution one never knows whi
h bran
h of the disjun
tionhas been exe
uted before the 
ode with these extra o

urren
es. In theseextra o

urren
e one must assume that the variable is initialised, if the wrongbran
h was taken it is not.For this reason we need some bookkeeping for all su
h variables that:� o

ur in a some bran
h of a disjun
tion,� do appear in some 
ode after the disjun
tion,14



XSB XSB SICStus ilProlog ilProlog ilPrologtime #perm time time new #perm 
lassi
 #permpa
k1 0.57 2 0.12 0.05 (0.05) 2 2pa
k2 24.39 13 2.31 0.66 (0.56) 7 13pa
k4 1641.9 83 60.25 10.62 (5.77) 9 83pa
k6 - - 597.44 117.21 (20.69) 11 257pa
k7 282.29 38 14.24 2.8 (1.84) 8 38pa
k8 - - 1194.6 234.25 (28.25) 11 365pa
k9 - - M 1445.47 (57.06) 14 822Table 3Our new ilProlog 
ompiler 
ompared to the XSB 
ompiler we used before� do not appear in the 
ode before the disjun
tion,� and do not appear in another bran
h of the disjun
tion.WAM 
ode should be generated to initialise this permanent variable in thisother bran
h where it does not appear. Of 
ourse at the end of the WAM-
odefor this bran
h, when it is sure that the bran
h will not fail.4.5 EvaluationIn Table 3 we 
an see a 
omparison between the XSB 
ompiler [14℄ we usedbefore in our ilProlog system and our new 
ompiler. We in
luded theSICStus [13℄ timings for 
omparison as well. For both systems reading thehighly disjun
tive 
lause from �le, 
ompiling and write a �le with the WAM
ode.For the new ilProlog 
ompiler the time between bra
kets is the 
ompi-lation time only: the reader is responsible for the di�eren
e between the twonumbers. It is relevant for us to have this number, as eventually, the 
onne
-tion between the new 
ompiler and the system will be without �les. And yes,we 
an improve the reader within the ilProlog system a lot!From the table we 
an see that the 
ompiler has a very reasonable be-haviour 
on
erning exe
ution time. The main reason for this is the di�eren
ein time-
omplexity for the 
lassi�
ation of variables when disjun
tions areinvolved.Another striking aspe
t is the number of slots needed in the environment.When using a 
lassi
 s
heme the number of slots needed goes up very rapidly(last 
olumn). Note that theses are the same as in the XSB permvars 
olumn.When reusing slots this number of slots 
an be redu
ed to a very small amount(
olumn labeled new #permvars). Remark that many Prolog-systems get intotrouble when having more than 256 permanent variables. This would be the15




ase for pa
k number 6, 8 and 9.5 Pre
ise rea
hability revisited for pa
ksDuring garbage 
olle
tion of the heap pointers from within the environmentto the heap should be used in the marking phase. Unfortunately there 
ouldbe permanent variables within the environment that are already dead! Evenworse permanent variables that have not been initialised, ilProlog does not
lean the environment on 
reation, 
ould 
ontain invalid information. For thispurpose we use the te
hnique of \a
tive yvars" introdu
ed in Se
tion 3.1. Afterea
h 
all we have an extra op
ode whi
h has as a parameter all permanentvariables alive after the 
all. During garbage 
olle
tion the algorithm 
an�nd this information using the 
ontinuation pointer in the environments. Inthe 
ase of disjun
tions we need also information on the permanent variablesalive at the time of 
reation of the 
hoi
epoint. Thus a try me else instru
tionneeds \a
tive yvars" as well. Moreover within normal disjun
tion we 
animprove the pre
ision of the garbage 
olle
tion by adding an \a
tive yvar" toretry me else instru
tions as well, be
ause some permanent variables alive atin the �rst alternatives of the disjun
tions 
ould be dead in later bran
hesof the disjun
tions, as is the 
ase in the se
ond bran
h of Example 5.1 withvariable X.Example 5.1p:- p(X), (q(X); d; e).Unfortunately during exe
ution of pa
ks the order of exe
ution of the di�erentbran
hes is not known in advan
e, as dis
ussed in Se
tion 2.Example 5.2p:- p(X), (q(X); r(X); s).for instan
e in Example 5.2 bran
h s 
ould be exe
uted before bran
h r(X).This means we 
annot shrink the set of permanent variables, when we movefrom one bran
h to another in the disjun
tion. So we have to sti
k to theset of permanent variables alive at the time of starting the disjun
tion withpossible impre
ise garbage 
olle
tion.6 In
remental 
ompilation of query pa
ksEven though the 
urrent query pa
k 
ompilation times are a

eptable and s
alewell, it remains worthwhile looking at speeding up the 
ompilation pro
ess.Apart from the obvious rewrite it in C, we want to explore the possibilityof in
rementally 
ompiling query pa
ks: During a parti
ular learning sessionusually a sequen
e of pa
ks of queries needs to be evaluated, one at a time.The pa
ks in this sequen
e are not independent. The n-th pa
k is basi
ally16



the (n-1)-th pa
k from whi
h some bran
hes have been pruned and to whi
hthe remaining bran
hes are extended. E.g. pa
k 1 
ould be 3 :a, (b, (
 ; d) ; e, (f ; g) ; h)and pa
k 2 
ould be:a, (b, d, (x ; y) ; e , f, (u ; v) ; h, (i ; j))The idea of in
rementally 
ompiling the pa
k is to transform the 
ode forpa
k i into the 
ode for pa
k (i+1). We just point out some of the issues onehas to take 
are of:� One of the things that 
an happen by extending a bran
h, is that a lasto

urren
e of a permanent variable, is no longer last: in ilProlog thisposes no parti
ular problem as variables are always initialised on the heap,so ilProlog doesn't have a PUT UNSAFE V ALUE instru
tion. If itwould have had one, then it would be a matter of being able to �nd outwhi
h PUT UNSAFE V ALUE instru
tion needs to be 
hanged into aPUT Y V AL.� In the indu
tive learning setting of Tilde, ea
h bran
h of the pa
k endswith a 
all to a predi
ate that reports whi
h bran
h su

eeded. This 
allhas as argument an indi
ation of the bran
h whi
h might need to 
hangefor the new pa
k.� Cutting a bran
h away (from a 
ertain point) might delete a set of perma-nent variables from the pa
k: it would be best if the in
remental 
ompilerknows about it so that these slots 
an be reused. While doing su
h reuse, theidea is not to tou
h the assignments of surviving permanent variables. Thismeans that an in
rementally 
ompiled pa
k 
ould potentially use more thanthe minimal environment. However, the allo
ation poli
y of the 
ompilerdes
ribed earlier, is su
h that slots of removed variables are either used byother variables (in parallel bran
hes) or these slots have a highest numberthat 
an be freed without extra 
ost of reallo
ating other variables. Thisis true be
ause, within one bran
h, �rst o

urren
es of permanent variablesare numbered sequentially. Then permanent variables initialised in deletedbran
hes, must have the highest number.� Typi
ally when a bran
h is extended, the extension will 
ontain variablesthat o

urred already. This means that the 
lassi�
ation of a variable mightneed to be 
hanged from void or temporary to permanent. It seems better toavoid su
h 
hange of 
lassi�
ation and let the pa
k 
ompiler 
lassify everyvariable as permanent, even if WAM would 
lassify it di�erently.� Rea
hability information about the permanent variables must also be adap-ted.3 we keep using the notation for disjun
tion for 
onvenien
e17



In order to make this in
remental 
ompilation easier, it is important thatthere is 
ooperation with the pa
k generation phase: 
urrently, the generationof the (extensions to a) pa
k is totally separated from the 
ompilation pro
essitself. However, the generation phase knows that it builds an extension withvariable that existed already, be
ause it makes su
h de
isions on the basis ofthe language bias. The idea is 
lear: the generation phase 
an 
onvey su
hinformation to the 
ompiler, so that true in
rementality 
an be a
hieved.7 Con
lusion and Future WorkThe speedups obtained by pa
ks are impressive, and espe
ially their s
alability- now that we have the better 
ompiler - is most 
omforting. However, otherte
hniques must be in
orporated in ilProlog to make other parts of thesystem s
ale well: support for very large datasets, fast swit
hing betweenexamples and better indexing than Prolog systems usually provide. Espe
iallythe latter is of the kind that 
ould 
ountera
t the speedups of pa
ks. However,we anti
ipate that there will always be a net gain of pa
ks.A
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