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ien
e, K.U.LeuvenAbstra
tStarting from a theoreti
al understanding of the issues involvedin the implementation of a heap garbage 
olle
tor in a logi
 program-ming system with built-in tabling, and from an a
tual 
olle
tor thatdid not take tabling (i.e. suspended 
omputations) into a

ount wehave build two working heap garbage 
olle
tors (one mark&slide, onemark&
opy) for XSB on top of a CHAT implementation model forthe suspension/resumption of 
onsumers. We dis
uss implementa-tion issues and de
isions that are general to heap garbage 
olle
tionsfor the WAM and issues that are spe
i�
 to an implementation withtabling: as su
h, this paper do
uments our implementation and 
anserve as guidan
e for anyone attempting a similar feat. We reporton the behaviour of the garbage 
olle
tors on di�erent kinds of pro-grams. We also present �gures on the extent of internal fragmenta-tion and the e�e
tiveness of early reset in Prolog systems whi
h weremade possible through having implemented the garbage 
olle
tors.
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tStarting from a theoreti
al understanding of the issues involved in the implementation of aheap garbage 
olle
tor in a logi
 programming system with built-in tabling, and from an a
tual
olle
tor that did not take tabling (i.e. suspended 
omputations) into a

ount we have build twoworking heap garbage 
olle
tors (one mark&slide, one mark&
opy) for XSB on top of a CHATimplementationmodel for the suspension/resumption of 
onsumers. We dis
uss implementationissues and de
isions that are general to heap garbage 
olle
tions for the WAM and issues that arespe
i�
 to an implementation with tabling: as su
h, this paper do
uments our implementationand 
an serve as guidan
e for anyone attempting a similar feat. We report on the behaviour ofthe garbage 
olle
tors on di�erent kinds of programs. We also present �gures on the extent ofinternal fragmentation and the e�e
tiveness of early reset in Prolog systems whi
h were madepossible through having implemented the garbage 
olle
tors.1 Introdu
tionIn September 1996, we began the development of a heap garbage 
olle
tor for XSB. A mark&slide
olle
tor was written, 
losely following e.g. [1℄ and previous experien
e: it worked as long as tablingwas not used. When trying to extend it for tabled programs, we failed to understand the usefulnesslogi
 (see [2℄) of tabling systems. In parti
ular, we 
ould not get a grasp on early reset (also knownas virtual ba
ktra
king ; see e.g. [12, 2℄) in the 
ontext of suspended 
omputations. At that pointwe 
ould have de
ided to make the garbage 
olle
tor more 
onservative and thus less a

urate |i.e. leave out early reset and just 
onsider everything pointer rea
hable as useful. Even though thiswould have been 
ompletely a

eptable from an engineering perspe
tive (see e.g. [21℄), this optionappeared to us very unsatisfa
tory from a s
ienti�
 point of view. So we abandoned the work on thegarbage 
olle
tor and 
on
entrated (more than a year later) on alternative ways for implementingsuspension/resumption of 
onsumers. This resulted in the `Copying Approa
h to Tabling' (abbrv.CAT [7℄): this implementation s
hema lead dire
tly to a better understanding of the usefulness logi
of logi
 programming systems with tabling (see [8℄). Armed with this theoreti
al understandingof what is needed for a

urate memory management in tabled abstra
t ma
hines, whose internalswe brie
y review in Se
tion 2, we resumed work on the garbage 
olle
tor in August 1998 tryingto �nish the sliding 
olle
tor, while at the same time implementing a 
opying 
olle
tor as well:�This paper 
onsists of� 17 pages. The appendix 
ontains additional information but is not part of the submission.1



the 
opying 
olle
tor uses the same marking phase as the sliding one (see [3℄) so it was relativelylittle additional work. Still, we struggled a lot with te
hni
al details and misunderstandings of theinvariants of the tabling run time data stru
tures. We �nally integrated our garbage 
olle
tors inthe XSB system in February 1999.This paper is on one hand a tra
e of issues that 
ame up, real problems that o

urred, theirsolutions, de
isions we took and why. These are the 
ontents of Se
tions 4 and 5. Some | perhapsall | of these issues may seem trivial (espe
ially in retrospe
t) but most of them were learned thehard way, i.e. by debugging. We thus think that this report on the pra
ti
al aspe
ts of building agarbage 
olle
tor is of interest to other de
larative programming language implementors and mayeven serve as a warning to anyone attempting to write a garbage 
olle
tor for a system that wasnot designed to have one, and even more to anyone designing a system without thinking aboutits proper memory management. We in
lude some performan
e �gures about our 
olle
tors inSe
tion 6. Finally, Se
tion 7 dis
usses memory fragmentation both with and without early reset:to the best of our knowledge, �gures related to these issues have never before been published forany Prolog system | let alone a tabled one | and as su
h they are of independent interest.2 Memory Organization in WAM-based Tabled Abstra
t Ma
hinesPreliminaries: The implementation of tabling on top of the WAM [20℄ is 
ompli
ated by theinherent asyn
hrony of answer generation and 
onsumption, or in other words the support for asuspension/resumption me
hanism that tabling requires. The need to suspend and resume 
ompu-tations is a main issue in a tabling implementation be
ause some tabled subgoals, 
alled generators,use program 
lauses to generate answers that go into the tables, while other subgoals, 
alled 
on-sumers, resolve against the answers from the tables that generators �ll. As soon as a generatordepends on a 
onsumer, the 
onsumer must be able to suspend and work in a 
oroutining fashionwith the generator, something that is not readily possible in the WAM be
ause it re
laims spa
eon ba
ktra
king. In short, in a tabled implementation, the exe
ution environments of suspended
omputations must somehow be preserved and reinstated. By now, several possibilities for suspen-sion/resumption exist: either by totally sharing the exe
ution environments by interspersing themin the WAM sta
ks (as in the SLG-WAM [14℄), or by a total 
opying approa
h (as in CAT [7℄),or by a hybrid approa
h (as in CHAT [9℄). In this paper, we sti
k to a CHAT implementationof tabling, and refer the interested reader to the above referen
es for di�eren
es between theseabstra
t ma
hines 1. Note that re
ently a tabling me
hanism named l inear tabling emerged whi
hdoes not use suspension/resumption [17℄. Heap management in a linear tabling system is exa
tlylike in a Prolog system without tabling.Independently of the implementation model that is 
hosen for the suspension/resumption me
h-anism, tabling 
alls for sophisti
ated memory management. Indeed, tabling systems have inherentlymore 
omplex memory models and in general their spa
e requirements are bigger than those of plainProlog systems. As advo
ated in e.g. [2℄, the a

ura
y of memory management is not related tothe underlying abstra
t ma
hine or the garbage 
olle
tion te
hnique; instead it is related to theusefulness logi
 of the run-time system: an abstra
tion of the operational semanti
s of the lan-guage, or in other words the ability to de
ide whi
h obje
ts are useful and whi
h are garbage.In [8℄, we have des
ribed the usefulness logi
 of Prolog systems with tabling and how operationssu
h as early reset 
an in prin
iple be implemented with equal a

ura
y in an SLG-WAM or in aCAT-based abstra
t ma
hine. As the purpose of this paper is to report our implementation expe-1All relevant papers are a

essible at http://www.
sd.uu.se/�kostis/Papers/.2
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Figure 1: Memory snapshot of a CHAT-based abstra
t ma
hine when garbage 
olle
tion is triggered.rien
e by dis
ussing garbage 
olle
tion issues that are nowhere presented in the literature and toexperimentally evaluate alternative garbage 
olle
tion s
hemes in the 
ontext of tabled exe
utionof logi
 programs, this se
tion only 
ontains information from [8, 9℄ that is ne
essary to make the
urrent do
ument reasonably self-
ontained. It should be relatively straightforward to dedu
e howthe dis
ussed issues translate in a CAT or in an SLG-WAM-based implementation; whenever it isnot the 
ase, their translation is expli
itly mentioned. are we doing that anywhere ? We bmd
on
entrate on the following typi
al s
enario:The memory management poli
y has de
ided that the heap better be garbage 
olle
ted.The issues to 
onsider are: 1) �nd the set of rea
hable data in the heap, and 2) move itappropriately while adapting all pointers to it.The se
ond point is a matter of 
hoosing an appropriate 
olle
tion algorithm: we have writtena sliding 
olle
tor based on Morris' algorithm [11℄ and one based on the 
opying algorithm ofCheney [5℄. In the 
ontext of Prolog, both need a marking phase and that is pre
isely the issue ofthe �rst point: how to approximate the usefulness of data.Figure 1 shows a rough pi
ture2 of a 
omplete snapshot of the memory areas of a CHATimplementation. The left part of the pi
ture, identi�ed as `Prolog', shows the usual WAM areasin an implementation that stores environments and 
hoi
e points separately, su
h as in SICStusor in XSB; besides this, the only di�eren
e with the WAM is that the 
hoi
e point sta
k 
ontainspossibly more than one kind of 
hoi
e points: regular WAM ones, P1; P2; P3 for exe
uting non-tabled predi
ates, 
hoi
e points for tabled generators, G1; G2, and 
hoi
e points of 
onsumers, C1.The `Prolog' part redu
es to exa
tly the WAM if no tabled exe
ution has o

urred; in parti
ular,the trail here is the WAM trail. The right part of the pi
ture, identi�ed as `Tabling', shows areasthat CHAT adds when tabled exe
ution takes pla
e. The pi
ture shows all memory areas that 
anpossibly point to the heap; areas that remain una�e
ted by garbage 
olle
tion su
h as the TableSpa
e are not of interest here and are thus shown as a bla
k box. For the `Prolog' part, garbage2In �gures, the relative size of memory areas is not realisti
. By 
onvention, all sta
ks grow downwards.3




olle
tion te
hniques are standard and well-des
ribed in the literature; see e.g. [1, 3, 6℄. We will
on
entrate on the memory areas of the `Tabling' part and the 
hoi
e point sta
k be
ause it di�ersfrom that of the WAM.As the memory snapshot shows, the evaluation involved 
onsumers, some of whi
h, e.g.C2; C3; : : :are 
urrently suspended (appear only in the CHAT area whi
h is explained below) and some others,like C1, have had their exe
ution state reinstalled in the sta
ks and are part of the a
tive 
omputa-tion. Complete knowledge of CHAT is not required; however, it is important to see how CHAT hasarrived in this state and, more importantly, how exe
ution might 
ontinue after 
olle
tion. We thusdes
ribe the a
tions and memory organization of a CHAT-based abstra
t ma
hine viewed from aheap garbage 
olle
tion perspe
tive.Choi
e points & Completion sta
k CHAT, mu
h like the WAM, uses the 
hoi
e point sta
k asa s
heduling sta
k: the youngest 
hoi
e point determines the a
tion to be performed upon failure. AProlog 
hoi
e point, P , is popped o� the sta
k when the last program 
lause of the asso
iated goalis triggered. A generator 
hoi
e point, G, is always 
reated for a new tabled subgoal (i.e. there isa one-to-one 
orresponden
e between generators and tables) and behaves as a Prolog 
hoi
e pointwith the following ex
eption: before being popped o� the sta
k, G must resume all 
onsumerswith unresolved answers that have their exe
ution state prote
ted by G (as will be explainedbelow). Only when no more su
h 
onsumers exist, is G popped o� the sta
k. As far as the 
hoi
e
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Figure 2: Detail of 
hoi
e point &
ompletion sta
k w.r.t. the heap.
point sta
k and the heap are 
on
erned, resumption of a 
on-sumer means: 1) reinstallation of the 
onsumer 
hoi
e point Cimmediately below G and 2) setting C[H℄ to G[H℄ so that Cdoes not re
laim any heap that G prote
ts (e.g. in Figure 2,G2 and C1 prote
t the same heap: from the top till the dottedline). Finally3, a 
onsumer 
hoi
e point C is pushed onto thesta
k either when the 
onsumer is reinstalled by a generator,or the �rst time that the 
onsumer is en
ountered. The 
on-sumer is popped o� the sta
k and gets suspended wheneverit has resolved against all answers 
urrently in the table. Be-sides the H �elds of 
hoi
e points, pointers from the 
hoi
epoint sta
k to the heap exist in the argument registers storedin 
hoi
e points used for program 
lause resolution (the darkerareas above G's and P 's in Figure 2).As mentioned in the beginning of this se
tion, the imple-mentation of tabling be
omes more 
ompli
ated when thereexist mutual dependen
ies between subgoals. The exe
utionenvironments of the asso
iated generators, G1; : : : ; Gn, whi
hreside in theWAM sta
ks need to be preserved until all answersfor these subgoals have been derived. Furthermore, memoryre
lamation upon ba
ktra
king out of a generator 
hoi
e point Gi 
annot happen as in the WAM;trail and 
hoi
e point sta
k 
an be re
laimed but e.g. the heap 
annot: Gi[H ℄ may be prote
tingheap spa
e of still suspended 
omputations; not just its own heap. To determine whether spa
ere
lamation 
an be performed, subgoal dependen
ies have to be taken into a

ount. The latter isthe purpose of the area known as Completion Sta
k. In Figure 2, the situation depi
ted is as follows:3In programs 
ontaining tabled negation or aggregation, a fourth type of 
hoi
e point 
alled a 
ompletion suspensionframe gets into the pi
ture; its treatment by the garbage 
olle
tor is similar to 
onsumer 
hoi
e points and so it isnot des
ribed spe
ially. Hen
eforth, we will use the term suspended 
omputation to refer to both types of suspension.4



subgoals asso
iated with generators G3 and G4 
annot be 
ompleted independently of that of G2.G3 and G4 have exhausted program 
lause resolution and the portion of the 
hoi
e point asso
iatedwith this operation 
an be re
laimed; however, there is information about G3 and G4 that needsto survive ba
ktra
king and this information has been preserved in the 
ompletion sta
k. In otherwords, generators 
onsist of two parts: one in the 
hoi
e point sta
k and one in the 
ompletionsta
k; for G1 and G2 that are still in the 
hoi
e point sta
k the asso
iation between these parts isshown by the dotted lines in Figure 2.Substitution fa
tors As noted in [13℄, subgoals and their answers usually share some subterms.For ea
h subgoal only the substitutions of its variables need to be stored in the table to re
onstru
tits answers. XSB implements this optimization through an operation 
alled substitution fa
toring.On en
ountering a generator G, the dereferen
ed variables of the subgoal (found in the argumentregisters of G) are stored in a substitution fa
tor re
ord SF . For generators, CHAT stores substi-tution fa
tor re
ords on the heap. The reason: SF is 
on
eptually part of the environment as itneeds to be a

essed at the `return' point of ea
h tabled 
lause (i.e. when a new answer is poten-tially derived and inserted in the table). Thus, SF needs to be a

essible from a part of G thatpersists ba
ktra
king: in CHAT a 
ell of ea
h 
ompletion sta
k frame Cmpl(Gi) points to SF ; for
onsumers the substitution fa
tor 
an be part of the 
onsumer 
hoi
e point as des
ribed in [13℄; seeFigure 2.CHAT area The �rst time that a 
onsumer gets suspended, CHAT prote
ts its exe
ution stateas follows: a CHAT freeze me
hanism gets invoked whi
h modi�es H and EB �elds in some 
hoi
epoints in a way that ensures that parts of the heap and lo
al sta
k that the 
onsumer might need forits proper resumption are not re
laimed on ba
ktra
king (see [9℄ for further explanation). As it is not
C32C
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SF(C  )32SF(C  )Figure 3: Detail of CHAT area.
possible to prote
t the 
onsumer 
hoi
e point C and the trailneeded for resumption of the 
onsumer using the same me
ha-nism, these areas are saved using 
opying to the CHAT area. The
opying of C (together with its SF re
ord) is immediate, whilethe relevant entries of the trail (and their values in the heap andlo
al sta
k) that C requires for its resumption are 
opied in
re-mentally. In this way, trail portions 
ommon to a set of 
onsumersare shared between them. For example, 
onsumers C2 and C3 inFigure 3 share the CHAT trail area CTR4 while they ea
h alsohave a private part of trail. The same �gure shows whi
h are thepointers from the CHAT sub-areas to the heap that need to befollowed for marking and possible relo
ation: they are the trailvalues of the CTR sub-areas, substitution fa
tors of suspended
onsumers and the C[D℄ �eld (the value of delay register as savedin ea
h 
hoi
e point; see [15℄). Note that the C[H℄ �eld of sus-pended 
onsumer 
hoi
e points that reside in CHAT areas 
an be safely ignored by garbage 
ol-le
tion: as mentioned this �eld gets a new value upon resumption of C and reinstallation of its
hoi
e point. The following things are important to note here: 1) the CHAT sub-areas are allo-
ated dynami
ally and in non-
ontiguous spa
e; how this in
uen
es garbage 
olle
tion is des
ribedin Se
tion 5.3, and 2) in CHAT, suspended 
omputations have parts of their exe
ution state savedin a private area while other parts are either shared or interspersed in the WAM sta
ks togetherwith the state of the a
tive 
omputation. 5



3 The need for Garbage Colle
tion in a Prolog system withTablingIt is generally a

epted that high-level languages must rely on automati
 memory management,whi
h in
ludes garbage 
olle
tion. Prolog is no ex
eption. The impa
t of tabling on memory
onsumption is not apriori 
lear and one might thus wonder to whi
h extent a Prolog system withtabling will need garbage 
olle
tion or really bene�t from it. Sin
e the s
ope of this paper is theheap, we will here dis
uss shortly the e�e
t of tabling on heap 
onsumption: other memory areas(the tables, the CHAT areas, the 
ompletion sta
k ...) will not be dis
ussed.There are essentially three ways in whi
h tabling a�e
ts heap 
onsumption:1. be
ause of suspension of 
onsumers, parts of the heap are frozen and 
annot be re
laimed onba
ktra
king; this in
reases heap 
onsumption until 
ompletion has taken pla
e2. tabling 
an remove 
omputations that require 
onsiderable heap; this 
an lower the heap
onsumption arbitrarily as we will show in an example later3. tabling 
an diminish sharing and in this way also in
rease the heap 
onsumption arbitrarily;also this will be exempli�edThe following de�nition of a predi
ate p/3 will serve for both examples:p(N,Term,Out) :-( N = 0 ->Out = Term; M is N - 1,trans(Term,NewTerm),p(M,NewTerm,Out)).The example that shows point 2 above, is gotten by de�ningtrans(X,X) :- do some memoryintensive 
omputation.The query ?�p(N; 1; Out): has O(N) memory 
onsumption if trans/2 is not tabled and 
onstantmemory 
onsumption if trans/2 is tabled.For showing point 3 above, we de�ne:trans(X,X).If trans/2 is tabled, the spa
e 
onsumption of the query ? � p(N; [a℄; Out): is O(N) while iftrans/2 is not tabled, spa
e 
onsumption is independent of N.The examples show that tabling 
an both in
rease and de
rease heap 
onsumption. It follows thatalso Prolog with tabling needs garbage 
olle
tion.4 General issues in implementing a Heap Garbage Colle
torThis se
tion dis
usses issues that are relevant to the implementation of a heap garbage 
olle
torin any WAM-based implementation: some or all of these are folklore, but have not been publishedbefore as far as we know 4.4We would be glad to give 
redit to people who have originally noted similar things.6



4.1 Dealing with unitialized environment variablesThe WAM does not need to initialize permanent variables (in the lo
al sta
k) on allo
ation of anenvironment, be
ause its instru
tion set is spe
ialized for the �rst o

urren
e of a variable. On theother hand, some Prolog systems (e.g. SICStus Prolog; see also [4℄) do initialize some permanentvariables just for the sake of garbage 
olle
tion. This makes the marking phase more pre
ise;the alternative is a 
onservative marking s
hema whi
h follows 
autiously all heap pointers froman environment whether from an a
tive permanent variable or not. Indeed, most Prolog systems(in
luding XSB) have no expli
it 5 information about whi
h permanent variables are alive at aparti
ular moment in the 
omputation 6. In su
h a system one fa
es a 
hoi
e between the followingoptions, given in in
reasing order of diÆ
ulty of implementation:1. initialize environment variables to some atomi
 value (e.g. to unbound or to an integer)2. write a more 
autious and 
onservative marking phase3. introdu
e more pre
iseness about the liveness of permanent variables.We have opted for the �rst solution be
ause it was qui
kest to implement by extending the allo
atewhose extra 
ost is usually quite low. Note that also SICStus ensures that all permanent variablesare initialized before the �rst 
all instru
tion.4.2 The test for heap over
owXSB, like many other logi
 programming systems, relies on software tests for over
ow of all itssta
ks. In XSB, overfow was 
he
ked every time the H register was in
reased. A more eÆ
ientway to 
he
k for over
ow is at 
all ports, either by extending the 
all and exe
ute instru
tions orby introdu
ing a new instru
tion, test heap, whi
h the 
ompiler generates as the entry point ofevery Prolog pro
edure. Its two arguments are: 1) the arity of the predi
ate whi
h is needed forthe garbage 
olle
tion marking phase, and 2) the margin of heap that has to be available beforepro
eeding: this margin depends on how mu
h heap the predi
ate 
an maximally 
onsume duringthe exe
ution of its heads and �rst 
hunks.For the �rst 
ut of the garbage 
olle
tor, the XSB 
ompiler was adapted so as to spit out theinstru
tion test heap with a �xed margin. The 
ompiler should be further adapted to 
ount morepre
isely how mu
h the margin should be (as in MasterProlog). Another 
hange to be made to theimplementation of built-in predi
ates is that they should not 
ommit any 
hanges until they aresure to have enough heap spa
e and if not, 
all the 
olle
tor. This is reasonably straightforward toimplement but tedious.If built-in predi
ates that 
onsume heap are inlined, a variant of the test heap instru
tion mightalso be needed in the body of 
lauses: it needs to have a

ess to the length of the 
urrent en-vironment. Also inlined built-in predi
ates that 
reate a 
hoi
e point need this information forgarbage 
olle
tion reasons. Su
h a built-in o

urred in the treatment of tabled negation, as thenegation suspend built-in predi
ate lays down su
h a 
hoi
e point (
alled a 
ompletion suspen-sion frame in [14℄) and subsequent garbage 
olle
tion would not do appropriate marking withoutmodi�
ation. We have simply disabled the inlining of this parti
ular built-in, be
ause it was nottime 
riti
al.A �nal word on the generation of test heap that is spe
i�
 to tabled exe
ution. In the WAM,and also in a CAT implementation of tabling, it is enough to exe
ute the test heap instru
tion at5The information is impli
it in the WAM 
ode.6MasterProlog is a notable ex
eption. 7



the entry point of ea
h predi
ate. However, in an SLG-WAM or in a CHAT implementation, atest for heap over
ow should be done on every fail operation as well: the reason is that failure inthe SLG-WAM and CHAT may not re
laim heap spa
e. Thus, the test heap instru
tion should beexe
uted at the beginning of ea
h 
lause.4.3 Bubbles in the sta
ksA bubble is a region whi
h 
ontains something in a di�erent format than the usual WAM repre-sentation of Prolog terms. Su
h a bubble must be 
learly identi�able, otherwise garbage 
olle
tion
annot deal with it. XSB version 1.8 and earlier used bubbles on the heap for various tasks: oneof them being the implementation of a 
opy-on
e findall/3, another one in assert/1. Previ-ous experien
e in the implementation of the BinProlog garbage 
olle
tor [6℄ showed that dealingwith su
h bubbles is a pain one wishes to avoid. Fortunately XSB has be
ome bubble-less sin
eversion 1.9.Bubbles existed elsewhere in XSB as well: notably some 
hoi
e points 
ontained non-taggeddata, so that it was impossible to s
an a 
hoi
e point without taking into a

ount its parti
ularlay-out. If one wishes a more uniform treatment of 
hoi
e points, su
h untagged data must beavoided: the small overhead in exe
ution is not worth the in
rease in 
ode 
omplexity in thegarbage 
olle
tor. See also se
tion 5.4.4.4 H pointers in 
hoi
e pointsFirst, note that the H pointers in the 
onsumer 
hoi
e points in the CHAT area need not be
onsidered during heap garbage 
olle
tion: indeed, when the 
onsumer is reinstalled, its 
hoi
e pointwill get its heap pointer from the s
heduling generator. A similar reasoning holds for SLG-WAM.So only the H pointers of the 
hoi
e points in the a
tive 
omputation need to be 
onsidered formarking and possibly 
haining. In a plain Prolog garbage 
olle
tor, after a segment of 
omputation| starting from the E and CP �elds of a 
hoi
e point | has been marked, as well as the trail, theH pointer of the 
hoi
e point 
an be treated. At that point, the H register 
an point to a 
ell whi
hwas marked already and no further a
tion is required. Otherwise, H points to a 
ell that was notmarked and then two ways of dealing with this situation are 
ommon pra
ti
e:1. mark the 
ell and �ll it with an atomi
 obje
t;2. s
an the heap in the dire
tion of the top for the �rst marked 
ell and make the H registerpoint to itThe �rst method is simple, has 
onstant time 
ost, and 
an waste at most a number of heap entriesequal to the number of a
tive 
hoi
e points. The se
ond method wastes no spa
e, but in the worst
ase adds a time 
ost to the garbage 
olle
tion that is linear in the size of the heap. We prefer the�rst method and in our implementation used the tagged integer 666 as the atomi
 obje
t.The 
orre
tness of this operation in plain WAM is based on the following observation:the a
tion if (!marked(B[H℄)) {*B[H℄ = tagged_int(666); mark(B[H℄);} 
an beperformed as soon as it is sure that *B[H℄ will not be
ome marked for some other reason.Sin
e a

ording to [8℄ the suspended 
omputations are marked after the a
tive 
omputation, andsin
e the substitution variables are never rea
hable from the a
tive 
omputation (only from theframes in the 
ompletion sta
k), in a CHAT garbage 
olle
tor this a
tion needs to be postponeduntil after the substitution variables are marked. In our implementation, instead of trying to �nd8



the earliest possible moment to perform the a
tion, we have opted for postponing it until the veryend of the marking, i.e. to perform it after all other marking has been �nished.4.5 Trail 
ompa
tion during garbage 
olle
tionWe have 
hosen not to perform trail 
ompa
tion during garbage 
olle
tion. Trail 
ompa
tion ispossible whenever early reset is performed (
f. Se
tion 5.1). When trail 
ompa
tion is omitted,one must make sure that trail 
ells that 
ould have been removed point to something that is\reasonable". One 
an reserve a parti
ular 
ell on the heap (in the beginning) for this purpose,i.e. all trail entries that are subje
t to early reset 
an be made to point to this one heap 
ell 7.Sin
e reserving su
h a 
ell would involve 
hanges elsewhere in XSB, we have 
hosen to mark the
ell that was reset and to 
onsider it as non-garbage. Although this diminishes somewhat the e�e
tof early reset in the a
tual implementation, it has no in
uen
e on the results of Se
tion 7 as in ourmeasurements we 
ounted these 
ells as garbage.4.6 Chain bits for dynami
ally allo
ated root pointersWhen implementing a mark&slide 
olle
tor in a system whose 
ell representation does not allowfor the mark and 
hain bits to be stored in the same ma
hine word as the 
ell (this holds for XSB)one is fa
ed with the problem where to store the 
hain bit for root pointers. As long as these rootpointers are to be found in easily re
ognizable and 
ontiguous areas | like 
hoi
e point sta
k, trailsta
k, lo
al sta
k | one 
an allo
ate a parallel 
hain/mark bit array and the translation from aroot pointer to its 
orresponding bit is straightforward. For small sets of root pointers, it is also agood solution to just 
opy them to the top of the heap (su
h is the treatment of e.g. the argumentregisters), but for a large number of root pointers that are not ne
essarily in a 
ontiguous area, thesolution must be more generi
. In CHAT we en
ounter su
h a situation in the CHAT area, as thetrail 
hunks are allo
ated dynami
ally using mallo
(). In Se
tion 5.3 we dis
uss in more detailhow we dealt with this issue.4.7 The 
opying 
olle
torThe 
opying 
olle
tor was implemented following the ideas of [3℄. We deviate slightly from theusual two-spa
e s
hema of Cheney (see [5℄), sin
e after the marking phase, we know exa
tly howlarge the to-spa
e needs to be to hold the 
opy so we allo
ate at that moment just this amount.After having 
opied the non-garbage to the to-spa
e, we 
opy it as a blo
k ba
k to the originalfrom-spa
e and release the allo
ated to-spa
e. There are two reasons for this:1. we believe this s
heme uses memory resour
es more e
onomi
ally: usually, the to-spa
e 
anbe quite a bit smaller than the from-spa
e;2. in the 
urrent memory model of XSB, the heap and lo
al sta
k are allo
ated 
ontiguously andare growing towards ea
h-other: putting the heap in another region that is not just above thelo
al sta
k would break some invariants of XSB.Copying ba
k the to-spa
e to the original heap has low 
ost, as was observed already in [6℄.7This tri
k seems folklore and was on
e des
ribed in 
omp.lang.prolog by R.A. O'Keefe.9



5 Tabling-spe
i�
 issues of Heap Garbage Colle
tionAs mentioned, in CHAT and in the SLG-WAM the a
tive 
omputation and the suspended oneshave their data intertwined on the shared heap. In su
h an implementation s
heme for the heap,the usefulness logi
 of tabled evaluation ([8℄) di
tates that both the 
urrent 
omputation (togetherwith its ba
ktra
king states) and the suspended 
omputations in the CHAT area should be used asa root set. As argued in [8℄ for the 
ase of the SLG-WAM, one 
an perform the marking phase ofgarbage 
olle
tion without reinstalling the exe
ution states of the suspended 
omputations on thesta
ks. The same reasoning applies to CHAT. Moreover, starting from a 
onsumer in the CHATarea, the marking does not need to 
onsider the part of the heap that is older than the generator Gup to whi
h the 
onsumer has his exe
ution environment CHAT-prote
ted, or even the 
hoi
e pointsbetween B (WAM top of 
hoi
e point sta
k) register and G; see [8℄ on why this s
heme is 
orre
t inan abstra
t ma
hine that preserves 
onsumer 
hoi
e points by 
opying. In short, garbage 
olle
tion
an be implemented eÆ
iently in a CHAT-based tabled abstra
t ma
hine.Armed with this theoreti
al understanding, we pro
eeded with the a
tual implementation of ourgarbage 
olle
tors only to stumble very qui
kly on te
hni
al issues the theory did not immediately
ater for. The remaining part of this se
tion presents these issues, together with their solutions asimplemented. The �rst two issues are related to the order of marking the 
urrent and the suspended
omputations in the presen
e of early reset.5.1 Performing early reset when trail 
hunks are sharedThe idea of early reset in the WAM [12, 2℄ is that a trailed heap or lo
al sta
k entry whi
h is notrea
hable for the forward 
ontinuation of the a
tive 
omputation (but might be for its alternativebran
hes, i.e. on ba
ktra
king) 
an be set to unbound during garbage 
olle
tion and the trail entryitself 
an be dis
arded as well. The situation is re
ognized during marking, and it is essential thatthe 
ontinuation is marked before the future alternatives. Early reset in the 
ontext of tabling ismore 
ompli
ated | as the suspended 
omputations have to be taken into a

ount as well | butstill possible to do for both the a
tive and the suspended 
omputations. [8℄ des
ribes in detail whyit is better to mark the 
onsumers in the CHAT area after the marking of the 
urrent 
omputation.However, even the order of marking and performing early reset among suspended 
onsumersmatters ! In the WAM, the trail is segmented a

ording to 
hoi
e points and trail 
hunks arenot shared: the trail is a sta
k, not a tree. As Figure 3 shows, in CHAT trail entry 
hunks arepossibly shared between more than one suspended 
onsumer 
hoi
e points. The same is true inboth SLG-WAM and CAT. In su
h a situation it is wrong to treat suspended 
onsumers separately,i.e. by marking and early resetting from one suspended 
onsumer 
ompletely before the other.Instead, the 
orre
t treatment of suspended 
onsumers 
onsists in: for ea
h C mark the rea
hableenvironments and heap; only after this operation is �nished for ea
h C mark and early reset thetrail of C. This is be
ause it is quite possible to have e.g. two suspended 
onsumers whi
h sharesome part of the trail (as in Figure 3) and some trailed variable being unrea
hable in the forward
omputation of one but not of the other. Appendix B 
ontains an example program whi
h exhibitsthis situation for the a trailed variable in the lo
al sta
k; similar examples 
an be 
onstru
ted fortrailed heap variables.5.2 Marking of substitution fa
tors & marking from the 
ompletion sta
kAs mentioned, a substitution fa
tor re
ord 
ontains the variables in the subgoal. These variableshave to be a

essed when a new answer is generated (i.e. at the return point of ea
h 
lause) in10



order for the answer substitution to be inserted in the table. Without proper 
ompiler support8,it is quite easy for substitution fa
toring to be
ome in
ompatible with the implementation of thegarbage 
olle
tor. Indeed, the 
ompilation s
heme for tabled predi
ates des
ribed in [14, 15℄ doesnot re
e
t the usefulness logi
 of tabled evaluations and the only alternative to 
hanging it, is toimpose strong restri
tions on the order of marking. The following example illustrates the issue:Consider the exe
ution of a query ?- test. w.r.t. the tabled program given below.Here and in the sequel, we use the predi
ate g
 heap/0 to indi
ate the point in the
omputation where garbage 
olle
tion is triggered. At this point, marking as performedXSB program XSB abstra
t 
odetest :- t( ). tabletrysingle 1 : : :allo
ate 2 2:- table t/1. getVn v2t(X) :- 
all 3 p/1p(X), 
all 3 g
 heap/0g
 heap. new answer 1 r2deallo
atep([a℄). pro
eed
by a Prolog garbage 
olle
tor would 
onsider the heapvalue of variable X as not useful. In a tabled abstra
tma
hine, the binding of X to [a℄ is trailed as tabledpredi
ates always 
reate a 
hoi
e point (
f. [14℄). In su
ha situation, a Prolog garbage 
olle
tor would invoke earlyreset of X. This is 
orre
t, as in the usefulness logi
 ofProlog, X is not used in the forward 
ontinuation of the
omputation. However, note that the usefulness logi
of tabled evaluation is di�erent: X also appears in thesubstitution fa
tor re
ord and its binding needs to bea

essed at the return point of the 
orresponding tabled 
lause. Otherwise, a wrong answer isinserted in the table and in fa
t the problem will not be visible until a subsequent o

urren
e oft(X) tries to resolve against this answer in the table. Dealing with this issue by looking at the
ode in the forward 
ontinuation gets unne
essarily 
ompli
ated by the fa
t that the XSB abstra
t
ode for t/1 (as shown above) was not designed to re
e
t the usefulness logi
 of tabling: the �rstargument of the new answer instru
tion 
ontains the arity of the pro
edure and the se
ond a pointerto the subgoal frame in the table spa
e; the substitution fa
tor is a

essed only indire
tly (
f. [14℄).A
tually, to over
ome this parti
ular problem 
ompiler support is desirable but not stri
tlyrequired: an alternative is to for
e a marking of variables in the substitution fa
tor re
ords ofall generators before marking anything from the a
tive 
omputation. In other words, markingin a CHAT implementation should start by 
onsidering as root set pointers to the heap fromthe 
ompletion sta
k | this is where CHAT keeps a pointer to the substitution fa
tor re
ord ofgenerators (
f. [9℄ and Figure 2). In this way, problems 
aused by this kind of premature early resetare bypassed. We also note in passing that similar problems exist 
on
erning the treatment of thedelay list whi
h is 
on
eptually also a part of the substitution fa
tor re
ord but as an optimizationis not implemented as su
h (
f. [15℄).5.3 A 
hain bit in 
ells of the CHAT areaAs Figure 3 shows, obje
ts in the CHAT area | in parti
ular the trail in
rements and the substitu-tion fa
tor variables in the 
onsumer 
hoi
e point | 
an 
ontain referen
es to the heap. The CHATsub-areas however, are dynami
ally and separately allo
ated and so one needs to 
ater for the 
hainbits in the CHAT sub-areas themselves. Our implementation is as follows: a sequen
e of N wordsthat all need a 
hain bit, is implemented as a number of groups of (S + 1) words, where the �rstS are some of the N words and the (S + 1)th word, 
ontains the S 
hain bits. We make sure thatea
h group of (S+1) words is aligned on a (S+1)-boundary. S is 
hosen as sizeof(Cell *) thatis the size of the pointer type used for 
ells of the WAM sta
ks. This means that we reserve a byte8As a general 
omment, it is not unusual that garbage 
olle
tion requires 
ompiler support: 
f. the missing supportin the WAM for initialization of lo
al variables and the story in this subse
tion.11



for ea
h 
hain bit. A pointer p to a CHAT obje
t, 
an now be translated to a pointer to its 
hainbyte as follows: let i = ((((int)p)=S)%(S+ 1)), then pointer 
hain byte = (
har �)(p+ S � i) + i.5.4 Diversity of 
hoi
e pointsOne major implementation 
ompli
ation we had to deal with was related to the fa
t that in XSBnot all 
hoi
e points have the same layout. This is partly due to the di�erent fun
tions that 
hoi
epoints 
an have in a tabled implementation (
f. Se
tion 2 and [13, 14℄), but also due to the fa
t thatdi�erent XSB developers made non-uniform de
isions. The problem is really that some of these
hoi
e points 
ontain bubbles.The �rst solution that 
omes to mind, i.e. to have the garbage 
olle
tor 
he
k for the typeof 
hoi
e point (it 
an be dedu
ed from its alternative �eld) is both error-prone for maintenan
eand non-pra
ti
al as there are too many op
odes possible. As a permanent solution, a uniformrepresentation for 
hoi
e points was introdu
ed in XSB whi
h also avoids bubbles.6 Performan
e EvaluationPutting our garbage 
olle
tors in perspe
tive Apart from XSB, few Prolog systems hadmore than one garbage 
olle
tor: [3℄ reports that Reform Prolog also had a 
opying and a sliding
olle
tor. BinProlog gave up its sliding 
olle
tor in favor of the 
opying one. Touati and Hamareport on a partially 
opying 
olle
tor (for the most re
ent segment only) that is 
ombined witha sliding 
olle
tor: see [19℄ for more details. In addition, XSB is 
urrently the only system thathas tabling implemented at the engine level. So, in tabled programs we 
an at most 
ompare our
olle
tors with ea
h other and only for plain Prolog exe
ution with 
olle
tors from other systems. Anextensive 
omparison of a sliding and a 
opying 
olle
tor in the 
ontext of a fun
tional programminglanguage 
an be found for example in [16℄ and its results 
arry over to Prolog; see also [3℄. Twopoints are worth noting: a

urate marking is the diÆ
ult part of both 
olle
tors and the 
opyingphase is mu
h easier to implement and maintain than the sliding phase. On the other hand, a
opying 
olle
tor may be more diÆ
ult to debug due to motion si
kness: heap obje
ts 
an 
hangeorder.Prolog systems have usually opted for a sliding 
olle
tor sin
e traditionally the order of segmentsis 
onsidered important for 
heap re
lamation of heap on ba
ktra
king and for preserving thesemanti
s of the �-family of 
ompare built-ins. However, the ISO Prolog standard has removedthe latter reason, and [3℄ and [6℄ argue in di�erent ways against the former reason. So, afterhaving implemented the sliding 
olle
tor, we implemented a 
opying 
olle
tor starting from themarking phase that is 
ommon for both 
olle
tors and following [3℄. The fa
t that our 
opying
olle
tor is not segment-preserving, makes the interpretation of the results of the tests that in
ludeba
ktra
king not always 
lear 
ut.Performan
e in programs without tabling We felt that there was no good reason to do lotsof testing for programs without tabling as the relative merits of 
opying and sliding have beendis
ussed in the literature at length. We just present one measurement that pla
es our garbage
olle
tors in 
ontext. The test program used (shown as part of Table 1) builds two lists thatare interleaved on the heap 9. Note that length of the se
ond list is 1=10 the length of the �rstone. The two queries represent the following two situations: either most of the data survives9The parti
ular form of makelists/3 was 
hosen so as not to disadvantage BinProlog be
ause of its binarization.12



garbage 
olle
tion, or only a small fra
tion does. The Prolog systems were started with enoughinitial heap so that no 
olle
tion o

urred, ex
ept the expli
itly invoked one. We measured thetime (in millise
onds on an Intel 686, 266MHz running Linux) for performing the one garbage
olle
tion during the queries ?- q1. and ?- q2. In XSB this was done with the two 
olle
tors;in ProLog by BIM 4.1 10 and SICStus 3.7 using the sliding 
olle
tor; in BinProlog 6.84 with itssegment-preserving 
opying 
olle
tor. Table 1 provides some eviden
e that the 
olle
tors of XSBare similar in performan
e to those of 
ommer
ially available systems. It also shows that (in theabsen
e of ba
ktra
king) 
opying is a reasonable alternative to sliding.g
-q1 g
-q2XSB sliding 1337 316BIM sliding 1270 430SICStus sliding 1426 434XSB 
opying 890 126BinProlog 
opying 974 214 makelists(0,L1,L2) :- !, L1 = [℄, L2 = [℄.makelists(N,[1,2,3,4,5,6,7,8,9,0|R1℄,[1|R2℄) :-M is N - 1,makelists(M,R1,R2)q1 :- makelists(100000,L1,L2), g
 heap, use(L1,L2).q2 :- makelists(100000,L1,L2), g
 heap, use( ,L2).use( , ).Table 1: Performan
e of sliding and 
opying garbage 
olle
tors on an arti�
ial Prolog program.Performan
e in programs with tabling To get an idea of how our garbage 
olle
tors performon programs with tabling, we took the programs from the ben
hmarks in [9℄ and gave them justenough heap and lo
al sta
k so that expansion of these areas was not ne
essary: in all 
ases thismeant that the garbage 
olle
tion was 
alled at least on
e. In Table 2, we indi
ate, for ea
h test the-m option for XSB (-m13 allo
ates an area of 13000 
ells of heap and lo
al sta
k), the number oftimes garbage 
olle
tion was 
alled and the number of garbage 
ells re
laimed (both using 
opyingand sliding), the time spent in garbage 
olle
tion, and this time as a per
entage of the total timefor the ben
hmark. The runtime without garbage 
olle
tion is given in the last row of the table.All times are again in millise
onds but this time on a Ultra Spar
 2 (168 MHz) under Solaris 5.6.We also note that in XSB a 
ell is represented using one ma
hine word.
s o 
s r disj o gabriel kalah o peep pg read o-m 11 12 11 15 17 110 39 187
opying GC # 183 107 10 77 17 11 8 4
ells 
olle
ted 43951 33100 4113 18810 9680 13519 8802 14462GC time 90 77 0 77 21 800 179 439% GC time 29 16 0 34 15 67 64 44sliding GC # 86 57 3 40 5 8 5 2
ells 
olle
ted 12143 11644 1050 16332 5265 12288 8138 13584GC time 66 62 0 150 22 1319 129 410% GC time 23 13 0 50 15 77 56 42runtime (no GC) 219 400 130 151 121 400 100 560Table 2: Performan
e of sliding and 
opying garbage 
olle
tion on a set of ben
hmarks with tabling.In all 
ases the sliding 
olle
tor gets invoked less frequently than the non segment-preserving
opying 
olle
tor and 
olle
ts less garbage. In some 
ases the sliding 
olle
tor 
an spend less timethan the 
opying 
olle
tor. The reason for this last behavior 
ould be that the e�e
t of the loss of10now named MasterProlog 13



re
lamation on ba
ktra
king 
an be mu
h worse when tabling is used and several 
onsumers havefrozen the heap than when using plain Prolog 
ode. However, this e�e
t is not uniformly visible inthe tested programs. Also, in a ba
ktra
king system, a 
opying 
olle
tor 
an be 
alled arbitrarilymore often than a sliding 
olle
tor. On the other hand, note that be
ause most data remains useful(this 
an be dedu
ed from the low �gures of how mu
h garbage is 
olle
ted) the 
opying 
olle
toris disadvantaged in this set of ben
hmarks. A generational s
hema 
an in all 
ases improve the�gures.7 Measuring Fragmentation and E�e
tiveness of Early ResetProlog implementors have paid little attention to the 
on
ept of internal fragmentation: as far aswe know, measurements of internal fragmentation have never been published before for any Prologsystem. Still this notion is quite important, as it gives a measure on how e�e
tively the totalo

upied spa
e is used by the memory allo
ator, and in the memory management 
ommunity it is are
urring topi
 (see e.g. [10℄). It is also surprising that although early reset is generally implementedin Prolog garbage 
olle
tors, its e�e
tiveness has never been reported in the literature. We will
ombine both measurements. On
e one has a 
olle
tor, these �gures 
an in prin
iple be obtainedquite easily. it is important to realise that the results tell something about the memory allo
ator,not about the 
olle
tor !A

ording to [10℄, internal fragmentation 
an be expressed in several possible ways. To us, themost informative seems the one that 
ompares the maximal spa
e required by the allo
ator (i.e.the minimal heap size required if no garbage 
olle
tion were present) with the minimal amountof dead memory during the running of the program. In 
ontrast to [10℄, we prefer to expressfragmentation as the ratio of these quantities: it represents the per
entage of wasted memory. E.g.a fragmentation of 75% means that without garbage 
olle
tion the allo
ator uses four times moreheap spa
e than minimally needed to run the program.To this e�e
t, we have 
ondu
ted two experiments: one using a set of typi
al Prolog ben
hmarks(without tabling) and another using the same set of tabled programs as before (as well as tboyer:a tabled version of the boyer program). To measure fragmentation reasonably a

urately, we havefor
ed the marking phase to be invoked every 100 predi
ate 
alls. At ea
h su
h moment, thenumber of marked (i.e. useful) 
ells and the size of the heap (di�eren
e between 
urrent heaptop and heap bottom) are re
orded. Garbage is not 
olle
ted at these moments. After the run,the two quantities above are 
omputed and their ratio is reported in Tables 3 and 4 with andwithout performing early reset. Additionally, the tables 
ontain the number of times there was anopportunity for early resetting a 
ell, the number of predi
ate 
alls (in K) and the maximum heapusage (in K 
ells). Note that one early reset operation 
an result in more than one 
ell be
ominggarbage. fragmentation boyer browse 
hat parser redu
e simple analyser zebrawith early reset 61.2 46.4 11.7 91.17 49.9 41.9without early reset 61.2 46.3 6.4 91.15 47.9 16.5# early resets 6 9 64 7 60 38predi
ate 
alls (K) 865 599 74 30 16 14maximum heap 144 11 1 20 5 0.2Table 3: Fragmentation in a set of Prolog programs with and without early reset14



fragmentation 
s o 
s r disj o gabriel kalah o peep pg read o tboyerwith early reset 52.3 51.7 63.4 62.9 83.6 67.3 73.8 53.9 0.44without early reset 41.4 41.1 57.4 58.3 77.7 65.9 69.8 53.4 0.15# of early resets 21.5 19.2 12.9 18.9 31.8 40.0 124.6 49.1 123predi
ate 
alls (K) 72 138 40 47 45 134 34 169 6.6maximum heap 1.1 1.2 0.8 2.1 4.8 28 12 43 67Table 4: Fragmentation in a set of programs with tabling with and without early resetIn most 
ases, the �gures show a surprisingly high fragmentation: remember that the fragmen-tation gives an upper limit for the amount of avoidable waste given a perfe
t allo
ator. The �gureswould show an even higher fragmentation, if XSB would trim its environments and have a moresophisti
ated determinism dete
tion.The fragmentation with early reset is higher than without, be
ause when performing early resetfewer 
ells are marked as useful. The e�e
t of early reset 
an of 
ourse be very mu
h dependent onthe 
hara
teristi
s of a program, but given the range of programs here, it seems safe to 
on
ludethat one should not expe
t more than 10% gain in memory eÆ
ien
y for most realisti
 programs.On the other hand, the 
ost of early reset is extremely small: the test whether a trail 
ell points toa marked heap 
ell happens anyway, and the extra 
ost 
onsists in resetting the (unmarked) heap
ell and redire
ting the trail entry. So it appears that early reset is worth its while both in Prologas well as in tabled exe
ution.The fragmentation for tboyeris extremely small when 
ompared to the higher fragmentation forboyer: inspe
tion of tboyertea
hes that it bene�ts a lot from the e�e
t des
ribed in the se
ond pointof 3.8 Con
luding RemarksThere is usually a gap between the theoreti
al understanding of a memory management prin
ipleand its a
tual implementation. This paper bridges su
h a gap, be
ause it makes implementation
hoi
es 
on
rete and as su
h it 
an be of value to implementors that 
onsider garbage 
olle
tion ina system with tabling or in a system that is similar in 
ertain respe
ts. Indeed, we strongly believethat the underlying 
on
epts are also appli
able to systems that support other forms of exe
utionbased on a suspension/resumption me
hanism: not only tabled ones.The WAM | on whi
h many logi
 programming systems are based | has the reputation ofbeing very memory eÆ
ient; still, it provides no support (in the instru
tion set for instan
e) fordoing pre
ise garbage 
olle
tion. Also, the WAM has a �xed allo
ation s
hema for data stru
tures(allo
ation on the top of the heap), about whi
h there is relatively little empiri
al knowledge: the�gures we presented in Se
tion 7 show a high fragmentation and thus suggest that the WAM is notparti
ularly good at using the heap very eÆ
iently. Finally, most often people have been interestedalmost solely in the eÆ
ien
y of garbage 
olle
tion-less exe
ution. Consequently, implementorshave not been in
lined to give up some eÆ
ien
y for a better memory management and someProlog implementations have even lived for quite a while without garbage 
olle
tion at all. For sureresear
h in logi
 programming implementation has not fo
ussed on 
onsidering alternative memorymanagement s
hemas, neither on a

urate identi�
ation of useful data. This 
ontrasts sharplywith the attention that the fun
tional programming 
ommunity has given to memory management.Similarly to the story of fragmentation about whi
h there seem no �gures available in literature,15



no one has hard data on the e�e
tiveness of early reset: our admittedly small set of ben
hmarksindi
ate how e�e
tive one 
an expe
t it to be in realisti
 programs. It is 
lear that a 
ontinuousfollow-up on su
h issues is needed as new allo
ation s
hemas and extensions of the WAM emerge:su
h new allo
ation s
hemas will be the subje
t of our future resear
h. More dire
tly pra
ti
al,we will also investigate in
remental and generational variants of the 
urrent 
olle
tors in the XSBsystem.A
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A Debugging and Testing a Garbage Colle
torA.1 DebuggingA garbage 
olle
tor does wonders in debugging a system ! Indeed, a side-e�e
t of writing a garbage
olle
tor for a system that never had any is that one is about to dis
over most of the features ofthe system that a garbage 
olle
tor does not like (e.g. pla
es in the 
ode where invariants are notrespe
ted), as well as many of its bugs. The garbage 
olle
tor rarely misses them or leaves themunpunished !On the other hand, even without having to deal with this problem, debugging a garbage 
olle
toris quite hard. A proof of 
orre
tness of the algorithms is of 
ourse handy, but the theory might notquite �t the system the garbage 
olle
tor is built into, and the a
tual implementation might haveoverlooked some issues. Debugging be
omes 
onsiderably easier if lots of testing 
ode is added tothe garbage 
olle
tor: sin
e garbage 
olle
tion relies on some invariants | e.g. that all pointersin the trail point to heap or lo
al sta
k 
ells; all stru
ture pointers point into the heap | it isworth adding 
ode that expli
itly tests these invariants. Apart from testing su
h invariants (thata
tually should be guaranteed by the run time system as well), we also added tests that the 
olle
torsatis�es:� after the garbage 
olle
tion, all the mark bits are zero� after a 
opying garbage 
olle
tion, the amount of 
ells 
opied in the to-spa
e equals theamount of 
ells marked as rea
hable� during 
haining, the substitution fa
tor was marked alreadyTo ease debugging, we also wrote a series of dump fun
tions, whi
h dump the di�erent memoryareas in the form of a set of Prolog fa
ts. For instan
e, the heap dump at the top level of XSBlooks like:heap('100d98', 0, not_m, fun
t, '_$load_undef'/1).heap('100d9
', 1, not_m, undef, _).heap('100da0', 2, not_m, fun
t, '
onset'/2).heap('100da4', 3, not_m, atom , '_$abort_
utpoint').heap('100da8', 4, not_m, int , 72).......heap('100e04', 27, not_m, fun
t, 'atom'/1).heap('100e08', 28, not_m, atom , 'print_all_sta
ks').heap('100e0
', 29, not_m, 
s-ref_heap, 27).heap('100e10', 30, not_m, atom , [℄) .heap('100e14', 31, not_m, atom , 'print_all_sta
ks').The meaning of the arguments of the heap/5 predi
ate in this 
ase is:1. the virtual address of the 
ell2. index in heap3. whether the 
ell is marked/
hained4. type of the 
ell5. value of the 
ell 18



Given su
h a set of Prolog fa
ts, it is not diÆ
ult | in parti
ular for a sliding 
olle
tor | to writea Prolog program that 
omputes the heap dump after garbage 
olle
tion, given the dump at thebeginning of the garbage 
olle
tion pro
ess 11. By 
omparing the 
omputed dump with the a
tualdump, some bugs are mu
h easier to �nd. Also, it is quite easy to query a heap/lo
al sta
k dump,for instan
e by:?- heap(_,Index,_,
s-Ref,_), Ref \== ref_heap.to 
he
k whether any stru
ture pointer points outside the heap, and?- heap(_,Index,_,
s-ref_heap,Stru
t), not(heap(_,Stru
t,_,fun
t,_)).to 
he
k whether every stru
ture pointer points to a fun
tor.The availability of tabling in XSB made it quite easy to formulate 
ertain garbage 
olle
tion re-lated queries | rea
hability is a transitive relation ! | without having to worry about termination.For example, rea
hability queries were guaranteed to terminate even if the heap was 
orrupted or
ontained 
y
li
 terms. Naturally, during the run of su
h a query, garbage 
olle
tion had to bedea
tivated.A.2 TestingApart form debugging, the garbage 
olle
tor was also tested in three ways:1. running arti�
ial test programs whi
h were meant to test the garbage 
olle
tor under spe
i�

onditions: e.g. when there were 2 
onsumers suspended, both with non-empty trail of thesame 
ell and while there was garbage in the heap spe
i�
 to the 
onsumers as well as in theheap of the a
tive 
omputation.2. running the XSB test suite (enhan
ed with ben
hmark programs from [9℄) while performinga garbage 
olle
tion every 100 
lause 
alls; this was a
hieved by putting a 
all 
ounter inthe test heap instru
tion (
f. Se
tion 4.2). This leads to numerous garbage 
olle
tions duringmost of the test programs and indeed, some problems showed up only after more than 50garbage 
olle
tions had taken pla
e.3. running the same suite while starting XSB with a small amount of heap only.The third method tests at the same time the intera
tion of garbage 
olle
tion with the heap/lo
alsta
k expansion routines and indeed, at some point a bug was dete
ted whi
h showed only if thenon-most re
ent 
hoi
e point had a value in its H �eld that equals the value of the H register atthe moment of expansion.B Early reset and the order of marking suspended 
onsumersThe program in Figure 4 shows why performing early reset for suspended 
onsumers without �rst�nishing the marking of environments and heap rea
hable from 
onsumers is not safe. Predi
ate
reate 
p/0 is a dummy predi
ate whi
h 
reates a 
hoi
e point: this makes sure that the bindingof X to xxx is trailed and also that X stays in the environment. The exe
ution of a query su
has ?- test. en
ounters two generators (denoted by the subs
ripts gi in the program) and two
onsumers (denoted by the subs
ripts 
i). The subs
ripts re
e
t the order in whi
h generators and11Note that su
h a Prolog program is in fa
t a de
larative implementation of the garbage 
olle
tor !19



test :- bg1( ). :- table b/1. :- table 
/1.
reate 
p. b(A) :- a( ), A = a. 
(1).
reate 
p :- fail. b(b). 
(2).a( ) :- 
reate 
p, X = xxx, 
g2(Z),( Z = 1 -> writeln(X), b
1( ); Z = 2 -> b
2( ), writeln(X)).a( ) :- g
 heap. SF(C  )

C1C
SF(C  )21

2

1
@Z @Z

2

xxx
@X

Figure 4: Program exhibiting trail sharing between suspended 
omputations in CHAT.
onsumers are en
ountered. Before garbage 
olle
tion o

urs, the state of a CHAT-based tabledabstra
t ma
hine is as follows: Ea
h of the two 
onsumers has had a part of its state separatelyCHAT-prote
ted till the younger of the two generators, 
g2(Z), and upon ba
ktra
king out ofthe 
hoi
e point of this generator, they need to have their state CHAT-prote
ted till their owngenerator bg2( ). In parti
ular, the part of the trail that lies between g1[TR℄ and g2[TR℄ is saved(as a value trail) on
e and is shared between the two 
onsumers. The situation is pretty mu
h thatdepi
ted in Figure 3 but in a more simpli�ed form; it is shown in detail as part of Figure 4.Now 
onsider the garbage 
olle
tion in the se
ond 
lause of a/1 and suppose that C1 is followedfor marking �rst. Variable X is unrea
hable for C1 (it is not used in either its forward or ba
kwards
ontinuation) and its binding 
an be early reset as far as C1 is 
on
erned. However, this a
tion iswrong as this variable (and its value) is also used in the forward 
ontinuation of C2 whose suspendedstate shares this part of the trail. As explained in Se
tion 5.1, the safe thing to do is to postponeearly reset from suspended 
onsumers until after marking of heap and lo
al sta
k has taken pla
efor all su
h 
onsumers.C Some more Performan
e �gures on Prolog Garbage Colle
torsThis se
tion represents the timings for a set of queries for programs whi
h 
an be summarized asfollows:makeds(N,DS1,DS2) :-N = 0, !,DS1 = [℄,DS2 = [℄.makeds(N,DS1,DS2) :-M is N - 1,longds(DS1,Rest1),shortds(DS2,Rest2),makeds(M,Rest1,Rest2).q1 :- makeds(15000,DS1,DS2), g
 heap, use(DS1,DS2).q2 :- makeds(15000, ,DS2), g
 heap, use( ,DS2).use( , ).The di�erent sorts of data stru
tures that the ben
hmark builds on the heap, are des
ribed in20



Table 5 by the fa
ts for longds/2 and shortds/2.left list longds([[[[[[[[[[Rj0℄j9℄j8℄j7℄j6℄j5℄j4℄j3℄j2℄j1℄,R) shortds(,R)right list longds([1,2,3,4,5,6,7,8,9,0jR℄,R) shortds([1jR℄,R)left f/2 longds(f(f(f(f(f(f(f(f(f(f(R,1),2),3),4),5),6),7),8),9),0),R) shortds(f(R,1),R)right f/2 longds(f(1,f(2,f(3,f(4,f(5,f(6,f(7,f(8,f(9,f(0,R)))))))))),R) shortds(f(1,R),R)Table 5: Constru
tion of the datastru
turesThe number 15000 was 
hosen be
ause higher numbers over
ow the C-sta
k that BinProloguses for its re
ursive marking phase. On the other hand, this is not a limitation for the othersystems: marking is implemented in SICStus by in-pla
e pointer reversal; in XSB and BIM by aself-managed sta
k. left list right list left f/2 right f/2q1 q2 q1 q2 q1 q2 q1 q2XSB 
opying 143 19 139 20 199 25 186 25BinProlog 277 36 144 24 276 34 145 24XSB sliding 219 48 229 51 322 72 267 61BIM 420 106 222 99 282 115 482 146SICStus 201 62 209 36 306 94 307 93Table 6: Performan
e 
omparison of Prolog garbage 
olle
tors using di�erent heap data sets.The �gures in Table 6 represent the timings for two queries with di�erent garbage 
olle
tionrates (high and low per
entage of useful data) for 4 di�erent data stru
tures: 2 are lists and 2are stru
tures 
onstru
ted with the fun
tor f/2; 2 are re
ursive to the left, and 2 are re
ursive tothe right. The di�eren
e in 
onstru
tor is relevant, as the WAM represents lists di�erently fromother binary 
onstru
tors, while the BinWAM treats them exa
tly the same. On the other hand,the BinWAM implements term 
ompression [18℄, a te
hnique whi
h redu
es every right re
ursivebinary 
onstru
tor to the optimized list representation (term 
ompression has a similar e�e
t on
onstru
tors with higher arity as well); but has no e�e
t on left re
ursive data stru
tures. Thismeans that a left list in the BinWAM takes one third more spa
e than in the WAM, a right list thesame, a left f/2 stru
ture takes one fourth more spa
e and a right f/2 stru
ture takes one thirdless. Also, in the BinWAM left list and left f/2 o

upy exa
tly the same amount of spa
e, as doright list and right f/2: this is 
learly visible from the �gures in the table.Another reason for measuring both left and right re
ursive data stru
tures, is that dependingon 
hoi
es in the marking algorithm, one 
an perform drasti
ally worse than the other.Some 
on
lusions 
an be made from the performan
e �gures in the table:� all 
olle
tors perform mu
h better on high per
entage of garbage than on low; this is as itshould be� XSB and SICStus Prolog are rather insensitive to the left/right issue, while BIM and Bin-Prolog are more sensitive: for both the marking s
hema is the reason, while for BinProlog,the term 
ompression asymmetry is as well� 
opying beats sliding; this is not immediately 
lear from the �gures: one must normalize(w.r.t. the e�e
t of term 
ompression and its asymmetry) the �gures of BinProlog to see this.21



It would have been interesting to have the timings separated out for the marking phase (whi
his the same in both 
opying or sliding), so that a 
learer insight 
ould be gained on what markings
hema is optimal.
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