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Abstra
tWe develop an algorithm for generational 
opying garbage 
ol-le
tion in the WAM based on three generations. We then general-ize this 3-generational algorithm to any number of generations. Anew segment order preserving 
opying garbage 
olle
tion algorithmthen follows in a natural way. In 
ontrast to previous segment pre-serving algorithms, the new algorithm does not require traversingthe sta
ks in the opposite order, at the 
ost of a O(log(n)) pointerlookup where n is the number of 
olle
ted heap segments. A trade-o� between pre
ision in the preservation of heap segment order andO(1) pointer lookup is presented. The algorithm gives an overallsimple and pra
ti
al way of implementing multi-generational 
opy-ing garbage 
olle
tion. Issues related to preserving generations onba
ktra
king and 
ut are also dis
ussed, as well as the impa
t ofgenerations on early reset.
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tWe develop an algorithm for generational 
opying garbage 
olle
tion in the WAM based onthree generations. We then generalize this 3-generational algorithm to any number of genera-tions. A new segment order preserving 
opying garbage 
olle
tion algorithm then follows in anatural way. In 
ontrast to previous segment preserving algorithms, the new algorithm does notrequire traversing the sta
ks in the opposite order, at the 
ost of a O(log(n)) pointer lookupwhere n is the number of 
olle
ted heap segments. A trade-o� between pre
ision in the preser-vation of heap segment order and O(1) pointer lookup is presented. The algorithm gives anoverall simple and pra
ti
al way of implementing multi-generational 
opying garbage 
olle
tion.Issues related to preserving generations on ba
ktra
king and 
ut are also dis
ussed, as well asthe impa
t of generations on early reset.1 Introdu
tionHeap garbage 
olle
tion has been studied in the 
ontext of Prolog and the WAM [16℄ in severalpla
es: [1, 14, 2, 3, 7, 9℄. Two dimensions in the whole spe
trum deserve parti
ular attention:
opying 
ompa
ting te
hniques and generational te
hniques. Copying te
hniques are of interestwhen there is a high per
entage of unrea
hable (garbage) data overall, and generational te
hniquesare interesting when the generational hypothesis holds: when young obje
ts are short-lived or diemu
h more qui
kly than old obje
ts; see e.g., [10, 8℄. There has been a reservation against 
opyingte
hniques within the Prolog 
ommunity mainly be
ause 
opying garbage 
olle
tion does not retainthe order of segments and thus prevents 
heap|a
tually 
onstant time|re
lamation of the heapon ba
ktra
king. However, [3℄ presents data showing that in pra
ti
e the performan
e 
ost ofthis loss is not so bad, while [5℄ shows how the order of the segments 
an be retained during the
opying 
ompa
tion so that the 
heap re
lamation of the heap on ba
ktra
king is not a�e
ted. Also,simple variants of generational 
opying garbage 
olle
tion have been studied before; see Se
tion 2.Generational garbage 
olle
tion is quite natural in the 
ontext of the WAM: while in a di�erentlanguage (fun
tional or imperative) the 
onsideration of generations requires the introdu
tion ofa write (or read) barrier and an ex
eption list, the WAM already 
aters for these 
on
epts in theform of 
onditional trailing, be
ause this me
hanism is needed for ba
ktra
king-based exe
ution.However, there are also some quirks to 
onsider: as a generation is naturally asso
iated with a (setof) heap segment(s) delimited by a 
hoi
e point(s), the question arises what to do in deterministi

omputations. This issue is dis
ussed in Se
tion 6. Also, generational s
hemes based on just



two generations (old/new) are sometimes unsatisfa
tory as they promote newly 
reated obje
tstoo early: there is nothing between the nursery and the san
tuary. At least in the 
ontext offun
tional [12℄ or obje
t-oriented [17, 15℄ languages, garbage 
olle
tion s
hemes with more thantwo generations have been developed and proven to be useful. Still, in the 
ontext of Prolog, thereis no eviden
e whether a s
heme based on multiple generations (hereafter termed n-generational)is worthwhile, as no su
h implementation has ever been tried. There does not even exist a 
learinsight in the algorithms needed to implement su
h a s
heme. This is exa
tly what we will do�rst: develop a generational 
opying algorithm based on three generations in Se
tion 3. Alreadyin this s
heme, there is a number of di�erent 
hoi
es that we will make expli
it. In the next step,Se
tion 4, we generalize this s
heme to support any number of generations and des
ribe exa
tly theasso
iated spa
e and time 
osts. We also show that by mapping heap segments|as delimited by
hoi
e points|to generations, we arrive naturally at a segment order preserving 
olle
tion s
heme.Se
tion 5 shows that a trade-o� between the amount of preserved segments and the asso
iatedtime 
ost 
an be made. To make the paper self-
ontained, we begin by a brief overview of garbage
olle
tion te
hniques and by introdu
ing some terminology.2 Garbage Colle
tion Te
hniques: Overview and Related WorkIn the WAM, the heap and trail are segmented by 
hoi
e points. That is, a new heap (and trail)segment is started after the 
reation of a new 
hoi
e point on the sta
k. Furthermore, the order ofsegments (and of their 
ells) is preserved. Thus, upon ba
ktra
king out of a 
hoi
e point, the heapsegment allo
ated after the 
hoi
e point 
reation 
an be instantly re
laimed (in the terminologyof [2℄).Mark&slide garbage 
olle
tionIn order not to lose the ability to perform instant re
laiming of the heap upon ba
ktra
king, Prologimplementations have usually opted for a mark&slide garbage 
olle
tor. At the higher level, markingmakes expli
it whi
h 
ells are rea
hable so that this information 
an later be used in 
onstant timeand also 
ounts the number of rea
hable 
ells|this number is needed in the sliding phase. Atthe lower level, marking follows a set of root pointers and the Prolog terms they point to whilesetting a mark bit for ea
h rea
hable 
ell. Marking 
an be performed by a re
ursive fun
tion, aself-managed sta
k, or by a pointer reversal algorithm [1℄. The sliding phase 
ompa
ts the heapby shoving the useful 
ells in the dire
tion of the heap bottom, thereby making a 
ontiguous areafree for 
heap allo
ation by pointer bumping. At the same time the root pointers are relo
ated:Morris' algorithm [11℄ is frequently used. Apart from the mark bit for ea
h heap 
ell, sliding alsorequires a 
hain bit for ea
h 
ell in the root set and in the heap. Notable 
hara
teristi
s of slidingare that the order of 
ells on the heap is retained and that its 
omplexity is linear in the size of the
olle
ted heap.Copying garbage 
olle
tion and the need for markingCompared to a sliding 
olle
tor, a 
opying garbage 
olle
tor is attra
tive be
ause its 
omplexity islinear in the size of the useful data in the heap (i.e., heap 
ells that are garbage are not visited).The usual 
opying algorithm (Cheney's [4℄) 
ompa
ts the heap (named the from-spa
e) by 
opyingthe terms rea
hable from root pointers to a se
ond semi-spa
e (named the to-spa
e). After the
olle
tion is �nished, the roles of the two semi-spa
es are swit
hed and the 
omputation happens2



in the old to-spa
e. Naturally, the allo
ation of new terms also happens at this se
ond semi-spa
e.Later 
olle
tions will again swit
h the roles of the two semi-spa
es. The main 
hara
teristi
s of
opying garbage 
olle
tion are: 1) the order of 
ells on the heap is not ne
essarily retained and thisinterferes with WAM's instant re
laiming; 2) the 
omputation 
an use only half of the availableheap spa
e (be
ause the two semi-spa
es exist at the same time).Copying garbage 
olle
tion algorithms in general do not require marking. However, as pointedout in [3℄, in the 
ontext of the WAM, double 
opying of internal 
ells is possible and thus one runsthe risk of ending up with a heap that is bigger than before garbage 
olle
tion. Obviously su
h asituation is undesirable and either a marking phase should be performed (as in [3, 5, 7℄), or onehas to postpone the treatment of su
h 
ells (as re
ently in [18℄). Even though the latter methodperforms well in the 
ontext of the 
olle
tor des
ribed there (the garbage 
olle
tion is restri
tedto the topmost segment only), postponing the treatment of internal 
ells seems impra
ti
al for
olle
tion of large portions of the heap. Furthermore, as was noti
ed in [5℄, the marking phase isindependently useful be
ause it 
ounts the number of useful 
ells, whi
h leads in turn to a moree
onomi
al utilization of memory by permitting an allo
ation of an exa
t to-spa
e area. We willhen
eforth assume that 
opying is always pre
eded by a marking phase, the allo
ation of the to-spa
e is exa
t and happens only on demand, and that at the end of the 
opying phase a 
opyba
koperation of the to-spa
e to the from-spa
e is performed: a simple mem
opy suÆ
es for this be
auseall pointers are set to their �nal destination in the �rst pass. The additional advantage of this
opyba
k is that the heap remains 
ontiguous. This simpli�es the usual WAM operations and its
ost is negligible.Generational garbage 
olle
tionGenerational garbage 
olle
tion [10℄ exploits the dynami
 property exhibited by many programsthat most obje
ts die young while a small per
entage live mu
h longer. The heap is divided intoa number of areas, 
alled generations, with ea
h area 
ontaining obje
ts of a parti
ular range ofages. The generations are 
olle
ted independently with the younger generations being 
olle
tedmore often. The frequent young generation (or minor) 
olle
tions re
laim the spa
e of the manyshort-lived obje
ts without in
urring the exe
ution 
ost of 
olle
ting the entire heap whi
h 
ontainsall the long-lived data (whi
h is likely to be still useful). In addition, as reported in the literature,minor garbage 
olle
tions have a mu
h smaller working set and result in less paging. Obje
ts whi
hsurvive long enough are promoted (or advan
ed) to an older generation, thus avoiding the 
ost ofrepeatedly res
uing them during minor 
olle
tions.In order for generational s
hemes to properly work, it should be possible to �nd all referen
esfrom obje
ts in old generations (those that are not 
olle
ted) to obje
ts in the 
olle
ted ones withoutvisiting the old generations. This 
an be a
hieved by the introdu
tion of a write-barrier1 whi
hre
ords the 
reation of inter-generational pointers on an ex
eption list so that these pointers 
an beused as part of the root set during ea
h minor 
olle
tion. This results in a non-negligible runtime
ost for supporting generational s
avengers. As mentioned, the WAM already 
aters for these
on
epts in the form of 
onditional trailing and there is no extra 
ost asso
iated with generationalgarbage 
olle
tion provided that generations 
onsist of a set of heap segments (as delimited by the
hoi
e points). This property has been exploited in the form of segmented garbage 
olle
tion (i.e.,where ea
h generation 
oin
ides with a heap segment) in the mark&slide 
olle
tor of SICStus [1℄.Ex
ept for the maintenan
e of exa
t generations after garbage 
olle
tion (an issue dis
ussed inSe
tion 6), adding generations to a sliding 
olle
tor is relatively straightforward as sliding preserves1Also read-barrier methods exist. 3



the order of segments.On the other hand, in the 
ontext of Prolog, only simple variants of generational 
opyinggarbage 
olle
tion have been studied before: Touati and Hama [14℄ use a 
opying 
olle
tor whenthe new generation 
onsists of the topmost heap segment (i.e., when no 
hoi
e point is present inthe new generation), while Bevemyr and Lindgren use a 2-generational s
heme with an immediatepromotion poli
y whi
h performs well on a set of three small ben
hmarks [3℄. The experien
e fromanother 2-generational s
heme, having the additional 
onstraint that the region to 
olle
t must �tin the 
a
he, is similar; see [9℄.Segments and generations seem to be 
losely related: a generation is a set of 
ontiguous seg-ments. However, as we will des
ribe in more detail in Se
tion 5, there is a third stru
ture on theheap that 
an be superimposed on segments and generations: we will name it a page. A page 
anspan several segments and generations. Also segments or generations 
an be spread over more thanone page. This independent page stru
ture allows for more 
exible generation management andprovides a time-spa
e tradeo� between pointer lookup during 
olle
tion and instant re
laiming.3 A 3-generational Garbage Colle
tion S
hemeWe name the three generations the nursery, the kindergarten, and the san
tuary (also known asmature obje
t spa
e). The aim is to delay the promotion of young data that might soon die byone (or more) minor garbage 
olle
tion 
y
le(s). Su
h a 3-generational s
heme is well known inother 
ontexts [15, 8℄ and the usual implementation|using two kindergarten areas of equal size|isdepi
ted in Figure 1. In words: at garbage 
olle
tion time, a 3-generational s
heme employs a more
onservative tenuring poli
y that promotes useful data from the old kindergarten to the san
tuary(identi�ed as a
tion 1 in the �gure) and from the nursery to the new kindergarten (a
tion 2). Theroles of the kindergartens are then inter
hanged. This s
heme is potentially more e�e
tive than a2-generational one, be
ause it is better at avoiding promotion to the san
tuary of data that arevery young when garbage 
olle
tion takes pla
e and were not yet given a proper 
han
e to die.
oldnew

kindergartens

allocation
nursery

sanctuary

1

2Figure 1: A generi
 s
heme for 3-generational garbage 
olle
tion.In the 
ontext of the WAM however, one also has to take into a

ount ba
ktra
king and inparti
ular the ability to perform instant re
laiming. In order to support this, usually Prolog imple-mentations allo
ate the heap as one 
ontiguous area. This means that putting the three generationsin di�erent areas as in Figure 1 is not pra
ti
al. Also, we would like to utilize the heap optimally,that is, we do not want to leave spa
e within the 
ontiguous heap between the generations. We willhen
eforth assume that the heap is one 
ontiguous area where the generations appear 
onse
utivelyin reverse 
hronologi
al order. 4



An initial s
hemeIn Algorithm 1 we present our initial 3-generational 
opying garbage 
olle
tion s
heme.Algorithm 1 A 3-generational 
opying garbage 
olle
tion (�rst take).1. Mark the useful 
ells in the nursery and the kindergarten while keeping a 
ount of how manyuseful 
ells ea
h 
ontains, say N and K;2. Allo
ate a to-spa
e of size (N +K) and an area that 
an hold a bit whi
h indi
ates whether ato-spa
e 
ell belongs to the old nursery (when not set) or to the old kindergarten (when set);3. Perform a Cheney 
opy|as des
ribed in e.g., [3℄|of the useful 
ells in the two youngest genera-tions of the heap to the to-spa
e, �lling the bit; pointers are relo
ated in this step so as to pointto the �nal destination of the 
ell they point to;4. The 
opyba
k from the to-spa
e to the heap is now a simple loop:kindergarten p = kindergarten begin; /* oldest 
ell of kindergarten */nursery p = kindergarten p+K;for (p = tospa
e begin; p < tospa
e end; p++)if (in oldkindergarten(p)) then *kindergarten p++ = *p; else *nursery p++ = *p;5. Promote obje
ts a

ording to the promotion poli
y employed;for example, for immediate promotion use:kindergarten begin = kindergarten p; /* alternatively: kindergarten begin += K; */nursery begin = nursery p; /* set it to 
urrent top of heap */Using an example, the �rst two steps of the algorithm are illustrated in Figure 2(a): startingfrom three root 
ells, the useful 
ells of the nursery and kindergarten areas of the heap have beenmarked. Note that the nursery 
onsists of more than one segment (this 
an be seen by the HBregister). The heap mark bits are shown as bla
k re
tangles at the left of the 
ells; heap 
ellswithout values are garbage and their values are not shown. An exa
t to-spa
e of 5+4 
ells isallo
ated together with a parallel bit array (shown to the right of to-spa
e) that keeps tra
k of thegeneration of the 
orresponding to-spa
e 
ell. The situation after the end of step 3 of the algorithmis shown in Figure 2(b): useful 
ells have been res
ued by following the root 
ells in the numeri
order shown and the result is a to-spa
e where nursery and kindergarten 
ells are intermixed. Notehow root 
ells and pointers in the to-spa
e have been relo
ated to point to their �nal destination.The small arrows in the marked 
ells on the heap, denote the forwarding pointers left by the 
opyingalgorithm. The 
opyba
k to the heap (step 4) is simple; it just requires two pointers (one for ea
hof the two areas in the old heap). As shown in Figure 2(
), the out
ome of the algorithm is a heapin whi
h the kindergarten 
ells 
an be added easily to the san
tuary (by moving the boundarybetween them) and by immediately promoting the nursery 
ells into the kindergarten (by settingthe nursery boundary to the new heap top). Note that the segments in the old nursery are 
ollapsedand that the order of useful 
ells within ea
h generation is not ne
essarily retained.An alternative s
hemeInstead of 
opying to the to-spa
e in su
h a way that 
ells from di�erent generations end upintermixed, one 
an also divide the to-spa
e before the res
uing begins to a memory area for theK-
ells and one for the N-
ells. This is easy to do sin
e theK and N 
ounts are known from step 1 of5
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(
) After 
opyba
k to heap.Figure 2: Illustration of Algorithm 1.the algorithm. We name these two memory areas (whi
h do not ne
essarily have to be 
ontiguous)segments be
ause after garbage 
olle
tion they 
orrespond to segments of the heap. The situationwhen all useful 
ells have been res
ued now be
omes as in Figure 3. One of the advantages of thisalternative 3-generational s
heme is that no extra bits are needed for these segments: one just makessure that the useful 
ells of the from-spa
e are 
opied to the 
orre
t to-spa
e segment. When thetwo segments are 
ontiguous, another advantage is that, like in a non-generational 
opying garbage
olle
tion, the 
opyba
k now be
omes a simple mem
opy. After garbage 
olle
tion is �nished, theheap is as in Figure 2(
). The disadvantage is that, as shown in Figure 3, one now needs a separates
an and next pointer for ea
h of the kindergarten and nursery segments of the to-spa
e, i.e. twopointers for ea
h 
olle
ted generation.It should be 
lear that both s
hemes preserve the 
omplexity properties of 
opying garbage
olle
tion: the work performed is proportional to the size of useful 
ells in the 
olle
ted generations.The same also holds for the other s
hemes presented later.4 From Multiple Generations to Segment Order Preservation4.1 A n-generational garbage 
olle
tion s
hemeThere is a rather straightforward generalization of this alternative s
heme to more than threegenerations: for ea
h generation, one needs a 
ounter keeping tra
k the number of useful 
ells init. The update of this 
ounter happens during the marking phase and the main problem thereis given a pointer into the heap, �nd the generation it points to. We name this operation thelookup of a heap pointer. Sin
e the boundaries of these generations are known and 
an be kept asa ordered data stru
ture, the lookup operation 
an be made logarithmi
 in the number of 
olle
tedgenerations. Known te
hniques 
an make the lookup even 
onstant time, but these rely on page6
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opy to a segmented to-spa
e.boundaries and this a�e
ts the Prolog heap philosophy. We postpone dis
ussion of this issue tillSe
tion 5. Also, one needs a s
an and next pointer for ea
h generation.To sum up: the 
ost of n generations in this s
heme, is the allo
ation of n 
ounters, n s
an andn next pointers, and a O(log(n)) lookup fun
tion.4.2 Segment order preserving generationsThe s
hemes presented so far, are not segment order preserving be
ause after garbage 
olle
tion allsegments of parti
ular generation are 
ollapsed into a single segment (
f. Figure 2(
)).However, it is rather simple to see that we already have enough ingredients for a segmentorder preserving garbage 
olle
tor: just let every segment 
oin
ide with a generation (i.e., restri
tthe previous s
heme so that generations 
onsist of only one segment). In 
ontrast to the methoddes
ribed in [5℄, we do not need to traverse the WAM 
ontrol sta
ks (
hoi
e point and lo
al sta
k)in the opposite order making the basi
 s
heme simpler. We defer further 
omparison to Se
tion 7.4.3 The non-determinism in n-generational 
opyingThe usual (non-generational) Cheney 
opying algorithm 
onsists of an inner loop of the form:while (s
an < next)if (points to from spa
e(*s
an))then 
opy blo
k(s
an); /* this advan
es next */ �s
an++;For n generations, we have pointers s
ani and nexti for i = 1::n. The inner loop now be
omes:while ((S = fj j s
anj < nextjg) 6= ;)i = pi
k from(S);if (points to from spa
e(*s
ani))then 
opy blo
k(s
ani); /* this advan
es some nextj */ �s
ani++; 7



The non-determinism in this algorithm is in the 
hoi
e of the segment to work on: any 
hoi
e is
orre
t, and we see no a priori reason to prefer one 
hoi
e over the other. Possibly lo
ality reasons
an di
tate a parti
ular 
hoi
e.5 Pages as an Approximation of SegmentsFor the sake of explanation, we 
onsider the heap 
onsisting of a region that will be 
olle
ted and asan
tuary, and perform 
olle
tions by a (variant of the) segment order preserving 
opying 
olle
tordes
ribed in Se
tion 4. As we noted there, the 
ost of looking up the segment number at whi
h apointer p points is in prin
iple O(log(n)) where n is the number of segments. If segments were allthe same size (and 
ontiguous as we always have kept them) su
h a lookup fun
tion 
ould be made
onstant time by the formula: (p� start heap)=segment sizeand if the segment size were a power of 2, the division 
ould even be repla
ed by a right shift. Su
hni
ely-sized segments would then ea
h 
orrespond to a page. Now suppose that two 
onse
utivesegments ea
h have half the size of a page. In order to use the page idea, one 
ould de
ide to
ollapse these two segments, i.e., after garbage 
olle
tion, some segment order is lost, but mostis retained. Clearly, one has made a trade-o� between the pre
ision with whi
h segment order ispreserved and the usage of pages to speed up the pointer lookup. In pra
ti
e of 
ourse, segmentsdo not have ni
e sizes, so the question naturally arises whether the idea of approximating segmentsby pages 
an be extended and what the trade-o� really means. First, note that the a
tual size ofa page (power of 2) is not important, so when we use the word page later on, it will mean a regionwith a �xed, but otherwise unspe
i�ed size.Consider the situation of heap and 
hoi
e point sta
k in Figure 4(a): the 
olle
ted heap 
ontains5 segments, delimited by 5 
hoi
e points and the 
urrent H pointer. Some of the useful data ismade expli
it: a, b, 
, d, e, f and g. Three pages have been superimposed on these segments: thepage stru
ture is 
learly independent of the segmentation. In Figure 4(b), we �nd the situationafter the 
olle
tion: 
ells a and b used to belong to a di�erent segment, but be
ause they belongedto the same �rst page, they now belong to the same segment. In 
ontrast, 
ells b and 
 used to livein the same segment, but in di�erent pages, so after 
olle
tion, they end up in di�erent segments.The loss in pre
ision of segments is quite 
lear now be
ause the new segments 
orrespond to the
olle
ted pages, or a
tually rather to a subset of them, sin
e some pages might 
ontain no usefuldata and of 
ourse one 
annot have more segments than 
hoi
e points.Multiple generations 
an also be 
onsidered in 
ombination with pages. First of all, the �rstpage must start at the boundary between 
olle
ted and non-
olle
ted generations; this boundaryneeds to also a
t as a write-barrier. Se
ondly, pages now 
an approximate generations, whi
hmeans that not all data in a generation after a 
olle
tion ne
essarily survived the same number of
olle
tions.It now be
omes more apparent that we are dealing with 3 divisions of the heap, whi
h are tosome extent independent: segments are pres
ribed by the H pointers from the 
hoi
e points; pagesare 
hosen freely, as long as the upper boundary 
oin
ides with a segment boundary above whi
hnothing is 
olle
ted; while generations are 
olle
tions of data that survived the same number of
olle
tions. Be
ause of pages, this notion of generation is not very useful anymore.Pages show that there is a gra
eful degradation from totally segment order preservation to the
opying s
heme of [3℄ whi
h from the page point of view puts all segments on the same page.8
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ome segments after GC.Figure 4: Segments and pages before and after garbage 
olle
tionIf there is the need or wish to absolutely preserve the order of all the segments, one 
an try touse WAM 
hara
teristi
s to avoid the general lookup pro
edure, e.g., in the WAM, the argumentsof a stru
ture ne
essarily belong to the same segment as the header. More heuristi
s might bedis
overed when more detailed heap pro�ling data be
omes available. Also, there exist te
hniqueswhi
h �rst do an approximate lookup with a simple address 
al
ulation whi
h narrows down thelogarithmi
 sear
h afterwards; see e.g., [8℄.An extreme 
ase: one 
ell per pageSuppose heap 
ells all have the same size (this is true in most Prolog implementations). One 
anthen 
hoose the page size exa
tly the same as the size of a 
ell, i.e., ea
h 
ell has its own page. The
ount of useful data for ea
h page 
an be at most 1, and a
tually the 
ount for a page equals themark bit for the 
ell it 
ontains, so no 
ounters for pages are needed. On the other hand, we needa s
an and a next pointer for ea
h page (even for the empty ones if we want 
onstant time a

ess tothem); sin
e s
an and next either di�er by 1, or are no longer needed, one 
an do with a s
an pointeronly. The linear table in whi
h to store these s
an pointers is now a
tually a translation table fromold to new addresses for useful 
ells and it has the size of the heap. This extreme 
ase 
orrespondsto a s
heme that preserves the order of all 
ells and not just that of the segments as in [5℄. In thisrespe
t it is like a sliding algorithm, albeit at a very high spa
e 
ost. It is also reminis
ent of breaktable methods [8℄.
9



6 Delimiting Colle
ted GenerationsIn generational garbage 
olle
tion, one needs to re
ord somehow the pointers that the mutatorwrites in a 
olle
ted generation that point to the new generation. Or put in other words, pointersfrom the region that will not be subje
t to garbage 
olle
tion to the region that will. Read-or write-barriers have been used, but for Prolog, it is natural to use the trailing me
hanism as awrite-barrier, be
ause the WAM already provides it and making another use of the same me
hanismdoes not put an extra 
ost on the exe
ution. The general idea is that the most re
ent 
hoi
e pointat the time of garbage 
olle
tion will delimit with its H-pointer the 
olle
ted generation: this is
learly an approximation for a segment order preserving 
olle
tor (sliding or not).Besides pre
ision, there are at least four more issues to 
onsider: deterministi
 exe
ution, ba
k-tra
king, the Prolog 
ut, and analysis. The problem with ba
ktra
king is that the write-barriermight have to move ba
kwards. The problem with 
ut is that the write-barrier might disappear.The problem with deterministi
 exe
ution is that normally no trailing takes pla
e. The problemwith analysis is that there exist analysis te
hniques whi
h 
an determine that trailing is not ne
es-sary. The latter issue 
an be dealt with in two ways: either not use the results of su
h a do-not-trailanalysis, or use the analysis but also store 
ompile time information that allows at garbage 
olle
-tion time to �nd out whi
h 
ells have not been trailed be
ause of analysis. The latter te
hnique isreminis
ent of live variable maps, or type maps, but as far as we know has never been des
ribednor explored. The rest of this se
tion deals with the other three issues.6.1 Deterministi
 exe
utionConsider the following program:main(N) :- mklist(N,L) :- do g
(N) :-mklist(N,L), (N =:= 0 ! N > 0,do g
(N), L = [℄ g
 heap,use(L). ; M is N - 1,M is N - 1, do g
(M).L = [NjR℄,mklist(M,R)). use( ).For a given integer N , the query ?- main(N). is 
ompletely deterministi
: no 
hoi
e points are
reated. If not for the 
all to the 
olle
tor, its 
omplexity would be linear in N . However, sin
ethere is no 
hoi
e point a
ting as a delimiting barrier between the 
olle
ted area and the new area,the 
omplexity is e�e
tively quadrati
 in N , be
ause the 
reated list (of length N) is subje
t to
olle
tion N times. Su
h behavior has been observed in pra
ti
e.Now 
onsider the following variant of the above program:main(N) :- mklist(N,L) :- do g
(N) :-mklist(N,L), (N =:= 0 ! N > 0,do g
(N), L = [℄ g
 
p,use(L). ; M is N - 1,g
 
p :- M is N - 1, do g
(M).g
 heap. L = [NjR℄,g
 
p :- mklist(M,R)fail. ). use( ).10



The only di�eren
e is that just before ea
h 
olle
tion, a 
hoi
e point is pushed (by the g
 
p/0predi
ate): this 
hoi
e point will a
t as a generation-delimiter 
hoi
e point whi
h 
an be used by agenerational 
olle
tor to avoid repeated 
olle
tion of old data. The e�e
t is that the query be
omeslinear again. The a
tion to take on garbage 
olle
tion is thus simply to:push a generation-delimiter 
hoi
e point (denoted gen 
p).For the 
urrent purpose, the alternative �eld (the failure 
ontinuation) of gen 
p 
an be set to aspe
ial instru
tion that basi
ally removes the 
hoi
e point and fails, but whi
h is distinguishablefrom any other possible alternative. From the 
hoi
e point 
hain at the moment of the next
olle
tion, it is now easy to re
ognize the 
hoi
e point(s) delimiting a generation.This solution to the determinism problem of generational garbage 
olle
tion seems folklore andused to be implemented in ECLiPSe but was later swit
hed o� by default be
ause it seemed to
ause problems.2 It has re
ently been adopted in SICStus Prolog. When segment preservation isnot an issue, an alternative to pushing a generation-delimiter 
hoi
e point, is to set the H pointerof the most re
ent 
hoi
e point3 and HB to the 
urrent top of heap, and perform a similar a
tionfor the environment sta
k. Finally, in a generational s
heme with an immediate promotion poli
y,one 
an easily avoid pushing more than one su
h 
hoi
e points immediately after ea
h other.This solution retains the advantages of generational garbage 
olle
tion in deterministi
 pro-grams, but the next se
tion will illustrate the problems with : : :6.2 Ba
ktra
kingWe will �rst assume that one wants to distinguish pre
isely the data that survived a heap garbage
olle
tion from the new data; in Se
tion 6.4 we will shortly dis
uss the impa
t of relaxing thisrequirement. We also need to dis
uss separately the 
ase of segment order preserving and the 
aseof non segment order preserving garbage 
olle
tion.6.2.1 Non segment order preserving garbage 
olle
tionWe assume the possibility of pushing a gen 
p 
hoi
e point in the 
hoi
e point sta
k: gen 
p 
anbe distinguished from any other 
hoi
e point and we 
an put in its �elds whatever information wewant. The general idea is to push a gen 
p every time a garbage 
olle
tion o

urs. Also, a gen 
pis pushed at the top-level, i.e., the oldest 
hoi
e point on the sta
k is a gen 
p. After a numberof 
olle
tions have taken pla
e, the sta
ks might look as in Figure 5(a): the gen 
p 
hoi
e pointsare shown shaded. We keep links in the gen 
p 
hoi
e points from one gen 
p 
hoi
e point to thenext younger one. We will also keep an extra data stru
ture|an array will do and its managementis not diÆ
ult|whi
h 
ontains information about the ba
ktra
ked over gen 
ps as long as theyare relevant: we name this the remembered gen 
p set. Suppose ba
ktra
king o

urs to a 
hoi
epoint between gen 
p's 1 and 2. This happens in several stages: First gen 
p 3 is ba
ktra
ked to:its alternative �eld points to 
ode that 
opies the gen 
p 
hoi
e point4 to the remembered gen 
pset. The link from gen 
p 2 is set to point to the 
opy of gen 
p 3. Then gen 
p 3 is removedfrom the sta
k and failure is initiated. Later, ba
ktra
king o

urs to gen 
p 2: it is 
opied to theremembered gen 
p set and gen 
p 3 is removed from it, be
ause it is no longer the delimiter of anexisting generation. The link from (the 
opy of) gen 
p 2 to the 
opy of gen 
p 3 is removed and2Note by J. S
himpf in 
omp.lang.prolog, O
tober 1999.3One 
an assume there is always at least one 
hoi
e point.4It is enough to 
opy only some of the information in a gen 
p.11
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tion.Figure 5: Use of generation-delimiter 
hoi
e points.the link from gen 
p 1 is adapted to now point to a 
hoi
e point in the remembered gen 
p set.gen 
p 2 is removed from the sta
k and failure o

urs. The situation be
omes as in Figure 5(b).Let there now be some forward 
omputation, with 
hoi
e points 
reating 3 new segments. Wearrive at the situation shown in Figure 5(
). If garbage 
olle
tion now o

urs, we 
an �nd, startingfrom the oldest gen 
p, all the generations. If we also keep in a gen 
p its age, i.e., the numberof times this generation was 
olle
ted, we have 
omplete information on the generations. Aftergarbage 
olle
tion, we push a new gen 
p 4, whi
h is linked to the saved gen 
p 2; see Figure 5(d).6.2.2 Segment order preserving garbage 
olle
tionWhen segments are preserved|either by sliding or using another way|the situation be
omesslightly more 
ompli
ated, as now the boundary of the topmost generation 
an move be
ause ofba
ktra
king. Still, the CHAT -tri
k ([6℄) 
an be applied here: on ba
ktra
king over a gen 
p, we willpromote the now top Prolog 
hoi
e point to a gen 
p by stealing its failure 
ontinuation. We makeit point to an instru
tion (
alled gen g
) that 
ontains as argument the old failure 
ontinuation andan indi
ation on where to �nd the generation and linking information in the array. The situationis slightly di�erent from the one in [6℄ be
ause the exe
ution of the gen g
 instru
tion must adaptits own operand to re
e
t the 
hange of alternative of the original 
hoi
e point, instead of �llingout a new alternative in the 
hoi
e point. Also, depending on whether the stolen Prolog alternativewas a retry or a trust, the a
tion is di�erent, whi
h means that in a native 
ode implementation,this is slightly more 
ompli
ated than in an emulator. The management of the saved (now possiblypromoted) gen 
p, is similar to the one in the previous se
tion.6.3 CutUp to now, we have not 
hanged the normal WAM exe
ution, i.e., no WAM a
tion has been
hanged. With 
ut, the situation is more involved: one of the normal a
tions of 
ut is to reset12



the HB register to the H-value of the youngest 
hoi
e point that survives the 
ut. This a
tionpotentially destroys the write-barrier(s). Just remembering the barriers (e.g., by saving them asin the previous se
tion) is not enough: if 
ut does not immediately re-install the write-barrier(s),some essential inter-generational pointers 
an be lost and it is unsafe to 
ontinue 
onsidering thegenerations as areas that 
an be 
olle
ted separately.So, if generations need to be retained exa
tly on 
ut, the solution we propose is the following:Cut 
he
ks whi
h 
hoi
e points it 
uts away. Any 
ut away gen 
p must be pushed ba
k on the 
hoi
epoint sta
k, after the normal 
ut a
tion; this must in
lude any gen 
p saved in the rememberedgen 
p set data stru
ture whi
h is younger than the youngest surviving 
hoi
e point. This way,all information about generation boundaries is preserved. Then HB is set to the H-value in thetopmost 
hoi
e point.Many Prolog implementations already visit the 
hoi
e points whi
h are 
ut away for otherreasons, so this s
heme seems not to make 
ut 
onsiderably more expensive.6.4 Relaxing the pre
ision requirementIf the gen 
p 
hoi
e points are not kept in a separate area on ba
ktra
king as in Se
tion 6.2.1,or not pushed ba
k as in Se
tion 6.3 one 
an no longer re
onstru
t the generations exa
tly: thegen 
p 
hoi
e points that are on the 
hoi
e point sta
k are insuÆ
ient in general. However, one
an de
ide to make the management of gen 
p 
hoi
e points simpler, at the 
ost of suboptimalgeneration management. An experimental evaluation is needed to determine whether this trade-o�is reasonable in pra
ti
e.7 Comparison with another Segment Order Preserving MethodAs far as we know, only one segment order preserving 
opying 
olle
tor in the 
ontext of WAMexisted before: it was implemented in the BinProlog system [5℄. The method starts by marking inthe usual way from new to old. Then the 
opying phase visits segments in the root set (withoutenvironments in the BinProlog 
ase, but the te
hnique 
an be adapted to the usual WAM) fromolder to younger: in this way heap segments are 
opied also from old to new, whi
h is one ingredientof the segment order preserving property. There are two other essential ingredients in this algorithm:1. when a heap 
ell is 
opied to its segment and it points to a newer segment, this referen
e isnot treated immediately; instead it is postponed until the moment it is en
ountered on thetrail: it will ne
essarily appear there be
ause of the trailing me
hanism of the WAM;2. dual to this, it is possible that a heap 
ell is 
opied be
ause its �rst referen
e was found onthe trail: in this 
ase the 
ell resided in an older segment than the one in whi
h it ends upafter 
olle
tion.The latter, 
alled rejuvenation of data, is a ni
e property of the 
olle
tor in [5℄, be
ause at no extra
ost, it manages to make some data available for instant re
laming sooner than normally.At �rst sight this rejuvenating potential of [5℄ seems a good idea. However, in the presen
e ofgenerations, it is possible that data that 
ows from an older to a newer segment, is also moved froman older generation to a newer one, e.g.,, to the nursery, whi
h means that possibly the same data isrepeatedly subje
t to minor 
olle
tions, whi
h is exa
tly what generational garbage 
olle
tion triesto avoid. Espe
ially in view of the fa
t that this rejuvenating behavior 
annot be avoided withouta high 
ost, it is not 
ompletely 
lear whether it is an asset in the generational 
ontext.13



Our segment order preserving 
olle
tor on the other hand, does not move data from one segmentto another: in fa
t, the traversal from older to newer segments is essential for rejuvenation. Also ourmethod depends 
ru
ially on knowledge of the amount of live data in ea
h segment (or generation)before the a
tual 
opying starts. A
quiring this information in a rejuvenating 
olle
tor, wouldrequire an extra 
ounting pass between the marking and the 
opying phase.A se
ond issue that needed to be dealt with in the 
ontext of BinProlog, was the preservationof term 
ompression; see [13℄. This is a parti
ular term representation optimization that withinthe tag-on-data s
heme allows for a form of generalized 
udder-
oding, so that the same spa
esavings as for lists in a tag-on-pointer s
heme 
an be obtained for all binary fun
tors, and in fa
tfor every 
ompound last argument of a stru
ture. It is essential that garbage 
olle
tion retains this
ompression, otherwise the 
olle
ted heap is possibly larger than the original. Sin
e only 
ontiguousmarked areas are 
opied, this is rather straightforward, ex
ept that some 
ompressed terms mightspan segments|or even generations. In that spe
ial 
are must be taken. The same te
hniquesapply to both 
ases. This is dis
ussed in more detail in Appendix B.To sum up the di�eren
es and similarities between the two segment order preserving 
opyingmethods:� both use the same new to old marking, but the new method also 
ounts per segment (or gen-eration) the useful 
ells during the marking; in prin
iple, this 
ounting involves a O(nlog(n))time 
ost where n is the number of segments. If segments 
oin
ide with pages, the extra spa
e
ost in bits islog(pagesize) � heapsize=pagesize + 2 � bitsizeof(pointer) � heapsize=pagesizewhere heapsize is the size of the 
olle
ted heap; the �rst term in the formula 
orresponds tothe size of the 
ounters, the se
ond to the spa
e needed for the s
an and next pointers forea
h page� during the 
opying phase, the old method must treat root pointers from old to new: thisrequires an unnatural traversal of the 
ontrol sta
k; in 
ontrast: the new method 
an 
opyroot pointers in arbitrary order� the old method is by design rejuvenating: data ends up in the oldest segment from whi
h itis rea
hable; the new method by design preserves the segments (and the generations) exa
tly.8 Con
lusion and Future WorkThis work provides a better understanding of the issues in generational 
opying garbage 
olle
tionin the 
ontext of the WAM. One major point is that the stru
ture of generations and segments
an be enri
hed by what we named pages, in order to allow full 
exibility and 
ontrol over thetrade-o� between the amount of segment order preservation and the asso
iated time and spa
e
osts. Our work also shows that although it seems natural to make the generational aspe
t of the
olle
tor 
ooperate|or even 
oin
ide|with its segment order preservation aspe
t, these are in fa
torthogonal issues to some extent.By no means does this work alone suggest that an n-generational garbage 
olle
tor (n > 2)in a WAM-based Prolog system is useful. In fa
t, for n large enough, it is unlikely. However,one should not easily dismiss the usefulness of multi-generational s
hemes; the experien
e frome.g., fun
tional programming is di�erent (SML/NJ uses a 14-generational s
heme [12℄). Withoutan a
tual implementation and extensive performan
e measurements, 
on
lusive statements 
annot14



easily be made. We do o�er a pra
ti
al s
heme to implement an n-generational garbage 
olle
torand 
onsequently plan to implement this s
heme in the 
ontext of the XSB system where we havealready developed a 
opying 
olle
tor (des
ribed in [7℄). We anti
ipate that apart from experimentalevaluation of issues addressed in this paper, the implementation will also provide new data andinsights in memory management for the WAM.A
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A The Impa
t of Generations on Early Reset5The idea of early reset (or virtual ba
ktra
king ; see e.g., [2℄) in the WAM is that a trailed heap
ell whi
h is not rea
hable for the forward 
omputation (but might be so on ba
ktra
king) 
an beset to unbound during garbage 
olle
tion and the trail entry itself 
an be dis
arded as well. Earlyreset opportunities are re
ognized during marking and it is essential that the forward 
ontinuationis marked before the alternatives.At �rst sight there seems no reason why early reset should be a�e
ted by generations: markingtakes pla
e in the order from newer to older segments, exa
tly as early reset needs. However, theaim of having generations is exa
tly not to mark nor traverse the old generation (for the sake ofsimpli
ity, assume there are just two generations). This means that marking does not follow rootpointers (or pointers from the new generation) that point into the old generation. Pointers fromthe old into the new generation are found on the trail. Early reset in this 
ontext is no longerpossible. Indeed, 
onsider the following two very similar programs:Program 1 Program 2 Common to both programsmain :- main :- a([foojt(1)℄).X = [foojTail℄, X = [foojTail℄, a( ).new generation, new generation,a(X), a(X), use( ).g
 heap. g
 heap,use(X). ?- main.The predi
ate new generation/0 is meant to delimit the two generations: assume the 
olle
torwas 
alled. In Figure 6(a) this is visible by the shading of the old generation.
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(b) State for Programs 3 and 4.Figure 6: States just before the trail entry is used: nothing is marked yet.The situation on the heap is shown in Figure 6(a) at the moment that the trail pointer is used:nothing is marked, even though the environment of main/0 has been treated already (Emain pointsto this environment). As far as the snapshot is 
on
erned, the situations are the same for bothprograms: the trail entry points to a non-marked 
ell. The deeper reason for this is di�erent forthe two programs: in the �rst program, X is not used in the forward 
ontinuation of the 
olle
tion.This means that X, although in the environment of main/0, is not live for the forward 
omputationand should not be marked. In the se
ond program, X is live, but sin
e its header resides in the oldgeneration, it is not marked. It is now 
lear that early reset for the se
ond program is wrong: the5These two appendi
es 
ontain supplementary material whi
h is not part of the submission.17



use/1 goal would lose the t(1) term. Sin
e from the mark bits at the moment of treating the main/0query it is impossible to distinguish the 
ase where early reset would be 
orre
t (Program 1, sin
e Xis not even live) from the 
ase where it is in
orre
t, early reset should not be performed. Moreover,the pointer from the old to the new generation must be followed for marking and this leads, inProgram 1, to marking the data stru
ture t(1) that will not be used after garbage 
olle
tion.The previous example showed that early reset in the old generation is not possible; this has alsobeen mentioned in [1℄, albeit without detailed explanation. The next example shows that also inthe new generation early reset is forbidden. This has not been reported in the literature.Program 3 Program 4 Common to both programsmain :- main :- a(Z) :- Z = ans(42).X = [foojTail℄, X = [foojTail℄, a( ).new generation, new generation,Tail = bar(Y), Tail = bar(Y), use( ).a(Y), a(Y),g
 heap. g
 heap,use(X). ?- main.Whether the 
ontinuation of the g
 heap/0 goal uses X or not, 
annot be seen from the marking atthe moment that trail entry for Z is found. Consequently, early reset 
annot be performed safely.This time, the trail entry under 
onsideration points to the new generation; see Figure 6(b).Variable shunting (see e.g., [2℄) on the other hand does not require marking from the root set,but from the trail. It is totally 
ompatible with generational garbage 
olle
tion.
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B Preserving Term Compression during Garbage Colle
tionTerm 
ompression is a te
hnique des
ribed in [13℄. A heap garbage 
olle
tor must preserve term
ompression, sin
e otherwise the representation of the live data might grow. Note that a sliding
ompa
ting 
olle
tor preserves term 
ompression without requiring any 
hanges. As for a 
opying
olle
tor, the marking phase whi
h is used to prevent multiple 
opying of the same internal 
ell,largely 
aters for the preservation of term 
ompression: sin
e the region 
opied is always a maximal
ontiguous marked region, most of the time 
ompressed terms are 
opied together, so 
ompressionis preserved. However, the term 
ompression s
heme also breaks the following WAM invariant:The dire
t arguments of a 
ompound term belong to the same segment as the term's header.With term 
ompression, this is no longer true. Consider the exe
ution of ?- main. against thepie
e of program shown in Figure 7(a). In Figure 7(
), HB points to the segment boundary. It is
lear how the term bar(b) has its header in the older segment and its argument in the newer one. Ifthe term foo(a,bar(b)) is live at the moment of garbage 
olle
tion, its 
ompressed representationmust be preserved. Clearly, a 
opying 
olle
tor does not have this property in general and 
hangesmust be made to it.main :-put in heap(foo(a,X)),new segment(X).put in heap( ).new segment(Z) :- Z = bar(b).new segment(...).(a) Program where term 
ompression o

urs.
a

foo/2

X HBH(b) Before uni�
ation of Z.
a

b
bar/1

foo/2

H
HB(
) After uni�
ation.Figure 7: Example program and heaps showing term 
ompression a
ross segments.The idea used in the implementation of [5℄ 
an be adapted as follows: In the �rst phase of thealgorithm, before any other 
ell of a segment S (or generation or page) is 
opied, one 
an 
opythe blo
k of marked 
ells that span S and its su

essor to the end of the appropriate part of theto-spa
e. A small adaptation in the termination test for the Cheney algorithm [4℄ is still needed,but this is straightforward. Note that in prin
iple a term 
an span several segments.
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