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tSu

essful Prolog implementations are often based on WAM. While WAM is a very goodstarting point, it leaves 
ertain issues open and also allows within its framework a lot of varia-tions, optimizations and extensions, e.g. regarding the term representation, the instru
tion set,the memory organization, the represented data et
. It is therefore no surprise that di�erent im-plementations of Prolog have su

essfully exploited in di�erent ways the freedom left by WAM.While su

essful within their parti
ular 
ontext, it is diÆ
ult to assess the merit of a parti
ularvariation. This work des
ribes an attempt to do exa
tly that: Within one basi
 implementation- dProlog, based on WAM and using the XSB 
ompiler - four term representations were imple-mented and 
ompared. Ea
h of these representations has been used by some su

essful system,so it is worthwhile to have empiri
al data on their performan
e while keeping all other thingsequal. Still within dProlog, we also report on di�erent 
hoi
es in the emulator for WAM. Sin
edProlog is a reasonably eÆ
ient Prolog system, it is relevant to measure the impa
t of these
hoi
es.1 Introdu
tionWAM 1 has been the basis for many Prolog systems, also the most su

essful ones. WAM leavesopen 
ertain issues like the implementation of 
ut, dynami
 
ode et
. but even when it spe
i�esother issues, they 
an be variated on and one 
an 
onsider su
h variations often still as WAM in thebroad sense. Examples are optimizations like instru
tion 
ompression, new ways to propagate theread-write mode, the organization of the sta
ks or a di�erent tagging s
hema. Another variation -the one that is of interest to this paper - 
on
erns the term representation itself: e.g. while WAMinitializes permanent variables on the lo
al sta
k when possible, other implementations have 
hosento globalize permanent variables on their �rst o

urren
e (BIM Prolog always, AQUARIUS [15℄under 
ertain 
onditions) and 
onsequently do not have to deal with unsafe variables; PARMA [14℄represents the binding between two free variables di�erently from WAM and this makes dereferen
-ing a 
onstant time operation; BinProlog [13℄ employs a tag on data s
hema instead of the WAMtag on pointer s
hema. Ea
h of these variations on WAM has been su

essful to a 
ertain extentwithin its own 
ontext: BIM Prolog used native 
ode generation (whi
h was new at the time);BinProlog binarizes 
lauses before 
ompiling them [12℄; PARMA [14℄ and AQUARIUS [15℄ rely onabstra
t interpretation for their top speed. Be
ause the 
ontext of the implementation of the dif-ferent term representations has been di�erent, it is not at all 
lear how these term representations1we assume knowledge of WAM; see for instan
e [1℄



really 
ompare, i.e. there has been no empiri
al study of the impa
t of 
hanging within one eÆ
ientsystem the representation of e.g. tag-on-pointer to tag-on-data, all others things kept equal.This is exa
tly what we aimed to do and present in this paper: set up an experiment whi
h
ompares dire
tly the four above mentioned term representations in the same implementation.Su
h an experiment only makes sense in the 
ontext of a reasonably 
omplete and fast Prologimplementation. So we 
ould have started from an existing eÆ
ient system like Yap [4℄ or SICStus[3℄ and do the experiment there. However, be
ause of our prior involvement with XSB (see e.g. [7℄),and also be
ause 
hanging su
h 
omplete systems tends to be very time 
onsuming, we de
ided tostart almost from s
rat
h: we borrowed the XSB 
ompiler 2 for the generation of abstra
t ma
hine
ode (XSB is largely WAM based) and we built a new emulator. This had the additional advantagethat we 
ould bene�t from the experien
e reported in [4℄ and partly redo the experiment reportedon there. Also, our involvement with indu
tive learning [6℄ required us to write a Prolog systemfrom s
rat
h at some point anyway.We named the resulting Prolog system dProlog: it is 
omplete enough to bootstrap itself(
ompiler, toplevel, reader and a number of builtins written in Prolog) and allow rudimentary boxlevel debugging, but it is not more 
omplete than needed for the experiment; in parti
ular dynami
predi
ates, the �ndall family of builtins, ex
eption and interrupt handling, modules and garbage
olle
tion have not been implemented: su
h features 
an be added without a�e
ting the rest of thesystem speed wise 3 and therefore their absen
e does not in
uen
e our �ndings.So one basi
 
hoi
e was to sti
k largely with the XSB 
ompiler: se
tion 2 
ontains more in-formation on this issue. The other 
hoi
e was to remain in the emulator business: the results ofour experien
e might not immediately be valid for native 
ode generating systems. But it 
learlydoesn't make sense to study the impa
t (speed or spa
e) of 
hanges in a system that is belowstandard: e.g. the di�eren
e between two tagging s
hemas might never show in the slow emulatorof BIM Prolog.This meant we set the standard quite high given the sometimes bad 
ode that the XSB 
ompilergenerates: we wanted dProlog to be in the same ball park as SICStus Prolog emulated with allbells and whistles (i.e. using g

 extensions). SICStus Prolog does not have the fastest emulatoraround these days: Yap [4℄ beats SICStus Prolog 
onsistently. So we de
ided to use similar ideasas Yap in the implementation of the emulator. As a 
onsequen
e dProlog performs as good as Yapfor 
ertain ben
hmarks - espe
ially the smaller ones - but given our 
hoi
e of XSB for generatingthe 
ode to be emulated, dProlog has no 
han
e to get on par with SICStus Prolog. Still, we feltthat the initial goal was met, at least on the hardware we were experimenting on: Pentium II, 260MHz, 128Mb. We report on the aspe
t of performan
e 
ompared to other systems in se
tion 5,mainly be
ause it shows that our emulator is of suÆ
ient quality to make the results of the furtherexperiments relevant.Apart from the other motivations for doing this e�ort of implementing a new system froms
rat
h, we wanted to satisfy some private 
uriosity regarding an unusual term representation weused for integers and 
oating point numbers, and a di�erent layout of environments: see furtherfor a des
ription of these. Also the fa
t that a new emulator based on the XSB 
ompiler wouldgive insight in to what extent the XSB emulator 
an be improved played some role.The basi
 version of dProlog has the following 
hara
teristi
s:� separate sta
k for lo
al and 
hoi
e point sta
k2in
luding the reader3this might not be 
lear to some readers, but we have no time to dwell on this now2



� no environment trimming: the XSB 
ompiler does not generate the information to do it;moreover, the lo
al sta
k grows towards the heap (as in XSB) but environments are putupside-down, so that after a new environment is pushed, the top of lo
al sta
k equals E (see[9℄); this also results in less testing during trailing, but in an extra 
omparison when bindingtwo free variables� no tidying of the trail during 
ut 4� no trail over
ow testing: see se
tion 7 for more explanation and the e�e
t on speed of trailover
ow testing; all other over
ow testing (heap, lo
al sta
k, 
hoi
e point sta
k) is done insoftware� like XSB, dProlog always generates a �le with the abstra
t ma
hine 
ode when it 
ompilesa program; this saves time on later 
onsults - for ease of development, this �le is humanreadable, whi
h slows down 
onsulting it, but has been of great help during the experiment� like XSB, in indexing 
ode with a hash table, dProlog deals with hash 
ollisions by a try-retry-trust 
hain: this explains some of the (relatively) bad ben
hmarksThe basi
 stru
ture of the XSB 
ompiler was not 
hanged: variable 
lassi�
ation 5, builtin
alling 
onvention, indexing (whi
h is suboptimal as it is a two level indexing s
hema - see [2℄),register allo
ation 6 et
. was not tou
hed. We made three kinds of 
hanges: (1) the fun
tionalityof the test heap instru
tion - the entry point of ea
h predi
ate in the 
urrent implementation ofXSB - testing for heap over
ow was shifted to the 
all (and exe
ute) and 
onsequently the genera-tion of test heap was suppressed; (2) to provide native size integers (and 
oating point numbers)small 
hanges were ne
essary: see se
tion 2; (3) we have added a few peephole optimizations forinstru
tion 
ompression and added a few instru
tion spe
ializations: we will 
ome ba
k to theselater and report on their impa
t in se
tion 7.We also wanted to experiment with and report on implementation 
hoi
es within the emulatoritself. Therefore we have set up dProlog so that it 
an be installed in 6 di�erent basi
 emulatormodes depending on two parameters: the �rst parameter sets the number of op
ode �elds in ea
hinstru
tion; it is either 1 - as is 
ustomary - and then the read-write mode in the unify-instru
tionsis expli
itly tested by means of the WAM S register; or it is 2, in whi
h 
ase the read-write modeis propagated by using the �rst op
ode �eld in read mode and the se
ond in write mode (see [4℄for more detail). The se
ond parameter 
an orthogonally be set to plain swit
h, jump tableand threaded whi
h is a similar 
hoi
e as in SICStus THREADED = 0,1 or 2. The latter tworequire GNU 

. We will also in detail report on the e�e
ts (time and spa
e) of these six modes inse
tion 6.As in [4℄ we have assigned the program 
ounter to a hardware register. We will show the e�e
tof assigning it to di�erent hardware registers and of making it lo
al or global - see se
tion 7. Wereport there also on instru
tion 
ompression, fast 
all, 
onditional trailing, trail over
ow 
he
king,28 versus 32 bit integers and instru
tion spe
ialization.Our �rst version of dProlog always globalizes permanent variables on their �rst o

urren
e: wewill later refer to this version as the heap vars system.After the �rst version of dProlog (heap vars) was �nished with all the above variations, we
reated three more versions: we will refer to these versions as wam vars, parma vars and4tidying the trail during 
ut 
an a�e
t the 
omplexity of a program in a bad way - see the appendix5XSB no notion if void variables6whi
h is also far from optimal 3



tag on data. They di�er from dProlog in only one aspe
t: wam vars initializes variables as undefson the lo
al sta
k whenever possible, exa
tly as in WAM, and thus knows unsafe variables (see[16, 1℄; parma vars uses the variable representation as in [14℄; tag on data uses the representationas in BinProlog [13℄. Parma vars and tag on data also always globalize permanent variables. Thereason for this 
hoi
e in parma vars is that the report in [11℄ 
ontains several pages on the intri
a-
ies of having variables also in the lo
al sta
k and they s
ared us. For tag on data, we made thealways globalizing 
hoi
e be
ause BinProlog, the only other Prolog system using the tag-on-datarepresentation, doesn't even have a lo
a sta
k. These di�erent representations are shortly explainedin se
tion 3. We will report on the impa
t of these 
hanges in se
tion 8. To keep the 
ode freefrom too many 
onditionals, we have 
hosen to put the variations in di�erent 
opies of the sour
e
ode of dProlog: this was a good 
hoi
e be
ause often a di�erent sequen
e of dereferen
ing andtesting is optimal for the variations. And in pra
ti
e, there are only 3 �les that are not shared byall versions.We will start by brie
y introdu
ing 
ertain aspe
ts of the XSB 
ompiler, dProlog, the taggings
hema and the term (or variable) representation variants in se
tion 3. We end with a 
on
lusionand des
ription of work that we think is worth doing in this 
ontext.2 The XSB 
ompilerAs we have taken the XSB 
ompiler for produ
ing the abstra
t ma
hine 
ode, it is worth givingsome of the 
hara
teristi
s of this 
ompiler.The naming 
onvention of the XSB 
ompiler for instru
tions 
an be mapped easily to the usualWAM terminology: instru
tions involving variables either refer to a permanent variable (living inan environment) with the letter p or to a temporary variable (living in a X register) with the lettert. As usual, a �rst o

urren
e in the 
ode is indi
ated by a suÆx var and all later o

urren
es bythe suÆx val. So we have instru
tions like putpvar; gettval. The PUT UNSAFE instru
tions isnamed putuval. We'll sti
k to the XSB naming 
onvention.We want to sket
h brie
y here the strengths and weaknesses of the XSB 
ompiler and the
hanges we made so that it performed for us only what we wanted and not more. XSB supportsHiLog and tabling, both of whi
h we were not interested in for this experiment: 
onsequently, wehave removed most of the 
ode in the XSB 
ompiler that deals with these extensions. They do notinterfere with the 
ompilation of ordinary Prolog programs. Also 
all spe
ialization7 was swit
hedo�. Overall, the XSB 
ompiler generates reasonable 
ode. In parti
ular we liked the swit
h on terminstru
tion, whi
h is generated when there are only two alternatives, one being with an argumentthat is atomi
, the other 
ompound (in
luding list) and also the implementation of the Prolog 
utis ni
e. On the other hand, some basi
 
hoi
es in the 
ompiler are bad for performan
e, espe
iallywithin an emulator:1. the a
tivation of a predi
ate 
an 
ause the 
reation of two 
hoi
e points [2℄; this slows downsome ben
hmarks; in parti
ular sdda, meta qsort, and also to a lesser extent boyer ...2. in-lined builtins have the 
onvention that their arguments must be put in the argumentregisters 1 up to the arity of the predi
ate; sometimes up to three movreg instru
tions aregenerated before and after the 
all to a builtin; the twin 
alls to fun
tor/3 in the boyerben
hmark are a good example of this ineÆ
ien
y7a predi
ate spe
ialization a

ording to (partially instantiated) 
all patterns that appear in the module4



3. if-then-else is 
ompiled without a 
hoi
e point only for arithmeti
 tests; other simple testslike e.g. var(X) do 
ause a 
hoi
e point4. register allo
ation is far from optimal; this results in badly 
ompiled arithmeti
 (among otherthings); e.g. the inner loop of the tak ben
hmark 
ontains at least �ve instru
tions that wouldhave been avoided with a better register allo
ation5. XSB does not treat void variables in a spe
ial way; this slows down for instan
e the zebraben
hmarkThe XSB 
ompiler 
an generate indexing for any argument (depending on de
larations); inorder not to skew the experiment when 
omparing with other systems, we have disabled the indexde
laration. At the same time we have spe
ialized all indexing instru
tions to the �rst argument.XSB does a very pe
uliar instru
tion 
ompression (see se
tion 7) whi
h one ben
hmark bene�tsvery mu
h from: nrev. We will show how it a�e
ts overall speed and we will show the impa
t ofother 
ommon 
ompressions.The XSB system features trun
ated integers (28 bits on a 32-bit ma
hine) and similarly for
oating point numbers: we have de
ided to implement both su
h trun
ated integers and also fullintegers, i.e. 32 bits. This ne
essitates 
hanges in the generated 
ode, sin
e a 32-bit integer mustreside on the heap be
ause it 
annot have a tag. Below we give the two instru
tion streams for thehead of the 
lause head(f(9; 10)): in the 
ase of trun
ated integers and full integers:usual XSB 
ode 
ode for full intsgetstru
t f/2, A1 getstru
t f/2, A1uninum
on 9 unitvar A2uninum
on 10 unitvar A3getint A2, 9getint A3, 10So there is not only an overhead be
ause full integers take more heap spa
e, but also in the emula-tor be
ause full integers require more emulator 
y
les. This e�e
t will be 
lear in the ben
hmarks.Floating point numbers in dProlog are never trun
ated and 
onsequently always require the abovetransformation.3 The three term representations on the heap in dPrologThe heap vars and wam vars term representation on the heap is exa
tly the same: the implemen-tations di�er in the exa
t pla
e of initialization of a permanent variable and then deal with the
onsequen
es.The three di�erent term representations on the heap 
an be illustrated well with some pi
tures:Figure 1 shows the representation of the list [a; b℄ in the tag on data s
hema to the right and in theother s
hemas to the left. Ea
h heap 
ell 
onsists of a tag (P,S,L,A,I or F) and a pointer or value.
L a A L b A [] A P L a A P L b A [] AFigure 1: The list [a; b℄ on the heap5



It 
an be seen that tag on data uses one extra heap 
ell per 
ons than the other representations.In the tag on data s
hema as implemented in BinProlog, the list 
onstru
tor is treated as any other
onstru
tor. We have instead 
hosen to spe
ialize the representation of lists within the tag on dataphilosophy, be
ause that allows the use of exa
tly the same intermediate instru
tions exe
uted inall variants of dProlog. See further for more explanation on the spe
ialized list representation fortag on data.Figure 2 illustrates 
ompound terms, variables and numbers by means of the termf(X; g(X); 17; 3:14).
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P

f/4

f/4S

S Figure 2: Compound term and numbers on the heapThe tags are as follows (only the signi�
ant lower bits are given):P (ref) = 00; S(stru
t) = 01; L(list) = 11; A(atom) = 0110; I(integer) = 1010; F (float) = 1110Pointers (to the heap) are always aligned on a word (4 byte) boundary, so the tags on pointers(P, S and L) 
an only be 2 bits (sin
e we don't want to restri
t the address range of pointers).Note how the PARMA representation of two bound free variables 
reates a 
y
le instead of a
hain of referen
es.The representation of 
oating point numbers is a bit unusual: the number is put on the heap,and its (tagged) o�set from the start of the heap is used as its representation; the dashed poitersymbolizes that. Su
h a representation is also used for full integers. Using two more bits for thetags of 
oating point numbers (and full integers) restri
ts the size of the heap to 1 Gb. We havesin
e long wanted to use su
h a representation (o�sets instead of pointers) and now understandbetter the 
onsequen
es. The main issues with this representation are:� routines (like general unify) need to know the start of the heap; if the implementation needsto be re-entrant, it means that this start of heap must be passed as an argument� 
opying terms (with numbers) be
omes a bit more involved if the region one 
opies to (orfrom) is not 
ontiguous (like for instan
e in �ndall bu�ers)6



� a sliding garbage 
olle
tion algorithm has an extra problem sin
e numbers on the heap arenot pre
eded by a header; this 
an be solved by an extra mark bit� retaining sharing of 
oating point numbers (and full integers) during 
opying is nearly im-possibleDereferen
ing in the three representations is di�erent. Without an attempt to show the best
ode in a parti
ular 
ontext, here is basi
ally what needs to happen when dereferen
ing an obje
tp: parma vars if (ref(p)) p = *p;wam vars and heap vars while (ref(p)) f if (p == *p) break; p = *p; gtag on data while (ref(p)) f if (p == *p) break; q = p; p = *p; gThe following is important: deref is 
onstant time in parma vars; in tag on data, the value of qis needed after deref: if after deref, p 
ontains an S-tagged value, q+1 points to the �rst argumentof the stru
ture.A �nal word about dereferen
ing in the PARMA 
ontext: when two free variables are boundto ea
h other, they must be tested for equality. [11℄ reports this as a drawba
k, but the truth isthat as was noted during the HAL proje
t in whi
h also the PARMA representation is used (see[5℄), testing for equality of two free variables in parma vars requires possibly less steps than in theother representations. Also, there exist programs for whi
h WAM is quadrati
 and PARMA linearin the input. Both are explained by explained in the appendix.4 Maintaining dProlog while experimentingFrom the start of this proje
t, we knew we wanted to experiment with di�erent issues, while keepinggood 
ontrol over the 
ode and its portability. Probably the main issue here is that it must be easyto modify the layout of instru
tions and add new instru
tions. There are 
ertainly several goodways to do this. We found the following very useful.Information about ea
h instru
tion is kept as Prolog fa
ts. As an example the fa
tinstr(jumpz, [dlong(R),dlong(Lab)℄,[op
ode,areg(R),label(Lab)℄).means that the jumpz instru
tion in the generated abstra
t ma
hine 
ode �le has two operands,both of type dlong; and that the internal format (on
e loaded) has an operation 
ode, a numberthat represents the argument register (areg) and a label in the 
ode; note the use of logi
al variablesto 
onne
t the �le format with the byte 
ode format.Additional - and orthogonal - fa
ts spe
ify properties about types like dlong (there is also d
oat,byte and short) and the obje
ts like the WAM argument registers. E.g. the fa
ts:size(byte,1). alignment(byte,1). basi
 type(areg( ),byte).size(dlong,4). alignment(dlong,4). basi
 type(label( ),dlong).spe
ify that a byte is one ma
hine byte, a dlong 4 ma
hine bytes, the alignment the implemen-tor wants to give them (or is ne
essitated by the hardware), and that an argument register isrepresented by a byte, and a 
ode label by a dlong. The size/2 and alignment/2 fa
ts are ma
hinedependent (the above work on Pentium and SPARC; there is a di�erent set for e.g. Alpha). Thebasi
 type/2 fa
ts are related to byte 
ode layout 
hoi
es and limitations in the abstra
t ma
hine,e.g. with the fa
ts above, there 
an be at most 256 temporary variables in a 
lause.7



From these Prolog fa
ts, parts of the dProlog implementation are generated; e.g. the loader(a C fun
tion) itself is 
ompletely generated, as are all the ma
ros needed for fet
hing argumentsfrom the byte 
ode. Also an empty emulator is generated, i.e. one that 
ontains lo
al C variablede
larations, the instru
tions to fet
h the operands and the transfer of 
ontrol: su
h 
ode must be
ompleted with the a
tions to be taken for the instru
tion, and usually for an optimized version ofthe 
ode, the generated 
ode needs 
hanges, but it was a great help in getting the emulator o� theground.5 Comparing dProlog with SICStus, Yap, XSB and BinPrologJust to show the relative strengths and weaknesses of dProlog, we give a 
omparison with otherwell-known and/or relevant systems. The �rst set of ben
hmarks is taken from [15℄. All times are inmillise
onds. Often, the original ben
hmark produ
es timings that are too small to be signi�
ant;e.g. sdda produ
es 0 or 10 mse
s. We therefore repeat ea
h ben
hmark in a failure driven loop;the repetition fa
tor is mentioned in the table: sdda(1200) means that the timing is shown forrepeating sdda 1200 times. Ea
h su
h repetition was performed 4 times and the smallest timing isreprodu
ed below. For dProlog, we show here only the mode threaded with two op
odes + all otherdefaults - see se
tion 7 for heap vars. All timings were done on a Pentium II, 260MHz, 128 Mb.Timings are given in 1/100 se
 8, and whenever we give sizes of parti
ular areas, they are in 4-bytewords - ex
ept 
ode sizes whi
h are in bytes. The ben
hmarks always run after ea
h other in thesame pro
ess. When sizes are given, they represent the state after all the ben
hmarks above thesize �gure in the same table have run.dProlog 1 SICStus 3#5 Yap4.2.1 XSB 2.1 BinProlog 6.84boyer(1) 40 34 32 95 106browse(1) 48 47 30 95 147
al(10) 77 69 68 140 105
hat(5) 45 55 43 77 98
rypt(200) 53 57 41 108 79ham(2) 59 74 54 137 146meta qsort(125) 51 42 34 118 150nrev(5000) 43 66 45 227 88poly 10(10) 32 27 23 64 58queens 16(2) 88 88 44 180 148queens(10) 106 141 91 260 241redu
er(20) 19 13 10 37 35sdda(1200) 40 33 29 70 75send(10) 49 48 28 85 124tak(10) 73 77 53 159 208zebra(30) 82 82 63 139 173Table 1: Comparing dProlog with other systemsWe also show the results of a set of very arti�
ial ben
hmarks: we used these to �nd weaknessesin dProlog. In the table, ea
h ben
hmark has as 
omment what it a
tually tests. BinPrologperforms super 
ompilation on 
ertain types of predi
ates. In parti
ular, predi
ates that look like8the pre
ision of getrusage 8



append/3 are not exe
uted by the regular emulator in their deterministi
 mode, but by a C fun
tion.Swapping the last two arguments of append/3 prevents this super-
ompilation: this was done insnrevswap below.dProlog SICStus Yap XSB BinProlog testingindexa 10 19 9 75 67 indexing on atomsindexa2 71 80 74 205 932 double level indexing on atomsindexf 25 24 26 113 97 indexing on 
ompound termslist 34 61 45 193 68 list traversalstru
t 51 80 58 251 67 stru
ture traversalmeta
all 39 399 85 359 86 meta 
all of atomi
 goalplus1i 44 114 125 150 392 integer + 1plus1f 133 387 321 319 867 
oat + 1.0snrev 58 83 61 269 89 nrev on non-listsnrevswap 60 82 62 269 157 snrev with args2-3 swappedTable 2: Arti�
ial ben
hmarksUnder XSB, the ben
hmarks indexa, indexa2 and indexf were 
ompiled with the goal spe
ial-ization turned o�, be
ause it interfered very mu
h with what we wanted to measure. It is strikingthat the good results of dProlog on the arti�
ial ben
hmarks, does not s
ale to the larger ones: thisis at least partly 
aused by the XSB 
ompiler whi
h for small 
lauses often produ
es perfe
t 
ode,but for the larger ones degrades.It is perhaps worth mentioning that SICStus Prolog, Yap and XSB all implement wam vars,while BinProlog obviously implements tag on data. SICStus and Yap (as dProlog) use g

 spe
i�
features, while XSB and BinProlog use only ANSI-C.6 Comparing the 6 basi
 modes of dPrologThe next table shows the results of running dProlog in its six basi
 modes on the standard set ofben
hmarks. The modes are indi
ated as swit
h (for a C swit
h), jump (for a jumptable) andthreaded (for the threaded implementation) and the suÆx 1 or 2 indi
ates whether read-writepropagation is not done as in WAM (1) or with two operation 
odes (2) as des
ribed in [4℄. Wealso give the 
ode size (in bytes) be
ause the 
ode spa
e usage for the di�erent modes 
an be quitedi�erent. However, a priori one 
an say that the 
ode sizes for swit
h1 and jump1 must be equal,and also the 
ode sizes for swit
h2 and jump2. The fa
t that the 
ode sizes for swit
h1 and swit
h2are exa
tly the same is a 
oin
iden
e: the alignment and operands of every instru
tion are su
hthat ea
h has a spare byte.It 
an be seen that the positive e�e
t of using two op
odes (or two addresses in the 
ase ofthreading) for read-write propagation is not as good as one might hope. We think there are tworeasons for that: �rst of all, the 
ode size grows be
ause of the se
ond address. This results inmore memory a

esses and de
reases speed. The se
ond reason is that the WAM non-read-writepropagation with the S register, performs quite well on modern ar
hite
tures with pre-fet
hingand bran
h predi
tion. It might seem strange that swit
h2 performs worse than swit
h1: we havetried three variants of swit
h2 and the results were always similar. Compared to swit
h1, swit
h2requires extra jumps and/or in
reases register pressure even on instru
tions that have no read-writevariant. This is not true when 
omparing jump1 with jump2 or threaded1 with threaded2.9



swit
h1 swit
h2 jump1 jump2 threaded1 threaded2boyer 54 67 44 44 40 40browse 81 95 51 50 48 48
al 87 105 87 87 78 77
hat 54 64 48 47 46 45
rypt 70 84 57 56 52 53ham 99 115 66 65 60 59meta qsort 76 89 56 55 52 51nrev 130 157 45 43 46 43poly 10 46 56 36 34 33 32queens 16 118 141 100 98 89 88queens 176 211 113 110 107 106redu
er 26 30 20 20 19 19sdda 51 62 41 42 41 40send 70 85 59 60 49 49tak 101 125 78 78 73 73zebra 103 113 85 83 83 82
ode 193004 193004 193004 193004 292416 308152indexa 35 46 11 11 11 10indexa2 133 165 79 79 75 71indexf 60 73 28 25 27 25list 109 138 35 34 35 34stru
t 158 199 60 55 52 51meta
all 97 117 45 46 41 39plus1i 104 128 48 48 45 44plus1f 189 233 138 136 129 133snrev 166 197 65 64 63 58snrevswap 164 197 66 64 65 60
ode 202168 202168 202168 202168 305576 321808Table 3: The six basi
 modes of dProlog - heap vars
10



7 The e�e
t of features and optimizations in dPrologThe next tables only 
ontains �gures that relate to the heap vars version of dProlog. The generalsetup is that the default settings are 
ompared with a version in whi
h one (or sometimes more)features are disabled or introdu
ed. We �rst show variations in the implementation of the emulatoritself, then variations in the generated abstra
t ma
hine 
ode and �nally variations in the size of
ertain parts of the loaded abstra
t ma
hine 
ode.7.1 Variations in the implementation of the emulatorTable 4 shows the variation of features inside the emulator itself The explanation of the 
olumnsin table 4 is as follows:� default: the default options for dProlog are threaded, two op
odes, bind 
all, trun
ated inte-gers, lo
al p
 = bx, 
onditional trailing, no trail over
ow 
he
k, all instru
tion spe
ializationand 
ompression a
tive� no bind 
all: usually the 
all instru
tion (and exe
ute) needs to refer to a global predi
atetable to �nd the entry point of the predi
ate to be 
alled; this gives more 
exibility asfar as debugging and re
onsulting is 
on
erned; in its default mode of operation however,dProlog will put the address of the entry point dire
tly 9 in the 
all (and exe
ute) instru
tion;we named this bind 
all; note that maintaining usual debugging and re
onsulting 
an beobtained even when binding 
alls is a
tive with little implementation overhead; howeveras 
urrently implemented, the bind 
all optimization is not 
ompatible with Prolog leveldebugging; 
olumn one shows the e�e
t of not binding 
alls: although this optimizationseems a reasonable thing to do, its e�e
t varies and is not too big; this is in part 
aused bythe fa
t that in dProlog the lookup of the entry of a predi
ate, was kept on purpose verysimple: only one indire
tion is needed� always trail: this 
olumn represents un
onditional trailing; its e�e
t depends on the kindof ben
hmark - a ben
hmark in whi
h ea
h potential trailing is a
tual, will obviously bene�tfrom deleting the test -, but is never dramati
 ex
ept for (s)nrev(swap); we also give themaximal trail size for 
omparison� trail over
ow test: if the implementation allo
ates enough spa
e for the trail (as mu
h asthe heap in heap vars and tag on data, six times 10 as mu
h in parma vars, as mu
h as heapand lo
al sta
k together in wam vars), trail over
ow testing is not ne
essary 11; that is thedefault in dProlog; however, the spa
e penalty might seem too high; so it is worth looking atthe potential performan
e loss in testing for trail over
ow; the e�e
t is surprisingly high onsome ben
hmarks� full integers: lots of implementations sa
ri�
e the range of integer numbers for the bene�t oftheir 
ompa
t representation; this means that in XSB for instan
e, integers are representedwith just 28 bits, as in the basi
 mode of dProlog; dProlog 
an also run in a mode with32 bit integers: this 
olumn shows the performan
e penalty both spa
e and time wise; the9this is done on the �rst exe
ution of that instru
tion10see appendix for explanation11this 
ame up during working with Paul Tarau but might be folklore - note that one has to be 
areful with thiss
hema when destru
tive update is implemented 11



relative bad performan
e 
an be partly explained by the parti
ular representation used forfull integers, relying on a heap o�set; the other reason is the suboptimal abstra
t ma
hine
ode for full integers� glob bx, glob bp, register, no reg: as in [4℄ we found it bene�
ial to assign the program
ounter of the WAM to a hardware register; [4℄ does not report that there are several 
hoi
es:one 
an reserve the hardware register lo
ally (to the emulator loop) or globally in the whole ofthe implementation; and di�erent 
hoi
es as to whi
h hardware register is used are possible;the default 
hoi
e is to assign the program 
ounter lo
ally to ebx: bf lo
 bx; the meaningof bf glob bx and bf glob bp follows easily; we also tried just de
laring the program 
ounterlo
ally as a register or giving no dire
tions to the C 
ompiler at all;As for the 
hoi
e of whi
h register should be assigned to the WAM program 
ounter, the tableindi
ates that a global bx register is best, followed 
losely by the lo
al bx register. One shouldnot take this as a general truth: it will depend on fa
tors beyond 
ontrol like the C 
ompiler, theparti
ular way of writing C 
ode in the emulator (and elsewhere). Rather one should take this asan indi
ation that one must try out whi
h register assignment is good for oneself. We made lo
albx our default be
ause it performs well while being lo
al. Note that also just de
laring the program
ounter as a register without assigning it to any parti
ular hardware one, performs quite well, withthe additional advantage that it is fully ANSI.

12



default no bind always 
he
k tr full glob bx glob bp register no reg
all trail over
ow integersboyer 40 40 40 41 45 40 40 41 41browse 48 47 47 50 49 47 47 50 49
al 77 78 79 79 91 78 78 77 78
hat 45 45 45 45 47 45 45 44 44
rypt 53 52 54 51 62 52 52 52 51ham 59 61 62 62 60 59 59 64 65meta qsort 51 51 52 52 51 51 51 51 51nrev 43 46 53 44 44 43 43 52 51poly 10 32 32 33 32 33 31 31 31 31queens 16 88 90 90 88 108 88 88 90 90queens 106 105 107 103 108 103 103 107 107redu
er 19 19 19 19 19 18 18 19 19sdda 40 41 41 40 41 40 40 41 40send 49 49 50 55 60 49 49 54 54tak 73 74 72 74 93 75 75 74 74zebra 82 83 83 86 86 81 81 85 85heap 448296 448296 448296 448296 674911 448296 448296 448296 448296trail 57677 57677 403043 57677 57677 57677 57677 57677 57677ls 190865 190865 190865 190865 238572 190865 190865 190865 190865
ode 308152 308152 308152 308152 311044 308152 308152 308152 308152indexa 10 12 11 11 11 11 11 9 11indexa2 71 73 73 71 76 74 74 72 71indexf 25 26 23 25 27 25 25 24 24list 34 37 34 34 39 34 34 48 47stru
t 51 54 52 52 59 49 49 51 50meta
all 39 40 40 44 43 41 41 41 41plus1i 44 45 46 45 63 44 44 44 44plus1f 133 130 126 129 137 129 129 127 128snrev 58 64 72 63 64 61 61 61 62snrevswap 60 63 72 64 65 61 61 61 63heap 448296 448296 448296 448296 674911 448296 448296 448296 448296trail 57677 57677 403043 57677 57677 57677 57677 57677 57677ls 190865 190865 190865 190865 238572 190865 190865 190865 190865
ode 321808 321808 321808 321808 325092 321808 321808 321808 321808Table 4: The e�e
t of emulator properties in dProlog13



7.2 Variating the abstra
t ma
hine 
odeWe report here on variations in the generated abstra
t ma
hine 
ode: variations are 
aused byperforming less instru
tion 
ompression or instru
tion spe
ialization.The XSB 
ompiler performs one parti
ular instru
tion 
ompression during its peephole opti-mization: the sequen
e getlist; unitvar; unitvar is 
ompressed to getlist tvar tvar; append/3 inparti
ular bene�ts from it. In table 5 we refer to it with getlist.We have implemented two more instru
tion 
ompressions and two instru
tion spe
ializations:� deallo
: 
ompresses the sequen
e of the instru
tions deallo
ate; pro
eed into one (new)instru
tion deallo
 pro
eed, the sequen
e deallo
ate; exe
ute into deallex anddeallo
ate; builtin ; pro
eed into builtin; deallo
 pro
eed; as far as the experiment goes, this
ompression is not parti
ularly e�e
tive� uni: two subsequent unitva* instru
tions are 
ompressed to one instru
tion; this leads to fourinstru
tions uni tvaX tvaY where X and Y 
an be r or l; Yap performs this 
ompression andthat's why we 
onsidered it worth measuring its e�e
t in our implementation;� try: spe
ialized versions for try, retry and trust instru
tions are generated for predi
ates witharities 2 and 3; Yap performs this spe
ialization for arities 0 up to 4; the �gures indi
ate thatthis spe
ialization is a good one� swit
h: again a spe
ialization found in Yap (and in some other forms in other implemen-tations): if the list exit of a swit
h on list instru
tion points to the 
orresponding getlistinstru
tion, then a spe
ialized instru
tion is generated whi
h as list exit jumps dire
tly intothe read-mode of the instru
tion following the getlist; append/3 obviously bene�ts from thisspe
ialization; XSB generates a swit
h on term instru
tion when one alternative has a 
om-pound argument and the other alternative has an atomi
 argument; we have as spe
ializedthat for the list 
ase to start with; sin
e in our tagging s
hema, testing for a list and for
ompound have the same 
ost, this does not a�e
t other issuesThe spe
ialization try and 
ompression deallo
 are independent of ea
h other and the othertransformations, whi
h are performed in the order: swit
h, getlist, uni. Also, a swit
h spe
ializationprevents the getlist 
ompression of the 
orresponding getlist, but still allows the uni 
ompressionof the instru
tions after the getlist. Likewise, a getlist 
ompression 
learly prevents the appli
ationof uni 
ompression on the unify instru
tions after the getlist. Sin
e the intera
tion of these threetransformations is tri
ky, we give all seven possibilities (together with the default, that makes 8).The tables show that the e�e
t is more pronoun
ed on parti
ular arti�
ial ben
hmarks, but thee�e
t on larger ben
hmarks is smaller. This is hardly a surprise.Overall, the 
ompression uni is the most e�e
tive.Note that even though the 
ompiler didn't generate some instru
tions, all instru
tions werepresent in the emulator at all times.
14



all try deallo
 swit
h getlist uni swit
h swit
h getlist swit
hspe
s getlist uni uni getlist
ompr uniboyer 40 42 40 40 40 40 40 40 40 40browse 48 49 49 47 49 50 49 48 50 51
al 77 80 77 77 77 77 77 77 77 77
hat 45 45 45 44 45 45 45 46 46 46
rypt 53 53 53 54 55 52 54 54 55 55ham 59 66 59 59 66 61 66 61 70 70meta qsort 51 54 51 50 51 54 51 54 54 54nrev 43 43 43 50 43 54 50 62 54 62poly 10 32 32 32 32 32 33 32 33 33 33queens 16 88 89 88 92 89 90 92 92 92 94queens 106 115 105 106 106 107 108 108 113 116redu
er 19 19 19 19 19 19 18 19 20 19sdda 40 41 41 40 41 40 41 40 41 41send 49 49 49 46 49 49 49 49 49 49tak 73 73 73 73 73 73 73 73 73 73zebra 82 82 82 82 84 83 84 82 87 87
ode 308152 309896 309908 308020 309268 313420 309268 313156 315652 315652indexa 10 11 12 10 10 11 10 10 11 10indexa2 71 70 72 71 71 71 71 71 71 71indexf 25 25 26 25 25 25 25 25 25 25list 34 34 34 49 34 40 40 49 40 54stru
t 51 49 50 48 51 66 50 66 66 66meta
all 39 41 39 38 39 39 39 39 39 39plus1i 44 44 45 44 44 44 44 44 44 44plus1f 133 132 132 133 133 132 133 132 132 132snrev 58 60 60 60 60 75 58 76 76 76snrevswap 60 60 61 59 60 76 59 77 77 77
ode 321808 323664 323820 321664 322924 327148 322924 326860 329380 329380Table 5: Variations of abstra
t ma
hine 
ode in dProlog
15



7.3 Changing the sizes in the abstra
t ma
hine 
odeTable 6 shows how performan
e 
hanges when the size of (some obje
ts in) the abstra
t ma
hine
ode is 
hanged: areg2-yvar2 means that for the index in the argument register array, 2 bytesare used in the internal instru
tion representation and also 2 bytes for the o�set of a permanentvariable in its environment. Similar for areg4-yvar4. align20 means that the alignment (see 4)of the whole instru
tion is set to 20: without 
hanging any other sizes this results in a 
lose todoubling of the 
ode size for the threaded version with double op
ode. align36 results in a 
loseto quadruple 
ode size. swit
h1 thread2default areg2 areg4 align20 align36 default areg2 areg4 align20 align36yvar2 yvar4 yvar2 yvar4boyer 54 57 55 55 55 40 39 39 41 41browse 81 81 80 80 81 48 49 47 49 49
al 87 86 89 87 87 77 78 78 78 78
hat 54 55 55 61 64 45 44 46 48 52
rypt 70 71 70 71 71 53 54 53 53 54ham 99 101 98 99 99 59 60 59 60 61meta qsort 76 78 76 77 77 51 52 51 52 53nrev 130 140 133 131 131 43 43 43 44 44poly 10 46 48 47 47 47 32 32 32 32 33queens 16 118 120 124 117 117 88 93 88 89 89queens 176 179 182 177 175 106 109 105 106 106redu
er 26 26 26 27 28 19 18 19 19 21sdda 51 52 54 54 59 40 42 41 42 44send 70 70 73 70 72 49 54 51 50 50tak 101 102 105 100 101 73 76 75 79 75zebra 103 106 105 105 104 82 91 85 86 84
ode 193004 236504 329584 683500 1230300 308152 309620 353120 683500 1230300indexa 35 38 37 36 36 10 11 10 10 11indexa2 133 137 136 135 133 71 80 74 73 73indexf 60 61 60 60 60 25 26 24 25 27list 109 111 114 110 108 34 35 34 34 36stru
t 158 163 166 160 159 51 57 49 56 52meta
all 97 98 95 99 97 39 41 40 40 40plus1i 104 107 104 105 104 44 48 47 46 45plus1f 189 193 195 195 192 133 139 135 138 136snrev 166 169 173 168 165 58 63 62 62 61snrevswap 164 168 174 166 168 60 66 63 64 62
ode 202168 246948 343532 714640 1286352 321808 323276 368056 714640 1286352Table 6: Variations due to abstra
t ma
hine 
ode size in dPrologThe 
olumns areg2-yvar2 and areg4-yvar4 indi
ate that there is little reason to restri
t thenumber of permanent variables to 255 (or 
lose to that) as is 
ommon pra
ti
e in many imple-mentations. A
tually, the performan
e penalty for larger 
ode size is surprisingly small, both forthe single op
ode swit
h version and the double op
ode threaded version. However, we have also16



made some measurements on a smaller ma
hine, and there the penalty is signi�
antly higher. One
an expe
t also that for larger programs than were tested here, the 
ode size in
rease will alsosigni�
antly degrade performan
e.8 Di�erent term representation s
hemas in dPrologTable 7 shows the exe
ution times and some sta
k sizes for the four term representations mentionedin se
tion 3. Every version here has the same default settings as in 7.1. As for the sta
k sizes, onlyheap and trail are mentioned, as the 
hoi
e point sta
k and trail (and also the 
ode size) is thesame for all four versions.A priori, one 
an say that heap vars and parma vars 
onsume the same amount of heap, whiletag on data potentially 
onsumes more (due to the absen
e of an optimized list representation)and wam vars 
onsumes less be
ause some obje
ts only ever live on the lo
al sta
k. For the trail,one expe
ts heap vars and tag on data to trail exa
tly the same 
ells, while both wam vars andparma vars trail potentially more. For parma vars, this is be
ause when a variable is bound to anon-variable, all the 
ells in the 
hain representing the variable are bound and subje
t to trailing.Note also that in parma vars trailing one 
ell needs two entries on the trail sta
k. It is 
lear thatwam vars must (
onditionally) trail on globalizing a permanent variable (unipval and putuval). Buteven for permanent variables that are never globalized, it 
an be seen that wam vars potentiallytrails more than heap vars from the following example:query :- 
hoi
e. bind(666).
hoi
e, 
hoi
e :- fail.bind(X),use(X). use( ).In wam vars, the variable X is allo
ated in the environment of query/0. This environment isolder than the 
hoi
e point made by 
hoi
e/0. So, binding X to 666 requires trailing. On theother hand in heap vars, the 
ell that is bound to 666 is on the heap and younger than the 
hoi
epoint, be
ause the initialization of X happens after the 
hoi
e point was 
reated. Therefore, inheap vars, no trailing o

urs. This e�e
t 
an be observed in the ben
hmarks, but it is not nearlyas pronoun
ed as the di�eren
e in heap 
onsumption between heap vars and wam vars.The �gures in table 7 are in a

ordan
e with the above reasoning. There seems to be a hugedi�eren
e between the heap usage of wam vars and the others. The reported heap usage happensto be the heap usage for boyer (all other ben
hmarks use less and don't show up in the �gures).Closer inspe
tion of boyer tea
hes that 99.6% of the extra heap usage is 
aused by the parti
ularbuiltin 
alling me
hanism from XSB: indeed, 99.6% of the di�eren
e is due to the double 
alls tofun
tor/3 and arg/3.Wam vars 
omes out as the winner with heap vars a 
lose se
ond. Tag on data is 
learly the biglooser but also parma vars su�ers badly from its disadvantages on some ben
hmarks. It might betempting to generalize from this, but su
h a generalization would be uns
ienti�
. What is de�nitelytrue: a straightforward implementation of parma vars or tag on data will not beat easily the others
hemas. So more advan
ed intermediate 
ode or tagging s
hemas are ne
essary to make them
ompetitive or perhaps better. To us, it 
ame as a surprise that the disadvantage of heap vars(more heap usage) is not 
ompensated for by the simpli�
ation in some instru
tions and trailing.Also here more work is needed to a
hieve this 
ompensation.17



heap vars wam vars parma vars tag on databoyer 40 38 40 42browse 48 46 46 53
al 77 75 77 77
hat 45 44 46 47
rypt 53 52 52 54ham 59 58 60 64meta qsort 51 48 54 53nrev 43 44 47 56poly 10 32 31 34 34queens 16 88 85 90 90queens 106 103 113 113redu
er 19 18 21 21sdda 40 42 43 44send 49 45 52 49tak 73 71 75 73zebra 82 82 97 90heap 448296 144069 448296 448366trail 57677 58635 115366 57677indexa 10 9 10 12indexa2 71 74 72 72indexf 25 25 26 23list 34 34 34 41stru
t 51 52 64 57meta
all 39 40 41 43plus1i 44 45 45 45plus1f 133 130 132 128snrev 58 61 75 74snrevswap 60 61 75 76heap 448296 400185 448296 448366trail 57677 58635 115366 57677Table 7: Four s
hemas for term representation9 Related workThere is lot of literature on Prolog implementation and there exist lots of ex
ellent Prolog imple-mentations. In parti
ular [4℄ is worth mentioning be
ause it gives good advi
e on implementing anemulator for Prolog. We have followed to a large extent this advi
e and bene�tted a lot from it. We
an also 
on�rm the �ndings of [4℄, albeit in the 
ontext of a di�erent intermediate 
ode generatorand a di�erent sta
k layout. Not reported here in detail, but we also found that storing the addressof the argument registers in the instru
tions instead of the index in the array of argument registers,gives only marginal speedup (and sometimes even a slowdown) 12. On the other hand, [4℄ does notstress the importan
e of the quality of the generated ma
hine 
ode, probably be
ause its 
ompileris of suÆ
ient quality. So, our work is partly in line with [4℄, redoing partly its experiment in adi�erent setting. On the other hand, [4℄ was not aimed at providing empiri
al data on alternative12dProlog always uses indi
es for the arguments 18



term representations. In fa
t, no su
h work exists as far as we know. Alternative term representa-tions were always implemented in 
ombination with other features whi
h 
an obs
ure in unknownways the e�e
t of the 
hoi
e of the term representation.As far as 
omparisons on paper is 
on
erned: [11℄ des
ribes ni
ely the issues involved in im-plementing PARMA variables and relates them to WAM, but as the authors note themselves, it isimpossible to 
on
lude with any 
on�den
e how within the same implementation these two alter-natives would 
ompare. [13℄ hardly dis
usses the 
omparison of tag-on-data with the usual WAMrepresentation, but fo
usses on the issue of term 
ompression and sta
k usage.It is entirely possible that other implementors have done preliminary testing similar to what isreported here, before making �nal implementation 
hoi
es, but have never published the obtainedresults.10 Con
lusionThe main point of this paper is to make the �gures available that we have gathered, about the fourterm representations that are easily 
ompatible with WAM and about 
hoi
es in the implementationof the abstra
t ma
hine 
ompiler and emulator. The previous se
tions 
ontain some interpretationof the �gures, but the main 
on
lusion about the four term representations is that the tag on datarepresentation seems less attra
tive than the other three. Its main attra
tion is in the fa
t thatsin
e pointers are tag-less, the address spa
e is not restri
ted and that one 
an have up to 32 tagbits in the data, a luxury that 
ould make any implementor water mouth. Admittedly, we havenot implemented term 
ompression, but sin
e [13℄ does not report a signi�
ant speedup relatedto term 
ompression and sometimes even a slowdown, we feel that our 
on
lusion holds. Alsoparma vars seems less attra
tive than the other two, but note that for some admittedly arti�
ialexamples, parma vars will perform arbitrarily better (see appendix E). As for 
hoosing betweenwam vars and heap vars, a spa
e-time trade o� must be taken into a

ount and this trade o�
hanges with new ar
hite
tures. The 
on
lusions about the tradeo� and also the other issues arebest left to the 
urious implementor, maybe after having seen the a
tual implementation (availablefrom http://www.
s.kuleuven.a
.be/~bmd/dProlog experiment, ben
hmarks in
luded). Sin
e wewanted the obtained �gures to have some signi�
an
e, we have put a lot of e�ort in making surethat we have not favored any one version, in parti
ular, we have made sure that the same abstra
tma
hine 
ode is exe
uted instru
tion by instru
tion, that the sta
k layout is the same, that thenumber of times the general uni�
ation 13 is 
alled is the same, that the indexing (in parti
ular theo

urren
e of hash 
ollisions) is the same et
. 14 When 
omparing the four term representationea
h within a di�erent 
ontext, it will be next to impossible to keep all the above fa
tors the same.However, one might also see this uniformity as a drawba
k: ea
h of the term representations mightbene�t in a di�erent way from a parti
ular a
tion, e.g. dereferen
ing during a parti
ular instru
tionmight be good in wam vars but not in parma vars. We have little defense against su
h 
riti
ism:we are aware that given mu
h more time, we 
an improve ea
h of the four implementations, butwe are not aware of having favored one over the other.So, what to do with the �gures ? One use is when other issues are on the line. E.g. it is knownthat in SLG-WAM as implemented by XSB, the trail must be tidied on 
ut. However, tidy 
ut ontrail 
an a�e
t the 
omplexity in a bad way (see appendix E). Also, it turns out that this tidying13dProlog implements no o

urs 
he
k, neither rational trees14the number of times dereferen
ing is performed is not the same: wam vars and parma vars have by ne
essitymore than heap vars (about 6 per
ent for the ben
hmark suite), tag on data has marginally less be
ause of a di�erentoptimal sequen
e of instru
tions in the swit
honlist instru
tion19



of the trail in SLG-WAM is only needed for lo
al sta
k variables. On the basis of the �gures inthis paper, one 
ould 
ome to the 
on
lusion that it is worthwhile to trade the wam vars s
hemafor the heap vars and not tidy the trail on 
ut.The most important thing when 
ontemplating the implementation of parti
ular optimizationsor representations, is to keep in mind what some issues will a�e
t many parts of the system, whileothers will have only an impa
t in one pla
e. E.g. instru
tion 
ompression will probably a�e
tlo
ally the 
ompiler and the emulator, while a di�erent term representation a�e
ts the implemen-tation more globally.The �gures give also good indi
ations on whi
h spe
ializations, 
ompressions and emulatoroptimizations are interesting and un
over weaknesses in the XSB 
ompiler. As su
h, they are
urrently being used in a redesign of the XSB emulator.There are de�nitely points at whi
h our experien
e might not 
arry over immediately: we havegathered data only on one pro
essor. For a di�erent ma
hine, the trade o�s might be di�erent.Sin
e dProlog is portable to most ar
hite
tures (and we have ported it to some) the experiments
an be redone for ea
h platform one 
hooses but it will require some extra work as well, mainlybe
ause of hardware registers to be assigned to WAM registers in a judi
ious way.It is also not 
lear whether the results 
arry over to di�erent implementations of logi
.Like in [4℄ we found that a fast emulator is a 
ombination of the following fa
tors:1. C 
ode written a

ording to a 
ertain dis
ipline2. sele
tive use of g

 features3. a de
ent basi
 abstra
t ma
hine 
ode generator4. some instru
tion 
ompression5. some instru
tion spe
ializationWe were missing mostly item 3: while [4℄ 
laims that for instan
e the sophisti
ation of registerallo
ation as in [8℄ is not needed, we found that bad register allo
ation as in XSB, is a real drawba
k.Also the following two points are very important in our opinion: single level indexing is to bepreferred over double level indexing (see also [2℄); and se
ondly the basi
 me
hanism for (in-lined)builtins must be well thought out for an emulator: the XSB me
hanism (setting up the argumentsin parti
ular argument registers) leads to more register shu�ing and more exe
uted emulator 
y
les.There is value in redoing the e�ort des
ribed in [4℄ albeit in a di�erent 
ontext 15: it hasindi
ated that the advi
e given in [4℄ is more generally appli
able than within its own 
ontext.Apart from the main results, there is another lesson to be learned from our experiment: theoriginal intention was to make a fast system on the basis of the XSB 
ompiler. In fa
t, ourdispleasure with the speed of the XSB system made us sear
h for ways to improve XSB. Also, wewanted to rely on as few ad ho
 ha
ks as possible: we were 
onvin
ed that a dis
iplined way ofwriting an emulator would lead to a reasonably fast emulator, espe
ially sin
e [4℄ gives su
h goodand easy to follow advi
e. This turned out to be only partially true: even with the suboptimal
ode generated by XSB, one 
an make an emulator that beats SICStus Prolog regularly. But onthe basis of the XSB 
ompiler one 
an't 
ome 
lose to a system like Yap that together with a gooddis
ipline for the implementation of its emulator, also uses a well thought out abstra
t ma
hine
ompiler.15in exa
tly the same 
ontext would probably be meaningless20



There is lots of interesting work to do in the 
ontext of dProlog and related to speeding it up;we just name a few things. At the abstra
t ma
hine 
ode level, we think two more points areworth doing better: spe
ialization of builtins (e.g. fun
tor/3 is almost always 
alled in one of twobasi
 modes and the 
ompiler usually knows whi
h be
ause of the var-val distin
tion) and instru
-tion 
ompression over predi
ate boundaries: the 
all or exe
ute instru
tions transfer very often tothe same instru
tions. We experimented shortly with both, but gathered until now insuÆ
ientsystemati
 data to report on it.In general, there are still many other things to study within a �xed implementation 
ontext:there is for instan
e no hard data on entirely di�erent tagging s
hemas, e.g. like the one SICStusProlog is using. Also di�erent allo
ation s
hemas within a WAM-like implementation should beexperimented with, together with di�erent garbage 
olle
tion strategies and prin
iples. The problemwith the latter is however that an entirely new type of ben
hmarks is needed.We will 
ontinue using dProlog for experimenting and gathering information.Finally, our work will 
ontinue with in
orporating into the 
ompiler and emulator informationfrom de
larations (as in [10℄ for instan
e) and studying the impa
t of that in the 
ontext of anemulator.A
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A Why the name dProlog ?When looking for a name, we started alphabeti
ally: aProlog is 
learly a bad name; bProlog and
Prolog were out be
ause there exist systems like that already; so dProlog was the 
hoi
e :-)B Di�eren
e in number of times of dereferen
ingCompared to heap vars:� ls vars: more in putuval, bldpval, bldtval, unitval ... ea
h instru
tion that must test whethersomething must be globalized� parma vars: more in bldpval, bldtval, unitval, 
all unkn, meta
all ... ea
h instru
tion thatpotentially puts an undef inside a stru
ture� tag on data: less in swit
honlist( skip): be
ause of better instru
tion sequen
eC Maximal trail size in PARMA related to heap sizeLet N == heap size and assume that the heap 
ontains N free variables whose 
hain has lengthone (that's 
learly the maximal number of free variables the heap 
an 
ontain). Ea
h binding oftwo di�erent 
hains (even the trivial 
hain of length one) representing free variables has as e�e
tthat there will be one 
hain less and that at most two lo
ations are value trailed. Now you end upwith one free variable on the heap, and this has 
ost at most 2 �N traiings, so 4 �N trail entries.Now bind the variable to an atomi
 value; again N trailings, so 2N trail entries. So the number ofvalue-address entries on the trail will be at most 3 �N and that means that the trail needs to besix times as large as the heap.D PARMA same variable testBelow is the 
ode for the test test same var (from the dProlog parma vars variant) given twodereferen
ed terms p and q. It is meant to be 
alled as test same var(p; q; goto label1; goto label2).The idea is to move along both 
y
les at the same time and 
ontinuously test whether one is ba
kat the starting point of the same or of the other 
y
le.#define test_same_var(p,q,samea
tion,diffa
tion){ dlong *sp, *sq;sp = p; sq = q;while (1){ if (q == sp) samea
tion;if (p == sq) samea
tion;p = (dlong *)*p;q = (dlong *)*q;if (p == sp) diffa
tion;if (q == sq) diffa
tion; 23



}}The number of times the loop body is exe
uted always equals at most the size of the smallestof the 
y
les starting at p or q. This 
annot be mimi
ked in WAM whi
h in the worst 
ase musttraverse both referen
e 
hains to dete
t inequality of two free variables, even if one takes intoa

ount the order (from newer to older variable) in whi
h WAM makes bindings. [11℄ does not notethis di�eren
e probably be
ause their test same var for PARMA variables is asymmetri
.The above 
ode was basi
ally developed in the 
ontext of HAL [5℄: the original 
ode wasasymmetri
 and a

ounted for some strange performan
e �gures in some ben
hmarks. Symmetri
treatment of p and q lead to the above.E Tidying the trail 
an harm youBeginning Jan 2000, Henning Makholm wrote in 
omp.lang.prolog> If that is 
orre
t, it ought to imply that a program su
h as...> takes O(N^2) time to run be
ause ea
h of the N 
uts needs> to 
onsider a trail of length N.>> My problem is that the program seems to run in linear time> on the SICStus 3.8 system we use here.The example by Henning Makholm was wrong.This and other trailing issues have kept us busy for some time while working together with K.Sagonas, so we had a real example ready. Bart Demoen posted it to 
omp.lang.prolog:q(N) :- mm
(N,L) :-mkfreelist(N,L), N > 0,
putime(A), M is N - 1,(mm
(N,L), fail ; true), mm
(M,L),
putime(B), !.X is B - A, mm
(N,L) :-write(X), nl, fail. mkground(L).mkfreelist(N,L) :- mkground([℄).(N = 0 -> mkground([a|R℄) :-L = [℄ mkground(R).; NN is N - 1,L = [_|R℄,mkfreelist(NN,R)).[for SICStus add: 
putime(X) :- statisti
s(runtime,[X|_℄).℄The goal q(N) is now quadrati
 in N in an implementation doing trailtidying on 
ut (as XSB), and linear if not.24



PARMA quadrati
 and WAM linearThe following program - with query ?- t(N) - is quadrati
 in N for SICStus Prolog and linear inparma vars. The basi
 idea is: make a list of variables, bind them all together, then bind the �rstone to the integer 1, then test whether all elements of the list are integer. For the latter, a

essingthem is enough, the integer/1 test is merely an example.mkvarlist(N,In,L) :- t(N) :-(N = 0 -> statisti
s(runtime,[T0|_℄),L = In mkvarlist(N,[℄,L),; aliasall(L),NN is N - 1, L = [1|_℄,mkvarlist(NN,[_|In℄,L) statisti
s(runtime,[T1|_℄),). test(L),statisti
s(runtime,[T2|_℄),aliasall([_℄) :- !. A0 is T1 - T0,aliasall([X|R℄) :- A1 is T2 - T1,R = [Y|_℄, write(A0), nl,X = Y, write(A1), nl, fail.aliasall(R).test([℄).test([X|R℄) :-integer(X),test(R).Does the opposite also exist: programs for whi
h PARMA is quadrati
 and WAM linear ? Anopen question for me ...Lots of numbersThe next tables give all the numbers related to ea
h of the four term representation, the 5 di�erentbasi
 modes and for the di�erent assignments or de
larations of the WAM P register to di�erenthardware registers - that makes up 120 engines. All the timings are given in 1/100 se
onds. Thesizes are in 4-byte words. We refrain from further interpretation of these numbers.
25



lo
p
 = bx lo
p
 = register plain lo
p
sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 52 66 42 42 38 38 54 65 43 42 40 40 54 65 43 42 40 39browse 80 95 50 49 46 46 81 95 53 50 50 49 81 95 52 50 50 49
al 85 104 83 82 75 75 87 103 85 82 75 75 85 103 84 81 75 75
hat 55 65 47 47 45 44 56 65 48 47 46 44 56 65 49 47 46 44
rypt 71 83 57 56 52 52 72 84 57 57 54 53 72 84 57 56 54 53ham 98 115 64 63 59 58 99 117 69 66 63 62 99 117 68 65 63 62meta qsort 75 89 54 54 49 48 75 89 55 54 51 50 76 89 55 54 51 51nrev 134 160 47 46 43 44 137 162 55 51 54 51 137 162 54 50 55 53poly 10 47 56 35 34 33 31 48 55 36 34 33 32 48 55 36 34 33 33queens 16 114 139 93 92 85 85 117 139 95 94 89 87 117 139 95 94 88 87queens 176 213 111 110 103 103 181 214 116 114 111 106 181 214 115 114 111 107redu
er 26 30 20 19 19 18 26 30 21 20 19 19 26 30 21 20 19 18sdda 53 64 44 44 42 42 53 64 44 45 43 42 53 64 44 45 43 42send 64 79 54 52 44 45 65 80 54 54 49 49 65 80 54 54 49 49tak 99 123 75 75 70 71 100 122 76 75 72 71 100 122 76 75 71 71zebra 103 112 84 84 82 82 104 113 86 86 85 83 104 113 86 86 85 83indexa 37 48 12 10 10 9 32 45 11 12 10 10 32 45 11 12 10 11indexa2 136 170 76 80 75 74 136 167 79 83 74 74 136 167 78 81 75 76indexf 61 73 26 27 25 25 61 73 26 26 27 25 61 74 26 26 25 23list 108 136 34 34 35 34 120 141 50 45 50 49 120 143 50 45 50 49stru
t 160 201 57 56 53 52 160 194 58 57 52 50 160 194 57 57 52 50meta
all 96 118 46 46 40 40 101 118 48 48 40 42 103 119 48 46 40 41plus1i 103 130 46 48 45 45 110 125 47 46 45 46 110 125 48 47 45 46plus1f 194 236 141 142 133 130 194 232 140 138 134 131 194 232 142 137 134 131snrev 162 202 66 64 65 61 166 194 65 64 59 61 166 194 67 65 59 61snrevswap 162 201 66 64 64 61 173 193 67 66 65 62 174 193 65 64 61 62Table 8: heap vars: di�erent register allo
ations/de
larations
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globp
 = bx globp
 = bpsw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 53 65 43 43 39 39 54 66 43 42 41 40browse 80 95 50 50 46 46 81 98 54 52 50 50
al 86 103 85 85 76 75 86 104 85 85 76 76
hat 55 65 48 48 46 44 57 67 49 48 47 45
rypt 70 84 57 56 53 52 71 86 59 58 55 54ham 97 116 65 62 59 58 101 120 70 68 64 62meta qsort 74 90 54 55 49 50 74 91 56 55 51 51nrev 130 159 46 44 46 45 137 166 56 51 53 53poly 10 47 55 35 34 32 32 48 56 36 34 33 33queens 16 113 136 94 94 85 85 114 140 98 98 93 89queens 174 212 111 109 104 102 177 218 118 115 110 109redu
er 25 30 20 20 19 18 26 31 20 20 19 19sdda 53 65 44 45 42 42 54 65 45 45 43 43send 65 79 54 53 44 44 64 81 51 52 51 52tak 101 121 86 76 72 71 99 123 75 73 74 73zebra 101 111 82 81 81 80 109 118 91 90 88 88indexa 34 46 13 12 10 11 35 45 10 11 10 6indexa2 135 167 83 79 73 73 139 171 78 76 75 72indexf 61 74 27 27 27 25 62 76 25 26 25 23list 106 132 35 34 35 34 118 144 49 49 52 48stru
t 156 195 55 57 54 50 160 198 59 54 54 51meta
all 97 118 47 45 40 40 98 123 50 49 44 43plus1i 100 127 46 47 45 44 103 125 47 46 44 44plus1f 215 231 143 143 126 129 195 232 140 139 131 132snrev 164 200 66 65 63 62 163 202 67 64 64 60snrevswap 163 199 66 65 63 62 164 200 66 64 63 62Table 9: heap vars: di�erent register allo
ations/de
larations
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lo
p
 = bx lo
p
 = register plain lo
p
sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 54 67 44 44 40 40 54 68 44 44 42 41 54 68 44 44 41 41browse 81 95 51 50 48 48 82 97 55 54 51 50 82 97 55 54 51 49
al 87 105 87 87 78 77 86 105 88 84 79 77 85 106 87 85 80 78
hat 54 64 48 47 46 45 54 64 48 46 45 44 54 64 48 46 45 44
rypt 70 84 57 56 52 53 71 86 56 56 53 52 71 86 56 56 52 51ham 99 115 66 65 60 59 101 116 70 67 64 64 101 117 70 67 64 65meta qsort 76 89 56 55 52 51 75 91 56 55 52 51 74 91 57 54 52 51nrev 130 157 45 43 46 43 132 162 52 51 53 52 132 162 53 50 54 51poly 10 46 56 36 34 33 32 47 56 35 34 33 31 47 56 35 35 32 31queens 16 118 141 100 98 89 88 117 143 100 98 92 90 117 143 100 101 92 90queens 176 211 113 110 107 106 180 215 119 116 111 107 180 215 118 117 109 107redu
er 26 30 20 20 19 19 26 31 20 20 19 19 25 31 21 20 19 19sdda 51 62 41 42 41 40 52 63 42 42 41 41 51 63 42 42 41 40send 70 85 59 60 49 49 69 85 61 60 54 54 69 85 59 62 54 54tak 101 125 78 78 73 73 103 128 82 79 74 74 102 128 82 82 74 74zebra 103 113 85 83 83 82 105 115 87 87 85 85 105 115 88 87 85 85indexa 35 46 11 11 11 10 38 46 10 12 10 9 38 46 11 12 11 11indexa2 133 165 79 79 75 71 137 168 80 77 70 72 137 169 78 78 71 71indexf 60 73 28 25 27 25 61 77 24 25 25 24 60 77 24 26 25 24list 109 138 35 34 35 34 117 143 48 48 50 48 117 142 50 46 50 47stru
t 158 199 60 55 52 51 160 195 58 56 55 51 159 195 56 56 54 50meta
all 97 117 45 46 41 39 97 118 47 47 41 41 98 118 47 46 42 41plus1i 104 128 48 48 45 44 105 126 47 47 44 44 105 126 47 47 44 44plus1f 189 233 138 136 129 133 192 235 138 135 132 127 192 235 137 137 132 128snrev 166 197 65 64 63 58 164 197 65 64 63 61 164 197 66 65 63 62snrevswap 164 197 66 64 65 60 163 197 66 64 62 61 163 197 65 65 63 63Table 10: wam vars: di�erent register allo
ations/de
larations
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globp
 = bx globp
 = bpsw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 55 67 42 42 40 40 54 67 44 44 42 42browse 79 95 50 50 49 47 82 99 55 54 52 51
al 85 104 87 87 78 78 84 105 86 86 77 78
hat 56 65 48 47 45 45 55 66 49 48 46 46
rypt 70 85 56 56 53 52 70 83 57 56 52 51ham 99 118 64 61 60 59 100 120 71 68 66 64meta qsort 75 90 55 55 52 51 76 91 57 56 52 51nrev 129 158 46 44 44 43 135 161 58 52 52 50poly 10 47 56 34 33 32 31 47 56 35 34 32 32queens 16 116 141 97 98 88 88 117 143 102 102 93 91queens 175 212 111 108 103 103 180 217 120 117 111 110redu
er 25 30 20 20 19 18 26 31 21 21 19 19sdda 51 61 43 42 40 40 52 64 43 43 42 41send 70 86 52 52 50 49 69 87 60 58 55 55tak 101 125 77 77 73 75 101 125 79 80 76 78zebra 103 112 84 82 82 81 107 118 90 89 88 88indexa 36 48 11 11 12 11 38 47 13 13 10 10indexa2 136 166 79 78 71 74 138 169 78 80 72 73indexf 61 77 28 25 25 25 61 77 26 25 26 24list 108 135 35 34 34 34 118 142 48 48 52 48stru
t 159 198 60 54 54 49 160 194 57 53 54 50meta
all 95 119 44 43 40 41 99 122 48 49 43 41plus1i 104 126 48 47 45 44 99 123 47 41 37 41plus1f 189 230 135 138 125 129 201 240 139 139 134 132snrev 165 197 65 64 64 61 165 196 66 64 61 62snrevswap 164 197 65 64 65 61 164 195 65 63 62 62Table 11: wam vars: di�erent register allo
ations/de
larations
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lo
p
 = bx lo
p
 = register plain lo
p
sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 53 67 44 44 40 40 54 67 46 45 41 40 54 67 45 45 41 41browse 77 96 52 51 48 46 78 96 52 52 48 47 78 96 52 52 48 47
al 85 105 85 84 77 77 86 105 84 85 78 76 86 105 86 85 78 77
hat 56 67 50 49 47 46 55 66 51 49 48 46 55 66 51 49 48 46
rypt 71 83 56 56 53 52 71 83 57 56 54 53 71 83 57 56 54 53ham 95 118 70 64 62 60 97 116 69 66 63 61 98 117 69 67 63 61meta qsort 77 94 59 58 55 54 78 94 59 59 54 54 78 94 59 59 54 54nrev 131 163 51 47 48 47 144 169 59 57 57 55 143 169 59 57 57 55poly 10 47 56 36 35 33 34 47 56 36 35 34 33 46 56 36 35 34 33queens 16 117 141 97 98 91 90 117 139 100 98 90 92 117 140 100 98 90 92queens 175 216 116 116 114 113 181 216 121 119 116 114 178 216 121 119 115 114redu
er 28 33 23 22 21 21 28 33 23 22 21 21 28 33 23 22 21 21sdda 54 65 46 45 43 43 54 66 46 45 42 42 54 65 46 45 42 42send 66 83 57 57 52 52 69 84 59 59 53 53 69 84 59 59 53 53tak 103 128 81 81 75 75 103 128 82 83 76 75 103 128 82 83 76 75zebra 119 128 100 100 98 97 118 126 98 97 97 97 118 126 98 98 98 97indexa 33 45 12 12 10 10 35 45 13 11 11 11 35 45 13 11 11 11indexa2 130 168 84 82 71 72 136 169 82 79 79 75 136 168 82 80 80 75indexf 59 75 28 29 28 26 62 76 30 29 29 26 62 76 31 30 29 28list 103 131 35 34 35 34 120 140 48 43 50 49 121 140 48 42 51 49stru
t 159 206 70 65 65 64 164 204 68 70 67 63 163 204 68 66 83 63meta
all 91 115 46 42 40 41 93 117 45 46 39 40 91 117 45 46 41 40plus1i 105 128 49 47 44 45 106 126 47 46 44 43 106 126 47 46 44 43plus1f 191 234 144 138 135 132 195 230 138 141 138 135 195 230 138 141 138 134snrev 171 212 77 74 73 75 175 211 76 74 73 75 175 210 76 73 75 75snrevswap 171 211 76 75 73 75 174 210 75 75 73 74 175 210 77 74 75 74Table 12: parma vars: di�erent register allo
ations/de
larations
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globp
 = bx globp
 = bpsw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 55 67 44 44 40 39 55 68 46 46 41 41browse 78 94 52 52 48 46 80 97 54 53 50 49
al 84 105 84 85 78 77 85 106 87 85 77 76
hat 55 66 50 48 47 46 57 68 52 50 49 48
rypt 70 84 56 56 53 53 72 83 58 57 53 53ham 98 117 66 64 62 60 100 119 69 68 64 61meta qsort 77 93 59 59 55 54 80 95 61 60 56 56nrev 134 165 52 49 48 46 145 169 61 60 52 56poly 10 48 57 36 34 33 33 47 57 36 36 34 33queens 16 114 141 97 98 91 91 117 141 99 98 90 90queens 176 217 115 115 114 112 183 220 123 121 117 115redu
er 28 33 23 22 21 21 29 33 23 23 22 22sdda 54 66 45 45 43 42 55 67 47 47 44 43send 67 83 57 57 53 53 69 84 59 60 49 48tak 106 132 80 82 75 75 104 129 85 84 76 76zebra 119 128 98 98 97 97 125 135 106 105 105 105indexa 36 46 11 11 12 10 36 47 12 12 11 10indexa2 139 170 78 82 77 74 136 170 82 81 76 71indexf 60 77 30 28 28 26 59 77 28 28 29 27list 109 133 35 34 35 34 121 140 47 45 51 50stru
t 164 207 67 67 67 63 162 203 68 66 66 63meta
all 93 118 45 45 40 39 96 120 48 48 40 41plus1i 105 126 50 52 44 45 104 126 48 50 46 44plus1f 197 233 142 143 135 135 196 236 142 142 136 137snrev 175 216 76 77 73 74 174 212 75 76 73 76snrevswap 174 215 77 76 75 73 173 211 73 75 75 77Table 13: parma vars: di�erent register allo
ations/de
larations
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lo
p
 = bx lo
p
 = register plain lo
p
sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 56 69 46 45 42 42 57 68 46 46 44 44 57 69 46 46 44 44browse 87 104 59 56 53 53 86 103 60 58 55 54 85 103 59 58 54 54
al 86 106 86 86 76 77 87 107 84 87 79 79 85 105 85 87 79 79
hat 57 66 49 48 48 47 55 67 51 49 48 47 55 67 51 49 49 47
rypt 72 85 59 59 55 54 73 87 60 58 57 56 73 87 60 58 57 56ham 101 121 73 71 65 64 100 120 73 69 68 66 100 121 73 69 68 66meta qsort 78 92 59 57 54 53 78 93 59 57 54 54 77 93 58 57 54 53nrev 141 168 58 56 57 56 132 171 58 61 62 62 133 171 58 58 63 63poly 10 49 59 37 36 35 34 52 59 38 37 36 36 51 59 38 37 36 36queens 16 117 145 100 99 91 90 116 143 100 98 94 94 116 143 100 100 95 94queens 185 222 126 124 116 113 187 224 129 124 123 119 186 224 128 123 121 120redu
er 28 33 23 22 21 21 28 33 22 22 21 21 28 33 23 22 21 21sdda 54 67 46 45 44 44 56 67 46 45 44 44 56 67 46 45 45 44send 67 85 59 59 49 49 69 85 60 58 57 56 69 85 60 58 56 56tak 100 126 79 79 72 73 105 126 80 80 76 75 106 126 80 79 78 75zebra 111 120 94 93 90 90 112 121 93 93 91 92 112 121 93 93 91 92indexa 37 47 11 10 11 12 35 47 13 12 10 11 36 47 11 12 10 10indexa2 136 162 73 73 72 72 135 171 85 80 76 75 135 170 85 80 74 74indexf 60 76 24 23 23 23 61 77 25 23 23 23 61 76 24 25 24 24list 115 148 45 41 42 41 110 143 45 42 49 47 110 143 45 43 49 47stru
t 161 203 65 62 60 57 164 204 67 62 69 68 164 204 67 62 69 68meta
all 99 122 50 49 45 43 98 122 51 49 46 46 98 121 51 50 47 45plus1i 105 129 47 47 45 45 105 126 46 45 44 43 104 126 46 45 43 44plus1f 188 233 135 135 129 128 190 232 135 136 134 134 190 232 136 136 134 132snrev 170 205 79 74 74 74 169 212 77 76 78 78 171 211 78 76 76 77snrevswap 175 204 78 76 74 76 169 211 78 77 77 77 169 211 77 76 75 79Table 14: tag on data: di�erent register allo
ations/de
larations
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globp
 = bx globp
 = bpsw1 sw2 ju1 ju2 th1 th2 sw1 sw2 ju1 ju2 th1 th2boyer 55 68 46 45 42 41 56 70 46 46 44 44browse 85 104 57 58 54 53 86 105 60 58 56 55
al 86 105 84 85 77 77 85 105 86 85 78 77
hat 56 66 50 47 47 46 57 68 51 50 48 47
rypt 73 86 59 58 56 55 73 87 60 59 56 55ham 101 120 71 70 66 65 101 123 73 71 69 66meta qsort 78 92 58 57 54 52 78 93 59 59 56 55nrev 135 170 58 52 56 55 134 172 59 56 62 62poly 10 49 57 38 38 35 34 50 58 38 37 36 35queens 16 117 143 99 98 92 92 118 144 100 99 93 100queens 185 223 125 123 116 114 184 225 130 126 121 121redu
er 28 33 23 22 21 21 28 33 23 22 22 21sdda 55 65 47 45 43 43 56 68 47 46 45 45send 67 85 59 59 54 54 69 85 60 61 57 56tak 100 124 78 79 71 73 101 126 80 82 76 81zebra 112 119 93 93 91 90 116 127 98 97 97 95indexa 36 45 11 11 11 11 34 46 11 11 10 10indexa2 133 163 76 76 71 71 135 168 81 81 73 74indexf 61 77 23 25 23 22 60 75 23 24 23 23list 115 143 45 42 42 40 112 148 44 43 49 48stru
t 166 206 65 62 61 59 156 203 65 64 69 68meta
all 96 119 50 48 45 44 101 124 53 50 47 47plus1i 106 126 54 54 45 45 100 126 44 43 37 40plus1f 196 233 134 134 132 132 198 244 141 143 137 139snrev 166 210 78 76 72 72 163 201 79 77 75 76snrevswap 165 210 79 76 74 72 163 200 78 76 76 76Table 15: tag on data: di�erent register allo
ations/de
larations
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