WAM Local Michel Ferreira LuC0FC00s DCC-FC & LIACC, University of Porto,

Rua do Campo Alegre, 80F - 075C Porto, Portugal fmichel,luisgAbstract. The abstract interpretation framework has been used mainly in the global sis of programs. Most often also, this interpretation is applied to the source Prolog In this paper we present an abstract interpretation of more local nature, and applied to intermediate code (WAM). The purpose of obtaining a more eficient specialized vof the program remains the same as in global analysis approaches. Our specialization multiple, meaning that we generate a different version for each entry pattern detected banalysis. This poly-variant unfolding of predicates allows the local (predicate level) to propagate inter-procedurally relevant information. Besides time and complexity reduc-

tion of local versus global analysis, our approach is suited for goal-independent spand for the partial selection of predicates to specialize. The evaluation of this more general

specialization of programs in a full compiler shows that it is an alternative to global and goal-dependent methods.

Keywords: Prolog Compilation, Abstract Interpretation, Multiple Sp1 IntroThe major problem in compiling eficiently Prolog programs is the declarative style in which its

predicates are written. The substitution of a procedural description of how by a declarative tion of what, leads programmers to generalize in the design of the predicates of their And for those general predicates, which are often multi-directional and type independent, it difficult to generate eficient compiled implementations.

One good solution is to correct the over-generalization of the programming style by the predicates and the interaction between them in the context of the current program. The is to extract the missing procedural information from a pseudo-execution of the program. is normally done by abstract interpretation [4], which basically consists in executing the over a simplified abstract domain and treating recursion by fix-poinTraditional specialization of a predicate is single-specialization, in which all the derived by program analysis is combined in a unique implementation of the predicate. approach is multiple-specialization [20, 9, 14, 13, 10], where several implementations (versions) generated for a single predicate, each one specialized in a particular use of it. This approach the multi-directionality of Prolog, with different versions for different Global analysis of Prolog programs based on abstract interpretation, both for single and mtiple specialization has not become a current compiler technique. This is because of its complexity and because it is not suited for real programs compilation, as it does not scale wWhen the number of predicates of a program becomes large, considering all the possible intions between them easily becomes too In this paper we show how we can replace a program level analysis by a predicate level Instead of a global program analysis we analyze locally each predicate. Through multiple spization, where we generate a different version for each entry pattern detected by local we are able to propagate inter-procedurally relevant information. The most useful part is the that, because predicates are analyzed individually, we can select just a number of predicates perform analysis and multiple specialization on a goal-independent This approach is evailuated in a full Prolog compiler implemented over the wamcc [3] to-C system, and yields good results.

The remaining of this paper is organized as follows: in the next section we present our of the WAM code, describe the abstract domain and the abstract meaning of WAM in section 3 we show how the multiple versions of predicates are generated and how the spization can be goal-independent; in section 4 we show how e↓cient multiple specialization of programs is possible while keeping code size and compilation time reasonable; in section 5 wpresent the evaluation of the system. We end with some conclusions.

2 WAM The traditional approach in the process of analysis+code specialization of Prolog programs is abstractly interpret the source code of the Prolog program in order to derive the intended tion. This information is then used in the generation of the low-level code. As WAM are too general to profit from the analysis information, new lower-level abstract machines are or extensions to the original WAM are Another approach which aims to speed-up the analysis process is known as abstract clation [8]. Instead of interpreting the Prolog source code it is compiled to produce the inanalysis information upon In both approaches though, there is a clear separation between program analysis and specialization, i.e. between the process of deriving the needed information and the process of that information in the specialized implementation of the program.

We use another approach, WAM analysis, as illustrated in Figure Fig. 1. Analysis approacInstead of analyzing the source Prolog code we analyze the intermediate WAM code. generation of the specialized code is integrated in this analysis proThere are two previous experiences with abstract interpretation of the intermediate code, in the context of the WAM, by Tan & Lin [16], and one in the context of the VAM Abstract Machine [11]), by Krall & Berger [12]. See [5] for a discussion of source-level interpretation versus low-level abstract inA clear point in favor of low-level abstract interpretation is that what is explicit is easier analyze than what is implicit. For example, determining if a variable has to be trailed or not been one goal of Prolog analyses [17]. This trailing operation is directly connected to the and elimination of choice-points. In Prolog code this creation and elimination is implicit, but in

WAM code it is explicit, through instructions tryme else(L) and retry me else(L).

To derive optimizing information from each predicate and to produce the specialized cowe have re-de↓ned the meaning of each WAM instruction. We refer to this re-interpretation as

abstract emulation.

In the abstract emulation of WAM instructions there is no heap, no environment stack no trail. WAM instructions act over a single structure that we call Status. This Status is a lostructure, i.e. it has a predicate level existence and is never passed within inter-procedural Besides changing the Status structure, WAM instructions have another effect: they output new unfolded WAM instruction belonging to the specialized implementation of the predicate banalyzed. In the end of the abstract emulation the specialized code has all been 2.1 The unfolded WSystems like Parma [18] or Aquarius [19] use, in their compilation process, an abstract macwhich is more low-level than the WAM. We define new WAM instructions, which are special of a generic WAM The single specialization approaches of system like Parma and Aquarius, where the sption of a predicate is goal-dependent and determined by a particular set of calling patterns, suited for the development of very low-level abstract machines. The single version generated be as specialized as possible, and this is achieved by using very low-level abstract where every possible optimization can be implemented.

The scenario on a multiple specialization implementation, particularly in its goal-independenperspective, is different. Compromises between overall code size and particular versions have to be done. On a goal-independent perspective the set of specialized versions of a should cover every possible calling pattern. Clearly, optimal low-level implementation of eacversion would lead to an enormous amount of versions.

In the unfolded WAM we divide each WAM instruction in its most important special cases. Finstance, a unifyx ) only has two cases depending on the uni↓cation mode and thgives rise to two instructions, unifyxvariable ) and unifyxvariable )More interesting are the cases where the argument type in'uences the implementation of instruction. For instance, the implementation of get) can be specialized if is known to be dereferenced or not▷ Knowledge about the dereferenced tag of is also as implementation is diαerent if it is a var tag, an int tag or any other. Finally, when has var implementation can also be specialized depending if such variable is older or newer than last choice-point created. In Aquarius, for instance, these simplifications are obtained by the low-level BAM instructions which include deref, trail and low-level comparison instructions.

In our system the WAM instruction set is extended with three new instructions which specialize the generic geti ) 2.2 The abstract Attempting to analyze a program by simulating its execution for all possible inputs is, in unsolvable. Abstract interpretation solves this problem by mapping the concrete values into stract descriptions. Analysis is then carried out over this abstract domain, which normally a complete lattice, that is, a set of values where a partial ordering (⊑⇒ ⊣\⌈ ⊔⟨⌉ ↕⌉⊣∫⊔ ⊓√√⌉∇ ⌊⇐⊔⇒ ⊣\⌈ ⊔⟨⌉ }∇⌉⊣⊔⌉∫⊔ ↕≀⊒⌉∇ ⌊≀⊓\⌈ ⇐⊓⇒ ⊣∇⌉ ⌈⌉⊙\⌉⌈ {≀∇ ⊣\† ∫⊓⌊∫⌉⊔⇔ ⊣\⌈ ⊒⟨⟩⌋⟨ ⟩\⌋↕⊓⌈⌉∫ ⊔≀√ ⇐⊤⇒ ⌊≀⊔⊔≀⇕ ⇐⊥⇒ ⌉↕⌉⇕⌉\⊔∫↙

O⊓∇ ⌈≀⇕⊣⟩\ ⌋⊣√⊔⊓∇⌉∫ ⊔⟨⌉ ∇⌉↕⌉⊑⊣\⊔ ⟩\{≀∇⇕⊣⊔⟩≀\ {≀∇ WAM ⌋≀⌈⌉ ≀√⊔⟩⇕⟩‡⊣⊔⟩≀\⇔ \⊣⇕⌉↕†⇔ ⇕≀{⊓\⌋⊔≀∇ ⊔†√⌉⇔ ⌈⌉∇⌉{⌉∇⌉\⌋⟩\} ⊣\⌈ ⊔∇⊣⟩↕⟩\} ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ WAM ∇⌉}⟩∫⊔⌉∇∫↙ I⊔ ⟩∫ ⌊∇⟩⌉◯† ⌈⌉∫⌋∇⟩⌊⊣∫ {≀↕↕≀– any represents the set of all terms, the top element (⊤⇒ ≀{ ⊔⟨⌉ ⊣⌊∫⊔∇⊣⌋⊔ – nonvar and nonvarndrf represent all non-variable terms and all non-variable terms not a dereferencing op– atom and atomndref represent the set of atomic terms, excluding integers and the nil atom.

– int and intndrf represent the set of integer – nil and nilndrf represent the nil atom.

– struct↼f/n, , ..., ↽ and structndrf↼f/n, , ..., ↽ represent the set of structure with functor f/n and with each argument of type ↼1 ≤ i ≤ n↽ in the abstract – list↼α

, 2^{) and} list ndrf↼,^{) represent structure terms with} /2 and ,^{the abstract For variable types we add extra information about trailing:}

– vntr and vndrfntr represent all variables not needing – v and vndrf represent all variables that have to be trailed.

– impossible represents the set of impossible terms, the bottom element (⊥⇒ ≀{ ⊔⟨⌉ T⟨⟩∫ ⌈≀⇕⊣⟩\ ⟩∫ \≀⊔ ⊙\⟩⊔⌉ ⌊⌉⌋⊣⊓∫⌉ ≀{ ⊔⟨⌉ √≀∫∫⟩⌊↕⌉ ⟩\⊙\⟩⊔⌉ term-depth of the abstract typstruct and list. To guarantee analysis termination we could make the domain finite by the term-depth to a fix value, loosing precision when analysis encounters terms whose depth larger than this fix value. This is done in Taylor’s and Tan and Lin’s analyzers.

We have a slightly different approach. We restrict the types of the domain only when a predicate. This way we have a possibly infinite precision within a predicate, which allows us extract as much as there is local information, and we guarantee termination by simplifying typacross predicates bThe simplification of types is just applied to list and struct, converting their compound sentations to simple atomic types. For instance, the type listndrf(intndrf,nilndrf) is convto listndrfofintndrf, while listndrf(intndrf, vndrf) is converted to listndrfThis approach can result in relevant precision losses. Consider for example the following gram:

:- p([1,X],[X,1]), If the call to predicate p/2 is analyzed with a pattern of type (listndrf(intndrf, vndrflistndrf(vndrfntr, intndrf)) the abstract unification can derive that variable X will exit p/2 type intndrf, and q/1 can be specialized for such pattern. If however when calling p/2 we types listndrf(intndrf, vndrfntr) and listndrf(vndrfntr, intndrf) to listndrf then nothing will be known about the type of variable X when calling q/1This lost of precision is acceptable from the point of view of our analyzer. As we will show, focus is much more centered on goal-independent and local analysis than in goal-dependent global analysis, and clearly predicate p(X,X) gives very few of such local and goal-independen2.3 Abstract meaning of WAM instructions

We assume in this section that the reader is familiar with the concrete meaning of WAM instructions. For a detailed explanation of the WAM execution model and its instruction set see tutorial As we have said, in its abstract emulation WAM instructions have two effects: they prochanges in the local Status structure and they output a new unfolded WAM instruction. It important to note that in our analyzer there is no global structure, such as the heap, where

WAM instructions from distinct predicates interact. It is this absence that allows us to qualify analysis as loIn their concrete meaning WAM instructions construct terms on the heap from their form. In this process a number of temporary and permanent (variable) registers X1, Y1, etc, used to save pieces of terms yet to be processed or a variable that may occur later in the term in another goal. As in the abstract emulation we do not have an heap and because locally a predicate) we need to keep (abstract) term representations, we use the WAM temporary and permanent registers to save these abstract terms. To avoid temporary registers being ovby an optimized register allocation [2] this allocation is not performed in the ↓rst WAM The simplest WAM instructions are put instructions. They are responsible for loading argument

registers in the goals of a clause. We define the abstract meaning of putyvariable(, A putxvalue(X , ↽ and putlist(↽ as follows. put y variable↼, ↽ η AddStatus↼Status, i ψ vndrfntr↽ AddStatus↼Status, j ψ i AbstractEmulate↼NextInst, Status↽ ω 1 outcode ω put y variable↼i , j ↽, 1 put x value(, ↽ η AddStatus↼Status, j ψ i AbstractEmulate↼NextInst, Status↽ ω outcode ω put x value↼, ↽, 1

put list(i ↽ η AddStatus↼Status, SM ode ψ write↼i↽↽ AddStatus↼Status, i ψ lst ndrf↼ ,AbstractEmulate↼NextInst, Status↽ ω outcode ω put list↼↽, Every put instruction generates an identical instruction as output, because no optimizations be performed. They simply add some information to the Status structure, like aliasing betwvariables, unification mode or a register’s type. Note that putlist(↽ builds and stores abstract term in register A

instead of in the heap▷ Subsequent unify instructions will work these register and not on the An essential operation of a large number of WAM instructions is unification. This will have a correspondent abstract unification. Concrete unification unifies concrete terms. unification unifies elements of the abstract domain. The procedure AbsUnify↼T 1, T 2, Status↽ abstractly uniβes terms T 1 and T 2 using information from the current Status and produces new status with T 1 and T 2 uniβed▷ Here are some examples of abstract ı AbsUnify↼; int; [ any♯↽/♭1 intı AbsUnify↼; lst(int, ), ♭ any, v♯↽/♭ lst↼int, ), anyı AbsUnify↼; ; [ vndrf, vndrf♯↽/♭ v, v, alias↼; )]

WAM instructions get and unify perform uni↓cation. The abstract meaning of getxvalue(, j ↽ and unifyyvariable(↽ is deβned as follows. get x value↼, ↽ η T yψ ReadStatus↼, StatusT yψ ReadStatus↼, Statusif↼Status ψ AbsUnify↼T y, T yj , StatusT yψ ReadStatus↼, Statusif↼Arg↼j↽↽AddStatus↼Status, Exit↼j↽ ψ T yAbstractEmulate↼NextInst, Status↽ ω outcode ω get x value T yiT y↼, ↽,

else outcode ! fail unifyy variable(↽ η AddStatus↼Status, ψ vndrfntrSMode ψ ReadSMode↼StatusifSMode / read↼j, SStatus ψ AbsUnify↼Y

, , StatusAbstractEmulate↼NextInst, Status↽ ω outcode ω unify y variableread↼i ↽, ifSMode / write↼jStatus ψ W riteT ype↼X , Y AbstractEmulate↼NextInst, Status↽ ω out ω unify y variablewrite↼↽, 1 The get instructions, if used for head arguments, also save on the Status exit information, be used for the updating of the exit extension table when finishing the analysis of the currenpredicate.

1

The unification mode kept on the Status also saves the number (i↽ of the register being uniβed ↼SMwrite↼i↽↽

Choicepoint instructions tryme else(L), retry me else(L) and trust me elsefail, act over the Status structure by modifying only the trailing condition of registers of type varRecall that a variable only has to be trailed if it is older than the last choice-point created.

Instructions trymeelse(L) and retry meelse(L) create choice-points, and thus variable typregisters of the current Status will have to be trailed after this choice-point creation. The meaning of these two instructions promotes the no trailing variable types of the current Status the correspondent have-to-be-trailed variable types. A trust me else fail instruction does create a choice-point in its concrete execution and therefore does not imply such type The tracking of choice-point creation cannot be done just locally, but has also to inter-procedurally the creation of choice-points. The exit types extension table saves for eacpredicate if it creates or not choice-points, and the a↑ected registers of the local Status of the

calling predicate are updated by checking this value after a call instruction. The abstract of the choice-point instructions is the follotry me else(L↽ η / ⌢ / T yψ ReadStatus↼, Status↽

if↼T yi / vndrfntr↽ AddStatus↼Status, ψ vndrfif↼T y/ vntr↽ AddStatus↼Status, V ψ vAddStatus↼Status, choicepoint ψ trueAbstractEmulate↼NextInst, Status↽ ω 1

outcode ω try me else↼L↽, 1 retryme else(L↽ η i i / ⌢ i / T ypeV ψ ReadStatus↼V , Status↽ if↼T yi / vndrfntr↽ AddStatus↼Status, i ψ vndrfif↼T y/ vntr↽ AddStatus↼Status, ψ v↽ AddStatus↼Status, choicepoint ψ trueAbstractEmulate↼NextInst, Status↽ ω outcode 1 outcode ω retryme else↼L↽, trustme else fail ȷ AbstractEmulate↼NextInst, Status↽ ω outcode outcode ω trustme else fail, 3 Multiply specializing predicates

In the previous section we did not define the abstract meaning of control instructions. They

   are call, execute and proceed. We de↓ne them now and show how the di↑erent versions of a

predicate are generated in its multiple spOur specialization strategy is to generate a new version of a predicate for each distinct activa-
tion pattern, whether or not they allow new When encountering a call or execute instruction, the Status structure is consulted to the activation pattern. If code has not yet been generated for that pattern then the WAM cofor that predicate is searched, selecting only the clauses that match the activation pattern, and is As in the concrete execution, also in the abstract emulation of call and execute control transfered to another predicate, where analysis will further continue resulting in the respectivspecialized code being Upon return from the called predicate the Status structure of the predicate being analyzed to be updated, namely the unbound permanent variables passed on the arguments of the predicate (this information is part of the Status because of the abstract meaning of like putyvariable). This update is done using the exit type information of the called saved on the exit types extension The abstract meaning of the call(P ) instructions is as follocall(P ↽ η ← BuildCallingP attern↼StatusW amAnalyze↼′

ExitP ← ReadExitT ypes↼P UpdateStatus↼Status, EAbstractEmulate↼NextInst, Status↽ ω outcode outcode ω call↼⇒, 1

A proceed instruction ends the execution of a predicate. What is done in its abstract is the updating of the Exit extension table. First the head exit pattern is calculated from the structure. The least upper bound of this pattern and the previous exit pattern of the predicate then calculated and the extension table updated. More formally, the abstract meaning of when predicate P is being analyzed is.

proceed η Eψ CalculateHeadExitP attern↼StatusE← ReadExitT ypes↼P E← lub↼ExitP,