341Chapter 11Translating Cleaninto ABC code

11.1Basic graph rewriting on theABC machine11.2The run-time system11.3Optimizations

This chapter discusses the transformation of Clean programs into ABCmachine instructions (Figure 11.1). The relatively high-level functionallanguage Clean is transformed into a low-level, imperative machine lan-guage. Hence, compared with the transformations described so far, thetransformation from Clean into ABC code is the most complex one.a

The goal of the translation is, of course, to transform Clean programs into equivalent and efficient ABC programs. This ABC code isthen further translated into instructions for the concrete target machine.The various target machines have quite different instruction sets, whichmakes it impossible to develop a compilation scheme to ABC code thatis optimal for all possible concrete architectures. Nevertheless, severalgeneral optimizations can be used. These general optimizations consistof deviations from the standard operational semantics of Clean that areAn important optimization is the following: although Clean graphsare mapped directly to graphs in the graph store of the ABC mathis graph store is not updated after every rewrite step. During therewriting the updating information is stored on the stacks and (implicitly)

Another important optimization is induced by the fact that the performance of ABC programs heavily manipulating the graph store forsimple computations will be low compared with ABC code that employsthe B-stack whenever appropriate. So to achieve an efficient implementation of graph rewriting one should avoid the actual rewriting of thegraph in the graph store where possible. For instance, in a straightforward scheme, subgraphs are constructed in the graph store to pass arguments from one function to another. But, when simple basic valuesare passed one does not need to construct these nodes at all: the values can be passed on the B-stack. The B-stack will be used in all caseswhere strict arguments of a basic type are passed to or returned by aSection 11.1 informally describes graph rewriting on the ABC machine. Section 11.2 discusses the run-time system. Finally, Section 11.3treats some high-level optimizations including the use of the B-stack.There are, in principle, many different ways to realize graph rewritingon the abstract ABC machine. This section discusses one straightward method in an informal way. Only pure graph rewriting is consid-ered. This means that only the graph rewriting part of the ABC machineWhen a Clean program is translated into an ABC program, a se-quence of ABC assembly instructions is generated for each rewrite ruleand, in addition, for each rewrite rule alternative. In this code the func-tional reduction strategy and the graph rewriting operations are merged.construct a stack frame such that the arguments of the function canbe accessed directly; furthermore, the arguments with global strictIn addition, for each Clean rule alternative there is a sequence of ABCdetermine whether the rule alternative matches the actual redex; ifthis is the case the corresponding rewrite is performed; if not, theFurthermore, there is a fixed piece of ABC code, called the

Entries (see Chapter 10) are important because they mark pieces ofcode that belong together. A sequence labelled with an entry can be executed by jumping to this entry (there are several jump instructionsavailable). So entries can be called from outside. There are several kindsof entry generated in the ABC code. For each entry a certain convention is assumed: i.e. an interface between caller and callee. Thedifferent pieces of code, the entries and the calling conventions areOne property of the functional strategy is that, once initiated, the retion of a (sub)graph continues until it is in root normal form. This is re-alized as follows on the ABC machine. As was explained in the previous chapter, entries can be stored in the code field of a node. In genthe code field of a node will refer to a special entry, the node enWhen this node entry is called, the corresponding instructions willeventually reduce the subgraph rooted at that node to its root normalThe reduction of a redex can be initiated by a jsr_eval inThis instruction calls the node entry stored in the code field of the rootnode of the redex and leaves a reference to this root on the top of the A-stack (see the definition of jsr_eval). When the node entry is entered, theroot node is marked as being under reduction such that a cycle-in-spinecan be detected. Since the ABC machine contains no tags, this markingis realized by overwriting the code field with a special entry (_cycle) thatwill produce an error message when it is called by a second attempt toBefore the actual matching and rewriting can take place a stacka refence to the root of the (sub)graph under reduction. This rootis used as a place-holder node on the bottom of the stack frame. It ¥the node-ids of all the arguments of the function that is called. Thereference to the first argument is on top of the stack. The argu-To construct the described stack frame, the arguments of the rootnode have to be pushed on the A-stack as well. Those arguments thatare globally annotated as being strict are reduced to root normal form(again by using jsr_eval instructions). There is a special entry, called the eval args entry (evaluate strict arguments), to reduce the correspondingThe actual matching and rewriting will take place depending on theThroughout this chapter, new parts in the pictures are printed bold. Graphs

Figure 11.2(a) The initial A-stack frame and graph just before enteringthe node entry. (b) The stack frame is extended with thenode-ids of the arguments. (c) The stack frame as expectedby the rule alternatives; both arguments are strict and henceFor each rewrite rule alternative there is a separate rule alterna entry. Only the first rewrite alternative will be referenced outsidethe code for a particular rewrite rule. The code for each rule alternativeentry consists of a matching phase which determines whether this alter-native is applicable and a rewriting phase which performs the rewrite.When an alternative appears to be inapplicable, execution proceeds withthe next one. Furthermore, for each rewrite rule, an additional rule al- entry is generated that is executed when none of the rewriterule alternatives is ap This means that a partial function hasbeen called with a value on which it is not defined, which is generallyconsidered as a run-time error (see Section 8.2.3). However, for welltyped partial functions it means the place-holder node can be updatedA different situation arises when a curried function is used. Asexplained in Chapter 8, an automatic conversion has to convert a curapplication into an uncurried one. For this purpose, a special internal

-rule is defined in the run-time system (see Section 11.2). When suf-ficient arguments are supplied, the _AP-function will call the specialapply entry of the rewrite rule. In this case, the node-id of the redex,the node-id of the last argument and a reference to the node containingthe other arguments will be on the stack. To construct the same stackframe as described above, the last reference has to be replaced by theother arguments of the rewrite rule. Finally, the strict arguments have tomark root node redex for cycle-in-spine detection; this node now serves aspush the node-ids of all the arguments of the redex on the A-stack; last argunode-ids of all arguments of the function called above it, node-id of first arguCalled by:the first rule alternative can be called by any function; the other rule althe stack frame is complete: node-id of place-holder node on the stack, node-when a root normal form is reached, the place-holder node is overwritten with pop the two node-ids on top and push the node-ids of all the arguments of the

Figure 11.3(a) The situation after matching the top level of the first argument and pushing its subarguments. (b) The second subargument of the first argument is reduced and matched. Afterthe successful match the node-ids of the subarguments arepushed on the stack. (c) The second argument also matches.In each rewrite rule alternative the arguments are matched from left toright. If the formal argument in the corresponding rewrite rule is a vari-able the argument trivially matches. Otherwise, when the actual argument is not known to be in root normal form already, it is brought inroot normal form by calling its node entry. Now the symbol in the graphcan be compared with the symbol specified in the redex pattern. Whenthe symbols match (are equal), its subarguments are pushed on the Astack as well (Figure 11.3). Subpatterns are matched in the same way. Inthis way all node-ids that appear on the left-hand side of the rewrite rulealternative are pushed on the A-stack. The advantage of this is that thesenode-ids and hence the corresponding nodes become directly accessibleAs soon as an argument is found that does not match the corre-sponding redex pattern, all subarguments are popped from the stack andexecution proceeds with matching the next rule altive. When theWhen the redex matches a rewrite rule alternative, the rewriting canconstructed (if present in the rule) and all references to the root of theredex must be redirected to the root of the contractum. During thematching phase all node-ids that appear on the left-hand side of therewrite rule alternative have already been pushed on the A-stack suchTo increase the performance of the generated code some deviationsAs explained in Section 8.3.2, before reducing the root node of theright-hand side all strict nodes other than the root node are evaluated toroot normal form. However, not the whole contractum is built beforethese strict nodes are evaluated. Only those parts of the contractum thatare necessary for this evaluation (lazy subgraphs, sharing, cycles) areFurthermore, as already mentioned in Section 10.2, it is very inef-ficient to examine the whole graph and replace every reference to theroot of a redex by a reference to the contractum root. A more efficientmentation is achieved by the root of the redex withthe root of the contractum. In this way all references to the redex areFinally, the graph store is not updated after each rewrite step. It isonly updated when a root normal form is reached. During the rewritingthe information is stored on the stacks and (implicitly) in the instructionsequence executed. Three situations are distinguished: the contractum isnot known to be in root normal form; the specified contractum is a

When the contractum is not known to be in root normal form, therewrite rule associated with the symbol in this root must be applied. Itmakes no sense to fill the redex with the root of the contractum. Thenew rewrite rule would unpack this node immediately since the tional strategy will indicate this redex as the one to rewrite. So it ispossible and more efficient to delay the update of the graph store until aHence, when the reduction of a new subgraph is demanded, thecorresponding root of the redex is pushed once on the bottom of thestack frame. In the case that the reduction continues with the reductionof the contractum, a new stack frame is constructed for the first rule al-native of the corresponding rewrite rule. Rewriting proceeds imme-When the right-hand side root function is called, the current func-tion does not need its own stack frame any more. So the space occupiedby the old stack frame can be reused for building the new one. Theoriginal redex stays as place-holder on the bottom of the new stackframe such that it can be overwritten when the root normal form isreached. The node-ids of the old arguments are removed from the stackand the new ones are pushed instead. After that, a jump (and not a) is performed to the first rule alternative of the called function.

(b) The stack frame is ready for matching the first rule alternative of G. (c) The reduction according to rule G has beenperformed, a root normal form is reached; garbage nodes areThe ABC machine has variable-sized nodes. This means that it is al-ways possible to overwrite a node with arbitrary new contents, even if

the new node is larger than the old one. So when the contractum is inroot normal form, the place-holder node at the bottom of the stack frameis overwritten with the root of the contractum. In this way all refFor a machine without variable-sized nodes the place-holder nodeis usually overwritten by an indirection node: a special node that fits inany node which points to the actual node. A drawback of indirectionnodes is that they make an implementation a bit more complicated andinefficient because these indirection nodes can appear anywhere in aWhen the right-hand side of a rewrite rule only consists of a redirection,there is a problem. The root of the redex has to be redirected to the rootof an existing graph somewhere in the graph store. Introduction of indi-However, the following approach is taken. After the redirection tosome existing (sub)graph, the functional strategy will continue with thereduction of that (sub)graph to root normal form. The idea is now topostpone the redirection until after the reduction of the indicated sub-

Figure 11.5(a) Start of the reduction for the graph Tl F. State at the nodeentry. The arrows from outside indicate sharing. (b) Afterthe reduction of the redex t, before the rewriting. (c) Aftercopying the top node. Both nodes contain the proper root

This means that first the reduction to root normal form of the redexindicated by the redirection is started. When the root normal form isreached, the root node of this redex will be overwritten as usual. Next,the postponed redirection is performed. This is implemented byoverwriting the place-holder node with a copy of the root node of theThis optimization results in a graph that is different from the onethat should be obtained according to standard GRS semantics. Theredirected arcs point to a copy of the root node instead of to the rootnode itself. Fortunately, both the graphs remain equal modulo unravel-Consider the following Clean rewrite rule to compute the length of a

The machine state during reduction of this code for the graph Length 0 [1, 2]

Figure 11.6(a) Initial state at node entry. (b) Initial state at first alterna

(d) Reduction according to the first rule alternative. First, thelast strict argument is reduced. The state before calling + 1to reduce the first strict argument is shown. (e) State returned by + 1. Garbage nodes are displayed dotted. (f) State

Figure 11.6 (g) State before last call of . (h) State of ABC maEach Clean rewrite rule is translated into a sequence of ABC instruc-tions. To let the machine perform graph rewriting properly, some addi-tional ABC instructions also have to be defined that are independent ofa concrete program. This fixed piece of ABC code is called the time system. The main purpose of the run-time system is to force eval-The compilation scheme explained above produces code such that a re-dex is reduced to root normal form. The run-time system contains theroutine init_graph to build the initial redex, the Start node. Then, it initi-ates the reduction of this Start node to normal form. The reduction tonormal form and the printing of subgraphs in normal form are done bythe routine _driver. The Start node is reduced to normal form as follows:first the Start node is reduced to root normal form, the symbol in the resulting root node is printed and the driver process recursively continues

The run-time system contains some special entries for general use andstandard descriptors for elements of basic types. As in the previousThe _rnf entry is used as node entry for graphs in root normal form.The _cycle entry is stored upon entrance of a node entry when the reduc-tion of the subgraph rooted with this node is started. In this way a cyclein-spine error is detected when such a node is revisited. The _mismatch

To handle curried function applications, the run-time system contains aspecial predefined rule _AP. The generic _AP rule converts a curriedsymbol into its uncurried form as soon as all its arTo obtain this effect all occurrences of curried symbols in Clean aretransformed into applications of the function _AP. If is defined with_AP ( ... (_AP (_AP F aSo the call of a curried function is actually a call of the function. This function is strict in its first argument: the function that has tobe applied. Each node provides one additional argument to thefunction. If there are too few arguments the expression is in root normalOn the ABC machine the arguments of the curried function arecollected one by one in the corresponding apply node. When the last ar-gument is supplied and all other required arguments are already col-lected, a stack frame according to the apply entry is constructed and ex-ecution continues on that entry of the corresponding function. Other-wise, the next argument is collected on its turn and a root normal form

Figure 11.7(a) Initial state. Reduction starts at the node entry of Start(b) Creation of the arguments of _AP. Second argument isbuilt. First argument is strict. (c) Reduction according to

(d) Reduction according to Plus. The redex node is filledwith an rnf. (e) + has not enough arguments to become afunction. So the node is filled with the rnf. (f) After reduc

The code generated by the compilation scheme presented above can beimproved at many places. The most important improvement is to use theB-stack instead of the nodes in the graph to pass basic values betweenfunctions. The use of the B-stack will be described informally and illustrated with an example. Afterwards some other high-level optimizationsBasic values are manipulated on the of the ABC machine. Thisimplies that every computation involving basic values requires thetransportation of the values to the B-stack and the shipment of the resultback to a node in the graph store. When the result is used again as ar-gument in another computation there is too much data transportation. Toreduce the unnecessary movement of data, the compilation scheme mustbe changed such that basic values stay on the B-stack as much as possible. To achieve this, the stack frame expected by the rewrite alternaters, booleans, files) are passed on the B-stack and the result of a reducThe calling conventions for the node entry and the apply entry remain unchanged, but the code corresponding to the eval args entry hasto be changed since it has to take care of the transport of basic valbetween the graph and the B-stack. After the reduction of a strict arstore is copied to the B-stack. When the result of the function is also ofa basic type the first rule alternative entry is called as a subroutine. Thecorresponding code will yield the root normal form on the B-stack. Returning from the subroutine call the result is stored in the place-holdernode-ids of all arguments of the function called above it, node-id of first arguwhen the strict arguments are of a simple basic type, the values are pushed on proceed with first rule alternative entry, but do this via a jsr when the result isof simple basic type in order to come back to copy this result from the B-stackthe other rule alternatives are called by the previous one when they do notthe stack frame is complete: node-id of place-holder node on the stack, node-ids of arguments on top of it, strict arguments are in root normal form, strictwhen a root normal form is reached, the place-holder node is overwritten withThe complexity of the code generation is increased significantly bythis new calling convention. Arguments and results must be moved tothe desired place at every occurrence. This is not difficult, but it in-To show the changes resulting from the new calling conventions theBoth arguments are strict. Note that the first argument is also a ba-sic value, so it will be passed on the B-stack to the rule alternatives.They will also store the result on the B-stack. The integer addition usedon the right-hand side also expects strict basic values as argument and itdelivers a strict basic value as well. So no nodes have to be createdwhen + is called, and all values are passed directly on the B-stack. Thesame holds for the first argument of Length when it calls itself recur

In Figure 11.8 snapshots of the reduction process are shown(compare them with the pictures in Figure 11.6). The efficiency gainedby this optimized compilation scheme depends on the rules to transformand the implementation of the ABC machine. The measured efficiencygain for the rule given as an example using a reasonable implementation is about a factor of 2.5 when garbage collection is excluded(see Chapter 12 for more information on garbage collection). However,a lot of garbage collection is prevented as well. The efficiency gainedby eliminating the garbage collection depends heavily upon the circum stances. Including the garbage collection the efficiency gain of the

Figure 11.8(a) Initial state at node entry. (b) State at first rewrite alterna fore calling . (e) State returned by . (f) State before call

(g) State before last call of Length1. (h) State of ABC maThe example above shows the successful use of the B-stack. It in-cluded very little overhead involving the movement of data between thegraph and B-stack. This is not always the case. It is possible to constructan example such that arguments just happen to be expected on the otherstack. Projection functions, like the identity function, always work onthe A-stack. This induces an overhead when they are called with argu-ments that live on the B-stack. A solution for this problem will be dis-

Both arguments and the result of function F will be passed on the B-stack bythe rule alternative entry. But, unfortunately, the identity function expects itsa has to be put back in a node to pass it to I and the result must again beThe code generated by the schemes above is generally more efficientthan the scheme in Figure 11.6, but can be improved much further.Here, we mention some of the other optimizations that are possible.Many of them are implemented in the Concurrent Clean SystemThe elements of strict tuples can also be passed on the stacks in-stead of via a reference to a node in the graph. In addition, it ispossible in Clean to put strict annotations in a tuple type appearin a strict context (see Section 8.3). When these arguments are of asimple basic type they can also be passed on the B-stack instead ofthe A-stack. So in that case there is not much difference in terms ofefficiency between a function with more than one argument and afunction that carries its arguments in a strict tuple. When a funcyields a tuple as result, the tuple arguments are returned via thestacks as well. Functions that return a tuple of which the basictyped arguments are marked as being strict can return the corre-When a new stack frame is constructed over the old the referenceson the stack have to be rearranged in the right order. A simple solution uses temporary variables to construct the new frame before theold one is overwritten. A more clever algorithm will try to minimize the number of moves (updates) and additional amount ofAs shown above, there are some cases where arguments areshipped from A-stack to B-stack and backwards frequently. Thecalling conventions for such functions can be changed such thatthey can handle items on both stacks. This requires, however, anumber of entries that is exponential with respect to the number of arguments since all cases have to be covered, so this will only beFor projection functions for which the right-hand side consists of asingle node-id, the place-holder node of the function applicationcan be used, so a new place-holder node need not be created. Inthis way one prevents a possible series of place-holder nodes toIt is very important to use in-line code substitution for very shortfunctions. Instead of performing a subroutine jump, the body of theroutine is substituted in place. This makes it possible, for inIn the present compilation schemes the matching of each rule al-ternative starts from scratch. However, the use of information fromthe previous alternative and type information can speed up thematching process considerably. So it is better to use a finite statemachine for the matching of the rule alternatives instead of startingConstant graphs which occur on the right-hand side of rewrite rulesneed not be built each time the rule is used. These graphs can becreated once. The node-ids of the root of these graphs can be usedOne can use scratch nodes for nodes which will be used once for avery short time. This occurs when a function delivers its result inthe graph which is required on the B-stack; the result is stored inthe node, moved to the B-stack and the node becomes garbageIt is important that nodes are represented as compactly as possible.Special compact representations can be chosen for nodes contain-One can improve the performance of predefined functions (One can reuse UNQ-attributed function arguments (see Section 8.5)for the construction of the function result. This makes it, for example, possible to define a traditional sort function on a list with aunique spine. Sorting then can take place : no new ConsBesides these optimizations in the area of code generation for theABC machine there are also important optimizations possible on thelevel of the Clean language itself: Clean program transformations.Functions can be partially evaluated at compile-time. Clearly, this ispossible for expressions that consist only of constants. One can createspecialized function calls for certain function applications in which it is,for example, clear that one or more of the alternatives of the original function will never match, etc. Of course, the transformations must notAnother important optimization on the level of Clean itself con-cerns the analysis of all applications of a function. This can, for in-stance, greatly improve the strictness analysis of Chapter 7, in whichTo analyse the effect of a subset of the optimizations mentioned a mea-surement of the performance of the well known Nfib function is presented. The integer delivered by the Nfib function is the number of performed function calls. The Nfib-number is obtained by dividing thisber by the execution time. So the Nfib-number is the number offunction calls per second that is executed for the calculation of the resultin this particular example. The Nfib �benchmark� is often used as a measure for the basic efficiency of an implementation of a functional lan-guage. Although it gives some indication of the speed offered, it is notat all a representative benchmark. The -number is extremely sensi-tive to the optimizations discussed. It actually gives the maximum numThe table below gives an idea about the gain in efficiency obtained bythe optimizations mentioned. Unless stated otherwise the measurewhere done on a Sun 3/280 under SunOS 4.0.3 (using a straightforwardSame code interpreted by the PABC interpreter/simThe Nfib function in Miranda, executed by the MirandaABC machine as in Appendix C, with Miranda con-verted to the Concurrent Clean System, executed by the

The code for the 415˚000 Nfib in ABC assembly using the extended

With better code generation for the concrete machine the permance (including the Nfib-number) can be improved even further (seeA Clean program can be translated into ABC code with the translation scheme in which Clean are more or less directlyIn this basic scheme the graph rewriting process is as follows: is implemented by overwriting the root of the redex withthe root of the contractum. Furthermore, over of such a re-An important optimization is the use of the B-stack to pass argu-ments that are both strict and of a basic type. Results that are of abasic type are again returned on the B-stack. As a consequence,such basic calculations are actually not performed via graph rewrit-Many more optimizations are possible resulting in a code with anefficiency in the same order of magnitude as classical imperativecode. Compiled code typically can be two orders of magnitude

(a) Write the corresponding ABC code obeying the calling con-(c) Change the ABC code given above to obtain the most optimalcode as explained in the textbook: use strictness annotaIndicate explicitly which alterations, omissions or additions in