365Chapter 12Realizing the ABC machine

12.1Representing the ABC machinecomponents12.2Garbage collection12.3The Motorola MC68020processor12.4Representing ABC componentson the MC6802012.5Generating MC68020 code12.6Example of concrete code12.7Performance

This chapter treats the last step in the implementation path of functionallanguages: the realization of the abstract ABC machine by translationof ABC machine code to executable code for a concrete machine(Figure 12.1).a

In principle, an abstract machine such as the ABC machine canbe realized either in hardware or by a software implementation runningon standard hardware. With tailor-made hardware one should be ableto obtain extremely good performance. However, the design of such acated piece of hardware would take a lot of time and money. Fur-thermore, with present day compilation techniques it is possible toachieve efficient implementations on cheap standard hardware. So inpractice there is no need for special purpose hardware reduction ma-A software realization of the ABC machine can be achieved in twodifferent ways. The first method is to write a program that inABC machine code. Such an interpreter analyses and executes ABCcode at run-time. In general, this is done instruction by instruction. Ow ing to the run-time analysis that has to be done, the most important disadvantage of an interpreter is that it is slow, independent of the lan-guage in which the interpreter is written. On the other hand, an inter-preter has the advantage that it is easy to implement. Furthermore, itcan be written in a portable language such as C (Kernighan andRitchie, 1978) which makes an implementation available on many dif-ferent kinds of machine. Tracing and debugging tools can also be encapsulated relatively easily into an interpreter. The formal definition ofthe ABC machine in Appendix C can be used as such an interpreter forThe second method is to make a code generator that analysesquences of ABC code at compile-time and generates executablecode that does the actual work at run-time. In this way much time canbe spent analysing the ABC code such that the code generated is asefficient as possible. Code generators are therefore generally muchmore complicated programs than interpreters. By making good use ofthe instructions and registers that are available on the concrete machine, code generators can produce efficient code that can do the worktypically one order of magnitude faster than an interpreter running onthe same machine. For ABC code sometimes an improvement of eventwo orders of magnitude has been measured (see Section 11.3). Concrete architectures differ much in detail (the instruction set, the memorymanagement, number and kind of registers). Implementation trickssuited for one machine are usually not suited for others. So code genIn this chapter we explain how to generate good code for standard hardware. First one has to decide how the logical memory storesof the ABC machine are mapped onto the available memory storage ofthe concrete machine. This is discussed in general terms in Section12.1. Suitable concrete data structures have to be designed for this purpose. In general this will not cause many problems. The concrete datastructures needed to implement the stores often directly follow the abstract definition in the ABC machine. An important difference betweenthe ABC machine and a concrete machine is that the latter has a amount of memory. As a consequence, the memory management ofthe graph store becomes more complex. Garbage collection is neededto reclaim unused memory. Several techniques for garbage collectionSimple code generators (based on macro substitution of ABC intions) are in principle not difficult to implement. But, when the context in which ABC instructions appear is taken into account, many optimizations can be performed. The ABC code generated is certainly notoptimal in terms of efficiency. For example, many ABC instructions require their arguments on top of the stack whereas on a concrete machine the arguments of corresponding instructions can be accessedmore directly using the addressing modes of the target machine. This implies that the copy actions specified by the ABC instructions are oftennot necessary. The ABC machine does not have registers. Registershave the property that their access time is much less than the accesstime of ordinary memory locations. Registers can be used for imple-menting the ABC stacks and heap, for storing tempopassing arguments and return values. To make optimal use of registerswhile avoiding unnecessary saving and restoring of information is a dif-ficult task. Consequently, a good code generator for Clean is rathercomplex (Van Groningen, 1990). Some of the techniques that can beused are general techniques commonly used for the implementation ofother types of languages (for example register allocation algotimes they have to be adapted because of the specific propertiesof both source language and target machine. Other optizations arevery specific for lazy functional languages, e.g. the implementation ofhigher order functions, efficient memory management and optimizedIn the remaining sections of this chapter we describe how abstract ABC machine code can be translated to a specific target ma-chine: the Motorola MC68020 processor. However, many of the ideassented can be generally applied for other architectures as well. Abrief summary of the Motorola architecture and instruction set is givenin Section 12.3. A concrete representation of the ABC memory components chosen on the Motorola is presented in Section 12.4. How computations specified in ABC code can be optimized when generatingconcrete machine code is described in Section 12.5. A concrete exam-ple of the code generated is shown in Section 12.6. The measuresented in Section 12.7 demonstrate that with all the optimizationsdiscussed in this part of the book good code can indeed be generated.The first step in the realization of the ABC machine on concrete hard-ware is the design of the data structures that represent the several ABCmachine memory components. This involves deciding how to map thesedata structures onto the concrete memory storages of the target maAs already stated in the introduction, one of the main differences between the abstract machine and a concrete machine is that the latter hasto deal with a limited amount of memory. So the data structures have tobe chosen such that memory management of the components can bedone efficiently. Furthermore, it is very important to achieve fast accessThe actual design of the data structures and their mapping to thememory will be highly dependent on the architecture of the concretemachine. For some classes of architecture the mapping will be moredifficult than others. One has to bear in mind that the ABC machine is amixture between an idealized graph rewriting machine and a stack based architecture. Therefore, it will be easier to find a suitable imple-mentation for a Motorola-based architecture than for an IBM PC (poorsupport for a graph store due to its segmented memory) or transputerbased architecture (poor support for stacks due to limited number ofregisters and lack of suitable addressing modes). For some classes of architecture maybe a slightly different type of abstract machine would bemore convenient. However, it is impossible to design an abstract machine that is equally easy to map to all existing kinds of concrete archi-tectures. Concrete architectures for which the ABC machine is a suit-the possibility of reserving a large proportion of this memory tosupport for the implementation of stacks (i.e. lots of registers withA concrete memory generally consists of a finite sequence of con-secutive memory cells. Stacks and stores of the ABC machine are im-plemented on a consecutive partition of such a memory (see Section12.4 for a possible partitioning). The registers of the concrete machineare generally used to store program counter and stack pointers and tostore intermediate arithmetic results. Input and output have to be inter-faced with the file system and the I/O facilities offered by the underly-code produced by the code generator by translating rule-dependentthe run-time system including code for memory management likeThe program counter of the ABC machine can of course be rep

To make the mapping of ABC instructions to concrete instructions con-venient it is necessary that a memory partition is allocated for eachstack. For each stack a pointer pointing to the top element on the stackis needed. For reasons of efficiency these pointers are usually kept inStacks on concrete machines cause the following memory man-agement problems. First of all, concrete stacks have a finite size. So it isnecessary to do a run-time boundary check. Some machines have hard-ware support for such a boundary check. Otherwise, additional code hasto be generated to do a boundary check when something is pushed on astack. This will slow down the performance (typically by 20—30 %).Another possibility, taken by many implementations of imperative lan-guages, is simply to leave out the boundary check and take the risk thatthe system might crash. Other compilers generate boundary checks op-tionally. When a boundary check is implemented one can either stop thegram when the limit is reached or try to dump part of the stack toAnother disadvantage of a stack is that at run-time it may occupyonly a very small part of the partition that is reserved for it. In that casethe other part of the partition is wasted. With three stacks three partsmay be wasted. However, two stacks can be put in one partition inwhich they grow in opposite directions. In this way they share the freespace. In Figure 12.10 this solution is chosen for the A- and B-stacks.Another solution is to allow the programmer, using a trial-and-errormethod, to specify the amount of memory that should be reserved foreach stack. In this way the partitions for a specific application can betuned by hand such that the stacks are big enough but the amount ofAnother way to reduce the problems mentioned above is by reing the number of stacks. It is not really necessary to implement everystack separately. It is also possible to merge two or even all three ofthem into one stack. The merging of the B- and C-stacks causes noproblems and is certainly advisable when parallel code has to be gener-ated (see Chapter 17). However, merging the A-stack has to be done insuch a way that it is possible to recognize the elements belonging to theA-stack, since they are needed for garbage collection (see Section 12.2).This generally requires additional space for tagging stack elements andmay cause a slightly more complex access or a more complex garbagecollector. If one decides to merge stacks the code generation will getslightly more difficult, since the offsets of the ABC push and pop in-structions will not correspond directly to offsets on the concrete stacks.To make code generation simple again one can incorporate the mergingof stacks at the ABC level. One then obtains an A-B&C machine or anA&B&C machine. The translation from Clean to such a changed ab stract machine with merged stacks is no more difficult than the codeThe graph store is represented in a memory partition called the. Agraph is composed of nodes. Node-ids are just addresses of memorycells. In principle there are many different choices possible for the rep-resentation of ABC nodes in memory. However, the ABC code that isgenerated by a Clean program (see Chapter 11) assumes that the nodeon the bottom of a stack frame can always be overwritten with anothernode. This can be implemented simply in a conventional memory whenall nodes are equal in size. The problem is that Clean nodes have vari-able arity. To solve this problem without wasting memory one can splitup an abstract node into two separate concrete nodes: afixed-sized part an entry in the descriptor store, the descriptor pointer, uniquelya code field containing an address in the program store, called thecode pointer (commonly pointing to the corresponding node ena field containing either the address of the variable-sized part or aThe variable-sized part generally contains pointers. Each pointerrefers to a node representing an argument of the symbol. It can alsocontain a basic value (string). In principle, no additional tags are neededin nodes. The split representation of nodes makes it always possible tooverwrite the fixed-sized part with another fixed-sized part. This repre-sentation is essentially equivalent to (and developed independentlyfrom) the one chosen by Peyton Jones and Salkild in their spinelessAs is the case with stacks, the graph store in the ABC machine isunlimited. In a concrete machine that is not the case. When a new nodehas to be created in a full concrete graph store one can try to reuse parts of the heap filled with nodes that have become garbage because they arenot connected to the data graph any more (see Chapter 5). This wellknown technique is called garbage . A piece of code thattakes care of this is called a garbage collector. Solutions for garbageJust as in the ABC machine an actual descriptor in the descriptor storeFurthermore, it is convenient for memory management reasons to storebasic value and if so, of what type. The type and arity of a symbol canbe used by a garbage collector to determine the structure of a node. TheAs soon as the reduct of the start rule has reached a root normal formthe root symbol is written to the standard output channel of the concreteIn this section the implementation of garbage collection is discussed inthe context of the realization of the ABC machine. In the literaturemany kinds of garbage collection algorithms can be found. It dependson the available hardware, on the demands of the user and on the prop-erties of the programs which of these algorithms is suited best. Belowseveral well-known algorithms are briefly discussed and their suitabilityfor the collection of variable-sized Clean nodes stored in the heap is ex-In this section on garbage collection a node is defined as a number ofcontiguous computer cells that can be manipulated by the user proFor a garbage collector the representation of a Clean node as given inthe previous section can actually consist of two nodes in memory: thefixed-sized part and the variable-sized part. If a node x contains a pointer to a node y, then x is called the of , and y is called achild of . Nodes that cannot be reached any more via pointers from theThe storage allocator and garbage collector together manage thememory. The storage allocator is a program that assigns storage(nodes) to the user program. For the storage allocator the memory con-sists of two parts: a part with unallocated nodes, the free space, and apart with allocated nodes. The storage allocator takes storage from thefree space and makes it available to the user program in the form ofnodes. The garbage collector retrieves allocated nodes that are not beGarbage collection of nodes that are all of the same fixed size isgenerally easier than garbage collection of nodes that vary in size. In theproposed realization of the ABC machine the nodes in memory canhave different sizes (due to the variable-sized parts). Therefore onlygarbage collectors are considered that can deal with variable-sizedThe free space generally consists either of a linked list of unused nodesFigure 12.3Free space management with a free-list. White cells are unused, light-grey cells are nodes in use, dark-grey cells areWhen the free space is a linked list, a pointer to the head of thefree-list is maintained, for instance in a register (see Figure 12.3). Sucha linked list is called a . The main disadvantage of a free-list isthat storage allocation is more complex when one has to deal with vari-able-sized nodes. In general one has to walk through the linked list tofind an unused node of a certain size. It can even happen that there areenough nodes available in the free-list, but none of them has the re-quired size. So although there is space enough in the heap it cannot be

When there is no piece of contiguous memory of the right sizeavailable in the free-list one can move the available nodes in the mem-ory such that they form a contiguous storage area. This process is calledcompaction. Compaction is a costly process since all nodes must bemoved and pointers have to be adjusted such that the free-list fills acontiguous piece of memory. So it is important to avoid or postponeMorris (1978) introduces a compaction algorithm for variable-sized nodes. It does the compaction in linear time with respect to thenumber of non-garbage nodes and needs only one additional bit perpointer. The algorithm requires two scans. The first one only readjustsforward-pointing references. The second one updates references point-One way to postpone compaction is by keeping multiple free-lists(instead of one): i.e. besides the normal free-list with nodes of miscella-neous sizes a separate free-list is maintained for each node size com-monly used in a program. An unused node is returned to the appropriatefree-list. Requests for new nodes are handled according to their size. Ifthe only node available is larger than needed, it is split into two nodes;the first is used to satisfy the request, the second is returned to one ofWhen the free space is always a contiguous part of memory, thestorage allocator is very simple: a pointer to the next free word is maintained (see Figure 12.4). If a request for a node with a size of words isdone, this pointer is simply moved n words further on. So having a freespace that consists of a contiguous part of memory is ideal for storageallocation for variable-sized nodes. Another advantage of using a con-A garbage collector has the following tasks: the identification of thenodes that are garbage and the collection of these nodes into the freespace. If the free space consists of a free-list it may be necessary to compact collected nodes such that they form a contiguous storage areaOne of the problems of garbage collection is that the garbage col-lector is invoked at the moment that there is no space available anymore, perhaps not even for the garbage collector itself. So all the spacethat the garbage collector needs must be reserved in advance. A practi-cal algorithm runs in a fixed and reasonable amount of space. Garbagecollectors can be divided in two groups: garbage collec- and copying garbage collectors belong to the stop-and-collect category. With stop-and-collect garbage collectors the exetion of the regular user program is suspended when the user programasks for a new node and the free space contains not enough words toisfy the request. The garbage collector is called to retrieve unusedmemory in the free space. Systems with a large (virtual) memory spenda fair amount of their time in garbage collection. The garbage collectionFor interactive systems stop-and-collect collectors may lead to in-tolerably long interruptions. This drawback can be attenuated by usingtinuous garbage collectors that continuously update the free space.ample of continuous collectors are reference count garbage collectorWith a reference count garbage collector the number of pointers toa node is administered in the node and updated when this numberchanges. In this way the collection is naturally distributed over time. Adisadvantage of reference count garbage collectors is that they cannotOn-the-fly garbage collectors are separate processes that can runleaved or in parallel with the user program, thus distributing thepause caused by the garbage collector over time. Both on-the-fly copygarbage collectors generally split the heap into two areascalled . At any given time, the storage allocator allocatesnodes in only one of these semi-spaces. The free space consists of aWhen this free space gets exhausted, all non-garbage nodes arecopied from one semi-space to the other unused one. From then on theallocator allocates nodes in the other semi-space until this gets ex-hausted, and so on. For the actual copying of the nodes there are manydifferent algorithms that use or do not use a stack and/or markings in thenodes. Here only one copy algorithm is treated, which uses neither astack nor marking bits. A more detailed description of the algorithm canThe algorithm proceeds as follows when the old semi-space gets ex-First, all roots of the non-garbage graphs are copied to the newThen, two pointers are positioned in the new semi-space, one at thebeginning and one at the end of the roots. The pointers are used asfollows: the first one, say (irst), indicates the node of which thechildren are next to be copied to the new semi-space; the last one,All children of the node at are now copied to the new semi-space, and is moved to the next node. This is repeated for the chil-dren of the next node, and so on. The copying algorithm terminateswhen becomes equal to L. In this copying process, special pre-cautions have to be taken to maintain sharing of nodes, and toguarantee termination if there are cycles in the graphs. Therefore, anode that resided in the old semi-space but which has been copiedto the new semi-space, is overwritten with the address of its copyin the new semi-space. This address is called a forwarding dress or forwarding pointer. Before a node is copied to the newsemi-space, it is checked whether it contains a forwarding address.

If not, it is simply copied; if so, the pointer in its parent is changedIn general, with a copying garbage collector twice as much storis needed as the allocator has at its disposal. This is a very large amount,but it is fixed, so it can be reserved in advance. Furthermore, there is noother space needed nor any other stack allocation nor extra bits nor afree-list administration nor compaction, since in the new semi-space thenon-garbage nodes are in a contiguous part of the memory. A copyinggarbage collector is very fast when there is a lot of garbage in the semi-space. But the performance drastically decreases if there is only a littlegarbage: the number of copy actions depends on the number of usedIn the basic copying garbage collection scheme all accessiblenodes are copied to the new semi-space when the old one gets ex-hausted. This implies that nodes that live very long are copied fre-quently from one semi-space to another. When such objects occupymuch memory it is useful to optimize a copying garbage collector byavoiding the copying of older objects. However, generation scavenging(Liebermann and Hewitt, 1983), which is the best-known optimiof this kind, cannot be used since it is only of great use when youngernodes generally point to older nodes. Unfortunately, in graph rewritingA mark—scan garbage collector does not split up the heap, but uses afree-list. Hence, when variable-sized nodes are collected, fragmenta

Figure 12.7Mark—scan garbage collection: phase 1 using a recursive

The collector does its job in two phases. In the first phase, the phase, the accessible nodes are marked. Starting from all roots, thecomplete subgraphs reachable from these roots are traversed recursivelyand all encountered nodes are marked (see Figure 12.7). The reachableIn the second phase, the scan , the whole storage is scanned,node by node. Marked nodes are unmarked again, and unmarked nodes,Mark—scan garbage collection is not as efficient as copying. In theworst case the complete heap has to be traversed twice: once for themark and once for the collect phase. When the heap contains littlegarbage the performance decreases considerably. The mark phase hasmuch more work to do and a large amount of additional space is neededfor the recursion stack. In the worst case the size of the extra regraph traversal stack equals the total number of nodes available in thememory when there is no garbage and all nodes form a single linkedlist. However, there are several optimizations that use only a small,fixed-size stack or even no stack at all (by using pointer reversal). TheseWhen garbage collection is done with reference counts, an additionalfield, a reference count, is reserved in each node. In this field the num-ber of pointers to the node is administered. The reference count fieldmust be large enough to hold the total number of nodes in the heap.

When nodes are generally small, this is a significant space overhead.Reference count garbage collectors use a free-list. So compaction mayAll node creations and pointer manipulations are done by specialprocedures that not only perform the creation of the node and thepointer manipulation itself, but also maintain the correct referencewhen a pointer to a node is copied, the reference count of the nodeis incremented by 1; when a pointer to a node is deleted, the referwhen the reference count becomes zero, the node becomes garbageand can be added to the free-list. The reference count of all thechildren of the node can now also be decremented and they maybecome garbage too if they are not shared. A recursion stack is

Figure 12.9Reference count garbage collection. The dark grey cyclicThe advantage of reference count garbage collection is thatgarbage can be collected immediately after it is created. The cost of ref-erence counting garbage is independent of the proportion of the heapthat is used. However, there are some severe drawbacks. For smallnodes there is a significant space overhead in the form of the referencecount. With each pointer manipulation an update of the counter has tobe done. This means that, even if no garbage collection is needed, ad-tive work must still be done. Another important disadvantage ofreference counting is that it is impossible to recover cyclic structures. Ina cyclic structure all nodes have reference count greater than zero (seeFigure 12.9). When such a cyclic structure becomes garbage it cannotAn optimization that avoids the deletion recursion stack is calledlazy garbage collection (Glaser and Thompson, 1985): when a node becomes garbage, it is added to the free-list. When the reference countfield is large enough to hold a pointer, it can be used for the linking.Now, when a node is needed, it is taken from the free-list and its refer-ence count is set to one. Next, the reference counts of the children of thenode are decremented. The children that become garbage are put in thefree-list in the same manner. In this way lazy garbage collection is ob-tained with the major advantage that the collection is only done whenA solution for the collection of cyclic structures is to combine thereference count technique with stop-and-collect garbage collection. Theformer would be used during most of the processing time. The latterwould be used as a last resort when the storage area is fouled up withnon-recyclable nodes. When reference count is combined with othermethods, the reference count field does not have to be of maxisize. A smaller size can be used. When the smaller reference count fieldoverflows, the nodes cannot be reclaimed by the reference count algo-Another possible solution for continuous garbage collection is to have aseparate garbage collection process (an on-the-fly garbage collectorthat works concurrently (i.e. interleaved or in parallel) with the usergram. Of course, for parallel garbage collection a second dedicatedcessor is required. The garbage collection is divided into two con-rent processes: the user program, in this context usually called the, and the collector, which performs the marking/copying andthe collection of the garbage. Being concurrent processes, some comThe best-known on-the-fly garbage collection method, introby Dijkstra et al. (1978), is based on the mark—scan method. The muta-tor colours nodes to be examined by the collector. Therefore, three markcolours, white, grey and black, are introduced. White corresponds to nomarking, and black to the marking done by the collector. The muonly marks nodes grey to indicate to the collector that marking has to beCopying garbage collection, which incorporates compaction viasemi-spaces, can also be done on-the-fly (Baker, 1978). In this case themutator must know that there are two semi-spaces in which nodes canside. Allocation of new nodes is done in the semi-space to which theOn-the-fly garbage collectors are best suited for interactive pro-grams. But, as with reference count garbage collection, they are alsoinefficient when they are executed in an interleaved manner. This is dueto the communication and synchronization overhead between the muta-

When there is enough memory available and there are no strong re-quirements on the real-time behaviour of the program, copying garbagecollection is generally the best method because it is a very simple andTable 12.1Summary of the different kinds of garbage collection methods: �+� means good, �—� means not so good, �o� means�neutral�, �+/—� means good when there is a large amount of

If the amount of memory is too limited, mark—scan can be used insteadof copying. A good solution is the following: implement both a copyingas well as a mark—scan collector and automatically switch betweenthem, depending on the actual memory consumption. If the real-timebehaviour is very important one can use an on-the-fly variant of copy-ing or mark—scan. A pure reference count collector is less desirable, beWhen garbage collection has to be performed in a parallel envi-ronment, other problems can occur and the comparison between the al-There are two reasons for choosing the Motorola 680x0 family of pro-cessors (68010, 68020, 68030, 68040 �) as target machine (Motorola,1984—1985). First of all, they have been used in several widespread ma-chines such as the Sun3, Apple Macintosh and Atari ST. Furthermore,the Motorola processors are very suitable as an actual target machine to illustrate how the ABC machine (and therefore functional languages ingeneral) can be implemented efficiently. It should be no problem to usethe ideas presented when generating actual target code for other registerIn this chapter the instruction set of the Motorola MC68020 pro-sor is used as example. The MC68020 processor is a 32—bit machinewhich makes a large heap possible. Besides a program counter and astatus register it contains two kinds of general purpose registers, namelydata registers and address registers, eight of each kind. The status reg-ister contains the following condition codes: N (negative), Z (zero), V(overflow) and C (carry). The data registers, often denoted by mainly used in arithmetical operations whilst the address regis(indicated by a0—a7) can be used to access data structures that are keptin memory. The address registers can be used in combination with manyferent addressing modes such as post-increment and pre-decrement.For the remaining parts of this chapter no further knowledge is as-sumed about the specific architecture of the MC68020 processor. Somegeneral familiarity with assembly language will suffice to understand

In this section we present a mapping of the basic ABC machine compo-nents onto a specific machine, the Motorola MC68020. The mapping ofthe different ABC memory storages onto the concrete memory is givenThe representation of the components of the ABC machine (i.e.ABC stacks, graph store (heap) and descriptors) on the MC68020 doesnot cause many difficulties. Stacks can be implemented simply usingsome of the address registers. Implementing the heap is somewhat morecomplicated. The structure of the descriptors mainly depends on howThe mapping of the program store and program counter is trivial: theirFor the C-stack the system stack of the MC68020 is taken (i.e. the stackused by the processor itself when it performs a subroutine call). So the and rtn instructions of the ABC machine can be mapped directly tothose of the MC68020 (of course, for the instructions morethings have to be done; see below). This implies that address register a7(normally called (stack pointer)) is reserved as usual. The A- and B-stacks are allocated in one contiguous area of memory in such a way that they can grow in opposite directions. In this way a check on stackoverflow of both the A- and B-stacks can be done with a few instruc-tions (just compare the two stack pointers and check that their dif-ference is not negative). The pointers to the tops of the stack are held inregisters: for the A-stack register a3 is reserved, for the B-stack registerFor the graph store a contiguous area of memory is chosen and not afree-list. The pointer to the free area is stored in register a6 (called hp(heap)), whereas the number of free long words (i.e. 1 long word = 4bytes) is stored in register d7 (fh from now on (free heap)). As explainedin Section 12.2, with this representation the allocation of memory be-Suppose that a Cons node should be created that has two arguments. The references to both arguments are kept in the address registers a1 and a2. At theend a pointer to the new node is returned in register . First we have to checkNow the heap pointer (held in register hp) refers to the first free long word inthe heap. Filling the node by using hp is straightforward (for the actual repreAs described earlier, a node in the ABC machine consists of fixed- andvariable-sized parts. A drawback of the ABC node structure as sug-gested in Section 12.1 is that the size of the nodes is relatively large: thefixed part consists of 3 long words (12 bytes), one for the pointer to adescriptor, one for the code pointer and one for the pointer to the variable-sized part. It is important that nodes are as small as possible: creating, filling and copying of nodes can be done faster and because lessOne can observe that if a node is in root normal form, its codepointer always points to the root normal form code. In that case only thepointer to the descriptor is of interest. On the other hand, if a node con-tains an (unevaluated) expression, only the code pointer is essential: thedescriptor is not used. This observation makes it possible to combinethe descriptor and code pointer into one field. This reduces the size ofthe fixed part of a node by one third. There remains one problem: thearity of a node, stored in the descriptor table, is needed for garbage col-lection. This information is not available when a code pointer is storedin the node. The problem can be solved by storing the arity in the pro-The space-saving new node structure is illustrated in Figure 12.11.The disadvantage is that a tag has to be inserted: the highest bit of thefirst word of the code/descriptor field (note that this field consists oftwo words) indicates whether it contains a descriptor or a code address.If this bit is set, the second word is an index in the descriptor table.Otherwise, the code/descriptor field contains a code pointer that is used

In the ABC machine nodes can be evaluated to root normal formby means of the jsr_eval instruction. This instruction fetches the code ad-dress from the node on top of the A-stack and jumps to it. Owing to thecombined code/descriptor we first have to check whether the node is al-ready in root normal form before the jump to the evaluation code ismade. The next piece of code shows how this can be achieved (assume

The loss of efficiency caused by the introduction of the tag is very lim-ited while a lot of space (and hence time) is saved with this alternativeWhen a node is not in root normal form, this alternative repretation leads to slightly less efficient code (an extra move instruction anda conditional branch are needed). But when the node is already in rootnormal form the code becomes much faster. In that case the saving andMemory is recycled by a copying garbage collector that uses two semi-spaces (see Section 12.2). When one semi-space is filled up the garbagecollector copies all the nodes still needed for the execution of the pro-In Section 11.2 the ABC code for the apply function is given (_AP). Thecode shows that at run-time two arities are needed (the number of ar-guments collected in the node so far and the number of argumentsneeded). The apply entry of the curried function has to be called whenall arguments are supplied. All this information has to be found via theA straightforward translation of the ABC apply code will result inrather inefficient MC68020 code. To increase the efficiency a pointer isstored in the descriptor table that points to the code to be executed when

When is a symbol defined with arity ar its descriptor contains a stringsentation of the name and entries. The pointer stored in the descriptor field of a node is one of these entries. It indicates with which arity is actually applied, which is used by the garbage collector. Fur-thermore, the entry contains a reference to the code to be reduced whena partial application of is applied to an additional argument (with theWith the aid of the previous representation the translation of theapply code will result in the following ABC instructions (it is assumedthat register a1 refers to the node containing the partial application andA straightforward way of generating concrete machine code is by meansof macro expansion: each ABC instruction is considered to be a macroapplication that is substituted by a sequence of MC68020 instructions.The main disadvantage of this method is that the context in which theAn illustrating example is given by the next piece of ABC code together withHowever, if the three ABC instructions were considered simultaneously, onecould use the fact that the MC68020 add instruction does not require that the arguments are on top of the B-stack. By looking at the context in which instructions appear, the movement of data can be reduced. A more efficient codegenerator might compile the three ABC instructions into the following threeSo before generating code it is useful to group ABC instructionsinto blocks. These basic blocks can be considered as kinds of atomicaction. They specify state transitions that convert the state of the ABCmachine (which is demined by the contents of the stacks and thegraph store) at the beginning of these blocks into the final state at theend of the basic blocks. Now the task of a code generator becomes toThe largest gain will be achieved when these basic blocks are aslarge as possible. In the current Clean code generator a basic blockconsists of the maximal sequence of ABC instructions that does notcontain any label definitions or instructions that might change the flowof control (e.g. subroutine calls or conditional branches). Basic blockscan be made larger by replacing a subroutine call by its code. However,grams become larger in this way, and therefore code substitution isWith the aid of basic blocks the compile-time analysis of ABC pro-The original ABC instructions specify an evaluation order. Groupingthese instructions into basic blocks allows us to deviate from this orderas long as the new evaluation has no effect on the final result obtainedat the end of the basic block (i.e. the new code sequence should specifythe same state transition). Changing the evaluation order makes it pos-Suppose that d0+d1 and have to be computed in a register while d1 isused after these computations, but d0 and d2 not. First computing d0+d1 and

In the ideal case the code generator will determine an evaluationorder of instructions such that the execution costs of the generated codeare as low as possible. The execution costs can be found by simplyadding the execution times of all the individual instructions (one shoulding instructions). But the problem of finding an evaluation order in sucha way that the total time is minimal is NP-complete, which makes an al-A different approach is not to minimize the execution time but to min-imize the number of registers needed to evaluate a basic block. This is areasonable approach because, since the registers of a processor are relatively sparse, the quality of the generated code will strongly depend onhow well they are utilized. Table 12.2 summarizes which of the 8+8

Parameters and results of functions are in principle passed via theA- and B-stacks. However, the efficiency can be increased a lot whenregisters are used instead. So arguments and results are kept in regiswhenever possible. Only when there are not enough free registers areIn the ABC machine the conditional jump instructions base theirdecision whether or not to jump on the Boolean value that is on top ofthe B-stack. If this boolean is the result of some comparison (which isindeed often the case) then it is not necessary to calculate this value explicitly. Instead of that, the conditional jump can use the condition in the status register of the MC68020 that are set implicitly afterThe following code would have been generated if the boolean is calcuplicitly (assuming that the element on top of the B-stack is kept in register d0register d1 is used to calculate the boolean and the value —1 and 0 repreA basic block may contain instructions that reserve space in the heap.Such an instruction has to check whether the heap contains enough freecells. If this is not the case the garbage collector has to be called. Sinceit is known at compile-time how many cells are actually needed in acertain basic block, all these checks can be done at once instead of per-The generation of additional instructions for boundary checks of thestacks inside a basic block can be combined. For each block we can de-termine the maximal amount by which the stack will grow and performthe tests in one place. The same holds for the adjustment of the stackOn the MC68020 there are several instructions that, when applied tocertain arguments, can be replaced by other instructions having the same effect, but with the advantage that their execution time is less.This replacement can easily be performed during the last phase of the

The actual code generation is divided into a number of phases (Figure12.13). During the conversion phase the initial ABC program is dividedinto basic blocks and converted into an internal representation usinggraphs. The global register assignment phase determines which entriesof the A- and B-stacks are kept in registers at the beginning and at theend of these basic blocks. The ordering determines the order inwhich all the subexpressions have to be evaluated. During the code gen-eration phase (pseudo-) MC68020 code is generated according to theorder specified by the previous phase. The only difference between realMC68020 code and the generated code is that in the latter an unlimitednumber of (virtual) registers are assumed. Finally, the local register asThe correspondence between the initial stack frame at the beginningof a basic block and the final stack frame at the end is defined by theinstructions of that basic block. A directed acyclic graph is a useful datastructure for representing basic blocks such that automatic analysis ofthese blocks can be done more conveniently. Such a dag gives a picof how the value computed by each statement in a basic block is used insubsequent statements in the block. The dag representation of a basicAll the other (interior) nodes represent applications of ABC in-structions. The arguments of these nodes are the representations of

If a node represents an instruction whose result appears in thisnode is labelled with an identification of the corresponding entry inThe next example illustrates the ABC to MC68020 translation process. ConThis rule is compiled into the following ABC instructions (only the code forThe strict entry forms one basic block. The dag that is constructed is given inFigure 12.14. The meaning of the additional information stored in the dag is

Global register assignment specifies which values of the initial and finalstack frames of each basic block are kept in registers. The informationthat is used to determine this assignment is obtained from the originalClean program. The Clean compiler uses the type information of theClean rules to insert special ABC directives in the corresponding ABC program. These directives specify the layouts of both the A- and B-With the aid of the stack layout information the code generator re-serves all the data and address registers that are needed for storing theseelements at the beginning of a basic block if such a basic block startswith a label that corresponds to an entry point of a function. The direc-tives describing the layout of the end of a basic block are used to ensurethat, when a basic block is left at run-time, the results are kept in theright places (i.e. either in one of the registers or one of the final stackframes itself). The latter may require that the contents of certain regisThe result of the global register assignment of a basic block isadministered in the corresponding dag with the aid of two kinds of special nodes, namely register and register nodes. A nodewhich refers to an entry of the initial stack frame , indicates that thevalue of that entry is kept in a register when entering the basic blockConsider Figure 12.14: owing to the global register assignment, and arekept in, respectively, data registers d1 and d0 and the final result should bestored in register d0. These register assignments are indicated with the aid ofA store register node, which refers to an entry of the final stackframe , indicates that the value of that entry is held in a register whenUnder the assumption that none of the instructions in a basic block, ex-cept the very last instruction, may produce side-effects, the generaof code can be done independently of the original order of ABC in-structions. The only requirement that has to be met is that when generating code for a certain node of the dag all the other nodes that are reach-able from this node have already been treated. So we are allowed tochange the original evaluation order as long as the previous requirementIf a basic block does not contain any common subexpression(CSE) (so the corresponding dag is free of sharing), the problem of de-ing the reduction order such that the number of registers is mini-mal is simple. An algorithm (which makes some assumptions about theregisters and instructions of the target machine) has been given in Ahoet al. (1986). The problem with common subexpressions is that the results of these expressions have to be stored somewhere until they areused for the last time. This implies that after evaluating a certain subex-pression, the number of registers in use does not always increase by exactly one (due to the additional register necessary to hold the value ofthat subexpression). It is possible that this increase is greater than one(if the cdag (connected dag; see below) contains CSEs that were notevaluated yet) or even smaller than one (if registers containing values ofCSEs were used for the last time). Furthermore, the algorithm presentedin Aho et al. (1986) cannot deal with values kept in registers at the be-ning and at the end of a basic block. As with CSEs, such registersBefore the modified algorithm (the algorithm and its proof can befound in Van Groningen (1990) that determines the evaluation order isexplained some notions have to be introduced. A (rooted) con (abbreviated as cdag) is defined as a dag that has a node (the rootof the cdag) such that all the other nodes of this dag are reachable fromr. Further, let n be the number of cdags that have to be evaluated and th cdag (1 £ ). The evaluation order can be expressed bymeans of a permutation of 1..n such that the cdag is evaluated ithe increase of the number of used registers due to the eval-p, ithe (additional) number of registers required for the eval-Note that i) can be negative but p i) cannot. Furthermore, noteGiven an evaluation order , the maximum number of registersThe number of registers necessary to evaluate all the graphs in an orderHence, finding an optimal evaluation order is equivalent to dea permutation pmin such that for all other permutations of 1..n it holdsA straightforward algorithm would generate all permutations of1..n and choose the one for which p) is minimal. Unfortunately thecomplexity of such an algorithm is On!) which is, of course, unacThe modified algorithm estimates the values of , i) and Up ibeforehand (i.e. before determining the evaluation order) by respec-tively ) and ). It is required that the estimations are safe which implies that for all permutations both , i I) and U i) Umust be valid. After determining ) and ), the evaluation order ofthen, evaluate all the other cdags from high to low D(i), where It will be clear that the cdags with ) £ 0 have to be done first,for, after the evaluation of a graph with a non-positive I value, someregisters may become free. To minimize the number of registers neededto evaluate the whole dag the cdags should be treated in ascending Why all the other cdags are ordered according to their D value isSuppose there are three graphs , , and with =1, =2, =2, =1 and 5. Starting with g only five registers are needed.The two types of register of the MC68020 processor are not generally exchangeable. Furthermore, not all registers are freely availBoth facts make it necessary to adapt the algorithm described above.This is done in two stages. First, for each node of the dag it is decidedwhether this node is computed in an address register or in a data regis-ter. After that, for each cdag g two values of ) are calculated: one forwhere a, Ia, d, Id are resp. the number of address registers, the inof address registers, the number of data registers and the increase ofThe evaluation order is obtained by applying the previous algorithmConsider again Figure 12.14: each node is supplied with two numbers,whereof the uppermost gives the value of this node and the other numberThe negative values (of the sub and the uppermost register nodes) are a consequence of the fact that the contents of the register d1 are not needed anymore after evaluating these nodes. The result of the node can be stored in register so, in contrast to the node, no additional registers are needed toDuring the code generation phase, the dags of all the basic blocks aretraversed. The order in which the cdags are treated is specified by theordering phase. For each node of a cdag code is generated in a depth-first way: first, code is generated (recursively) for all of the arof a node (again in an order as specified by the ordering phase). Thenthe operation specified by the node is translated into one or more(pseudo-) MC68020 instructions assuming an unlimited number ofFinally, during the last phase of the translation real registers are as-signed to the virtual registers allocated by the code generation phase.The algorithm that determines the evaluation order tries to minimize thenumber of data and address registers that are needed to evaluate a basicblock. However, it may be the case that one of these numbers exceedsthe number of registers that are actually available (i.e. the number ofvirtual registers exceeds the number of real registers). In that case it willbe necessary to save the contents of one of the registers in memory insuch a way that it can be used again. The problem is which register tochoose. The strategy chosen takes the register of the required typeConsider Figure 12.14. During the last phase code is generated for this dag.In this section the quality of the code obtained by using the techniquesdescribed in this chapter is illustrated with the help of an example. For

Consider the following Motorola code (some simplifications are madefor reasons of clarity). When a function is called, the values on the bot-tom of a stack frame (see Chapter 11) are kept in registers. The registersa0—a1 are used for the bottom elements of the A-stack pointing to theroot node to be overwritten and the first argument. The registers d0—d7are used to transfer the bottom elements of the B-stack frame. Althoughthe example above gives rise to many assembler instructions, the mostimportant part of the resulting code that performs the recursive call of is a tight loop (between Length1 and ) that only takes a

In this section the code generated using the optimization techniques pre-sented in this chapter is compared with C (for a comparison of the exe-cution speed offered by modern compilers for lazy functional languageswe refer to Hartel and Langendoen (1993)). The gnu C compiler for theSun3 is used, which generally gives faster code than the standard Ccompiler. It should be stated that, where possible, C has been used in animperative way (i.e. using assignments and iteration instead of recursionwhere appropriate). The following test programs were used (see Smet-a program which generates the first 10 000 primes, using aquite optimal version of the sieve of Eratosthenes (outputsagain the Nfib function, but now defined on reals, with ar-the fast Fourier algorithm, on an array of 8K complex num-bers. In the Concurrent Clean program a complex number isTable 12.3 shows that recursive programs written in C appear to beslower than the ones written in Concurrent Clean. However, the itera-The test programs have the advantage that they are very small,such that a comparison can be made quickly. However, the question re-mains of how large �real applications� written in a functional languagebehave compared to their imperative counterparts. Of course, it will de-pend highly on the kind of application. In general the functional pro-gram will run slower; not one or two orders of magnitude as was thecase in the past, but some constant factor that depends on the kind ofprogram. However, the loss of efficiency is already often quite accept-able. For example, a copy/paste editor written in Clean was, to our sur-prise, as fast as its imperative look-alike written in object-oriented C. Itsays something about both implementations. Anyhow, in comwith the past, the difference in execution times between functional lan-guages on the one hand and imperative languages on the other hand has

Table 12.3Performance measurements of the Concurrent Clean compilerversion 0.7. The first three columns give the speed figures measured on different Macs using a 2Mb heap (with only 1Mb heap for the Mac+). All times arein seconds. The same programs are also tested on a SUN3/280, with aMC68020 processor running at 25 MHz, 2 Mb heap and compared with C. In

The most worrying aspect is still the space consumption, which often is much too high for functional programs. Fortunately there aremany more opportunities for efficiency improvement left: e.g. programtions, sharing analysis, special code generation for UNQattributed objects, merging of B- and C-stacks etc. Also, the run-timesystem can be further improved. For instance, the current Clean systemautomatically switches between copying garbage collection (time-efficient) and mark—scan (space-efficient) to get the best of both worlds.The ABC machine can be realized in hardware or in software. Arealization in hardware will be fast but such a machine will also beexpensive. A software interpreter is easy to make, portable, butA better performance can be obtained by a code generator thatproduces executable code from ABC instructions. To obtain a goodperformance one has to generate concrete target machine code.Before code can be generated, concrete data structures have to bedesigned to represent the different memory components of theabstract ABC machine. Furthermore, one has to decide how to mapthese data structures onto the actual storages of the concrete archi-

In general the concrete data structures are quite similar to the ab-stract data structures. The main problem is caused by the fact thatin the concrete case the available amount of memory is limited, sospecial actions are needed for memory management of the stacksCopying garbage collection is very fast and a suitable method, butit needs a lot of memory. Mark—scan garbage collection can beused if there is not enough memory available for a copying collec-tor. One can also implement both techniques and automaticallyswitch between them. On-the-fly garbage collectors may be usefulCode generators try to use the available resources of the target ma-chine as well as possible. Therefore one has to analyse whole se-quences of ABC instructions (basic blocks). There are several op-timization techniques possible to manipulate basic blocks: one cantry to change the flow of control to minimize the unnecessarycopying of information and to make an optimal use of the registers,one can try to combine boundary checks on stacks and on the heap,or replace any sequence of code by a more efficient one with theWith the optimization techniques described in this part of the bookit is possible to obtain efficient implementations of lazy functional

Take the Concurrent Clean System and type in the function(a) Use the Clean System to generate ABC code. Compare thiscode with the code given in Section 11.3. What do you think is thepose of the descriptors? How many stacks are there? What(b) Use the Clean System to generate assembly code. Compare thefunctional language. Write the test programs in your favourite im-perative language using an imperative programming style. Writethe test programs in your favourite logical language. Measure theperformance in both time and space of all programs. Compare theperformance with the figures of Table 12.3. Explain the differ-