Some implementation aspects of Concurrent Cleanon distributed memory architectures.John H. G. van GroningenFaculty of Mathematics and Computer Science,University of Nijmegen,Toernooiveld 1, 6525 ED Nijmegen, The NetherlandsE-mail: johnvg@cs.kun.nlOctober 1992Abstract.We have implemented a code generator and runtime system that can be used tosimulate parallel execution of Concurrent Clean programs on a single Macintoshcomputer. This code generator generates machine code and is an extension of the(sequential) ABC code generator for the MC680x0 and SPARC processors.This implementation is discussed briefly. The largest part of the paper describes twoaspects of the implementation in detail. The first one is how to let a process wait untila node is overwritten with its head normal form. Several possible solutions aredescribed. The other one is a description of an efficient graph copying algorithm. Thisgraph copying algorithm can be used to send graphs to remote processors using amore compact representation. Finally some results are presented.Introduction.We have made an implementation of Concurrent Clean that can be used to simulateparallel execution on a single Macintosh computer. Concurrent Clean is anexperimental lazy functional programming language (Brus (1987), N�cker et al.(1991)). This simulation is not done using an interpreter, but by generating efficientmachine code and simulating several processors on one machine.To simulate Concurrent Clean programs, they are first compiled to (P)ABC code(Smetsers (1989), Koopman et al. (1990)). The resulting code is then translated by thecode generator to machine code. This code generator is based on the (sequential) codegenerator for the MC680x0 and SPARC processors (Groningen (1990)). Thisimplementation will be extended to be able to execute parallel programs on severalMacintosh (or SPARC) computers connected to an ethernet network. Currently, it isalready possible to do this, but only with two Macintosh computers. And it has notbeen tested yet on an ethernet network, but only on a (slow) local talk network.Below we will give a brief description of the current implementation (the simulator,not the parallel implementation, which is the same except for the runtime system):-The code generated is very similar to the code generated for sequentialprograms, except for what is discussed below. The node representation is thesame (Groningen et al. (1991)).-Stacks are checked for overflows, and if necessary enlarged by copying thestack to a larger memory block.-Every process has two stacks. The PABC machine has 3 stacks, but the codegenerator has been changed, so that it can merge the B (basic) stack and the C(control) stack. This has been done to implement checking for stack overflowsmore efficiently. This merging of the stacks is now also used by the sequentialimplementation and the implementation on the transputer.-Suspending and resuming processes is described below.-Processes are scheduled round robin. This is implemented by decrementing acounter before every jump and subroutine call instruction and descheduling the process if the counter was zero. For the jump instruction this isimplemented very efficiently on the MC680x0 processor by using the DBRAinstruction. In this way there is hardly any overhead when no descheduling isnecessary. For the subroutine call the overhead is small. Currentlydescheduling occurs after 100 jump or subroutine call instructions.-Processors are simulated using a timer. A simulated processor is descheduledwhen one if its processes is descheduled and the timer has expired. Currentlythis is done 500 times a second.-All processors share the same heap. When the heap is full, all simulatedprocessors are suspended while the garbage collection occurs. The processorsare copied to the other semi-space one at a time by the copying collector (withcopying a processor we mean copying the local nodes referenced by theprocessor). The (one space) mark sweep collector (Groningen et al. (1991)),which is sometimes used by the sequential implementation, cannot be usedyet. While copying one processor, the garbage collector doesn’t examinememory belonging to other processors. Instead global garbage collection(between processors) is done using one bit reference counting, which ofcourse doesn’t reclaim all unused memory.-Simulated processors communicate using message passing. The messages areread by communication processes. Every simulated processor has such acommunication process.-Graphs are send using the copying algorithm described in this paper.Waiting processes.One of the problems that has to be solved to implement a parallel functional languageis how to let a process wait until a node is in head normal form.This waiting occurs in three situations:1.A process wants to evaluate an indirection node to a node on a remoteprocessor. On a distributed memory architecture communication between theprocessors is then necessary to fetch the result. In such a case the processshould be suspend after sending a request. The process should be resumedwhen the node has been overwritten with the head normal form. This headnormal form is send by the remote processor as answer to this request.2.If a request arrives from a process on a remote processor for a node that is notyet in head normal form. Then the process that is responsible for answeringthe request has to wait until the node is overwritten with its head normal formbefore the result can be send.3.A process wants to evaluate a node that is already being evaluated by anotherlocal process. In such a situation the process should be suspended, andresumed when the other process has overwritten the node with its head normalform.To be able to do this, there should be a way to detect if a graph is being evaluated.Most implementations do this by marking the node in some way when evaluation ofthis node is started. For example by using a special evaluation address (in the PABCmachine, N�cker et al. (1991), Kesseler (1991)) or using a bit in the tag (<n,G>machine, Augustsson and Johnsson (1989)).This marking is called reserving, or locking. A node which has been reserved is calleda reserved node. Reserving is not only necessary (for some nodes) for parallelevaluation, but is also very useful for sequential evaluation. It is useful because it canbe used to prevent some space leaks and to detect a cycle in the spine duringevaluation. Although this reserving slows down program execution, the benefit ofhaving fewer space leaks is usually more important than the cost of executing one or afew more instructions for every closure. So we do not consider this reserving as aproblem.

Resuming a process after a node has been overwritten by its head normal form ismore difficult. Several possible solutions are discussed below.Waiting lists.One way to implement suspending and resuming processes is to add a list of waitingprocesses to every reserved node. When a process needs to evaluate a reserved node,the process is removed from the scheduling list, and added to the waiting list of thereserved node. When this node is overwritten (by a node in head normal form), theprocesses in the waiting list are resumed.The disadvantages of this method are:1.Before overwriting a node with its head normal form (an update), it isnecessary first to the check if the node contains a waiting list. And if so, allprocesses in the waiting list have to be resumed. Because the number ofupdates performed during execution of a program is usually large, the cost inexecution time is high. And because more instructions are generated for anupdate, programs get larger too.2.Reserved nodes should contain a waiting list or some indication whether ornot the node contains a waiting list.Storing a waiting list in all reserved nodes would mean that every time theevaluation of a closure is started, an empty waiting list should be stored in thenode. Because the number of closures which are evaluated during execution islarge, this cost is high.Another possibility is to store a waiting list in every closure. Then no emptywaiting list has to be stored when a node is evaluated, but closures are largerand more expensive to build, so this is even worse. This method is used at themoment by the transputer implementation of the PABC machine (Kesseler1991).A better way is to have some indication whether the node contains a waitinglist, and only store the waiting list if there is one. If we combine thisinformation with reserving a node, then there is no additional overhead whenthe evaluation of a closure is started. This approach is used in the <n,G>machine (Augustsson and Johnsson (1989)).In the PABC machine a node is reserved by overwriting the evaluationaddress in the closure by the address of code which suspends a process andinserts it in the waiting list. Because there are only a few of those addresses,we can easily make two versions of those addresses. One that is used whenthere is no waiting list and the other when there is a waiting list. For exampleon the transputer we could store one version at an even address and the otherone at an odd address. Then the least significant bit indicates that there is awaiting list. Because these nodes only contain this evaluation address, there isfree space in these nodes to store a waiting list.3.The garbage collector should be able to copy waiting lists.Optimising waiting lists.The most important of these disadvantages is that when a node is updated we have totest if there is a waiting list, and resume all processes in the waiting list if so. Forsome implementations it is however possible to prevent this overhead when thewaiting list is empty. How this can be done depends on how closures are representedand how updates are performed.

For example, in the implementation of Concurrent Clean on ZAPP (Goldsmith,McBurney and Sleep (1991)) a closure is represented by a pointer into a symbol tableand the arguments of the closure. The symbol table contains an entry to code which isexecuted when an update has to be performed. In this implementation testing forwaiting lists is prevented by making two symbol table entries for every function. Onethat contains update code which is used when there is no waiting list. And one thatcontains update code which resumes the processes in the waiting list. Usually closurescontain a pointer to the first table entry, but when a process should be moved to thewaiting list, the pointer in the closure is changed to the second table entry.A disadvantage of this method is that an extra indirection is necessary to evaluate aclosure. This extra indirection is required to fetch the evaluation address from thesymbol table. Some other implementations (see below) don’t have such an indirection.For the PABC machine we cannot use this solution, because after evaluating a nodeexecution continues at the return address on top of a stack, and not at an addresswhich is found in a symbol table (in the PABC machine a closure contains a pointerto the code to be executed when the closure has to be evaluated, instead of a pointerinto the symbol table). For implementations like this we can use one the methodsdescribed below.These methods prevent unnecessary testing for waiting lists by changing the returnaddress when a waiting list is added to a node. This is done when a process starts towait for a node which does not yet contain a waiting list. This return address shouldpoint to code which reactivates the processes in the waiting list and then jumps to theoriginal return address.Then the process will be resumed after the node has been updated. And there is nooverhead in the common case that a node doesn’t contain a waiting list, because anormal return address doesn’t have to check for one.One way to do this is to store a pointer to the stack element containing the returnaddress in a reserved node. We do this when we start to evaluate the node. This wouldmean an extra instruction has to be executed for every evaluation. But this is stillfaster than testing for a waiting list. Also the address of the stack element can bechanged when the stack is reallocated because it has become too small (or by thegarbage collector in some implementations). Then the address of the stack entry hasto be relocated too. Doing this is quite complicated, so this doesn’t seem to be a goodsolution. But this is not a problem when linked or fixed size stacks are used.A more elegant solution was proposed by Marco Kesseler. This solution is not tostore the return address on a stack, but in the node which is going to be evaluated. Todo this the return address is passed as an argument to the evaluation code. Theevaluation code stores this return address in the node after copying the argument(s) ofthe node on the stack. And before updating the node with the head normal form, thereturn address is loaded from the node and then jumped to.Unfortunately some frequently used processors, like the Motorola MC680x0 and theIntel 80x86, cannot store(load) the return address in(from) a node as efficiently asin(from) the stack. For example the MC680x0 needs 5 instructions instead of 2 (a JSRand a RTS) to accomplish this. So for these processors this optimisation is probablynot worthwhile. But for the transputer and most RISC processors this could workwell. Another advantage of this method is that less stack space is used, because thereturn address is now stored in the node.For both approaches there is still another problem: where to store the original returnaddress and the process identification when a process has to be suspended. A possiblesolution is to store this information in a new node or in the process table entry (orprocess node). The machine code to be executed after the node has been updatedshould then be stored in that place as well. Then this code can find the original return address and the process identification. The return address on the stack should thenpoint to this code after suspending the process. Unfortunately, this could cause somesmall problems for the garbage collector.Yet another problem for both solutions is discussed in the section ’Creating fewerinterleaved reducers’.Using sharing information.Only nodes which are being shared by more than one process (and are not yet in headnormal form), can contain a waiting list. So to optimise the check for waiting lists, wecould try do this check only when a node might be shared by several processes.This is probably similar to trying to prevent updates when nodes cannot be shared.This has been suggested for the Spineless Tagless G-machine (Peyton Jones andSalkild (1989)) and TIM (Fairbairn and Wray (1987)). They propose to use someform of static analysis to detect sharing, and then to use this information to generateupdate frames (STG-machine) or markers (TIM) only when necessary. Unfortunately,to use this approach many functions have to do argument satisfaction checks or checkfor markers. This is probably not much faster than testing for waiting lists. Also, wedon’t know how effective and expensive this sharing analysis would be.Polling processes.Another way to implement suspending and resuming of processes, is to let a’suspended’ process poll every time it is scheduled. So, if a process wants to evaluatea node which is being reduced by another process, it deschedules itself and doesn’tremove itself from the scheduling list, but enters a polling state. When a process in apolling state is scheduled, it checks if the node has been updated with its head normalform. If this is not the case, it deschedules itself and doesn’t change its state so that itwill do the same actions the next time it is scheduled. But if the node has beenupdated, the process leaves the polling state, and resumes normal execution.The advantages of this method are that it is very easy to implement and that there isno overhead for sequential execution and if no processes are waiting. A disadvantageis that is very inefficient if many processes are waiting.Optimising polling processes.It is however possible to prevent polling in many cases. We already explained thatthere are three situations in which a process starts to wait (and thus poll).In the first case (an indirection node to a node on a remote processor has to beevaluated), the process can only be resumed if a message arrives with the head normalform of the node. So it is not necessary to put the process in a polling state, but theprocess can be suspended (removed from the scheduling list), and resumed when themessage with the head normal form arrives.To implement this, we added a list of waiting processors to channel nodes. Channelnodes are indirection nodes which point to a remote processor. The code which iscalled when a channel node is evaluated, sends a request (but only if no request hasbeen send yet for this channel node), adds the process to the waiting list and removesit from the scheduling list. When the message with the head normal form arrives, theprocesses in the list are resumed.In the second case (a request arrives from a process on a remote processor for a nodewhich is not yet in head normal form), a naive implementation would start a waitingprocess for every request which cannot be answered immediately. A more efficient way would be to create a list of all nodes for which a request has arrived (and not yetanswered). And let a communication process check whether these nodes have beenupdated to head normal form every time the process is scheduled. In this way thescheduling overhead is smaller. And only one check is necessary per node, even ifmore requests arrive for the same node.To do this, we added a list of requests to nodes for which a request can arrive (globalnodes). If a request arrives for a node which is not yet in head normal form, therequest is added to the list of requests for this node. And the node is added to the listof global nodes which are checked by the communication process (except if it isalready in this list) Then, if the communication process detects a node for which ananswer can be send, it sends an answer to all processes for which a request is in therequest list, and removes this node from the list.Note that when no message can be send, because the communication process hasn’tfinished sending the previous message, no polling is necessary.The cost of optimised polling and waiting lists.The current implementation uses polling with the optimisations described in theprevious section. We have run several programs to determine the overhead of thisoptimised polling. The overhead was determined by counting the number of polls.Two counters were used. One counter counted the number of polls by normalprocesses. The other counter counted the number of polls by the communicationprocess. The counters were not incremented when all processes were polling.The cost of every poll was estimated. Polling by normal processes was estimated tocost 90 clock cycles for every poll. The time it takes to deschedule the process isincluded in this number. Polling by the communication process was estimated to cost32 clock cycles for every poll.The programs where run a Macintosh IIfx. The results of these measurements are: (alltimes in seconds) totalsimulationtime:

number ofprocesspolls:

number ofcommunication processpolls:totaloverhead ofpolling:

overhead ofpolling (%):

quicksort26.6814026100 0.0210.079queens25.670106500 0.0850.33nfib4.730946 0.00080.016fast fourier17.270270 0.00020.001warshall 13.4755005400 0.0170.48warshall 26.1764004900 0.0180.30sieve 143.800214000 0.170.39sieve 240.92203000 0.00250.006sieve 338.321430006800 0.330.85So for all these programs the overhead for polling is less than 1 percent. Most ofthese programs use course grain parallelism, except the sieve programs. Sieve 1 and 2use fine grain parallelism.The same programs were run to determine the overhead of testing for waiting lists.We have assumed waiting lists are indicated by setting a bit in the tag. We haveestimated the cost of testing this tag bit to be 14 clock cycles.

totalsimulationtime:

number oft e s t s f o r waitinglists:totaloverhead ofwaitinglists:overhead ofwaiting lists(%):

average idletime (%):

quicksort26.68280000 0.0980.3775queens25.671380000 0.481.8822nfib4.73233 0.000010.000211fast fourier17.2769600 0.0240.1451warshall 13.4742100 0.0150.4356warshall 26.1740700 0.0140.2346sieve 143.80235000 0.0820.1949sieve 240.9251200 0.0180.0479sieve 338.32837000 0.290.7661So for these programs the overhead for testing for waiting lists is less than 2 percent.This is lower than we expected. The reasons for this low overhead are that theprocessors spend too much time doing nothing (see idle times in table) and copyinggraphs. Also our estimate of 14 clock cycles is only accurate if the instructions whichtest for waiting lists are in the instruction cache of the processor.We can also see that polling is much faster for queens and quicksort, and a little bitslower for warshall and sieve. Polling is only slower for nfib and fast fourier, but forthese programs the overhead is very small in both cases. So polling with a few simpleoptimisations is more efficient than waiting lists for our test programs.A combination of polling and waiting lists.A further improvement is possible because the node a process is waiting for is veryoften the root node of another process. In this situation we can use waiting listsefficiently, because we only have to check such a root node for a waiting list when theprocess finishes reducing. Then in this situation, we no longer have to poll for thesenodes, and there is no cost for sequential execution and only a small cost for coursegrain parallelism.If all the optimisations are implemented, then polling is used only for nodes for whichanother local process is waiting or for which a request has arrived and which are notthe root node of a process. All other process/requests waiting for a node areresumed/answered when a process terminates or an answer to a request arrives.Creating fewer interleaved reducers.In Concurrent Clean {I} annotations are used in programs to start a new process onthe same processor. Such a process is called an interleaved reducer. An interleavedreducer reduces the graph to head normal form.In the Concurrent Clean programs we have written, we very often use functions whichevaluate the head of a list using a strictness annotation and the tail of this list using an{I} annotation. This tail is very often a recursive call of the same function. For everycall of such a function a new interleaved reducer is created, and the old one dies,except possibly for the first call. Creating interleaved reducers is expensive, so thisinefficient.To eliminate this inefficiency, we want to change the compiler so that it is possible tolet the old process continue with the work which would otherwise have been done bythe process started with the {I} annotation. Then no new process has to be started, andthe reduction goes much faster.So the code for such a function would first compute the head of the list, then updatethe root node, and then continue with the reduction of the tail of the list.

If we use waiting lists, we also have to check for a waiting list every time the functionis called. And the optimisations to prevent overhead for waiting lists described in thesection ’optimising waiting lists’ cannot be used in this situation.Because many Concurrent Clean programs contain similar functions, this is a seriousdisadvantage of using waiting lists. Implementations using polling do not have thisproblem. So for these implementations efficient code can be generated for suchfunctions.Waiting lists or polling for Concurrent Clean ?The current implementation of polling uses less than 1 percent (on average 0.27%) ofthe execution time for the programs we tested and is easy to implement. No extracode has to be generated by the compiler and no extra information has to be stored inthe nodes.The naive form of waiting lists is slower for these test programs, the overhead is lessthan 2 percent and on average 0.45 percent.An optimised form of waiting lists could be faster than optimised polling. But thesesolutions are difficult to implement and generate more code. Some of the overheadeliminated by the optimisations would be introduced again if we change the compilerto compile some functions as described in the previous section.At the moment the overhead caused by checking for stack overflows anddescheduling is much higher (see below) than the overhead caused by polling. So atthe moment the efficiency of suspending and resuming processes is more thansufficient.Graph copying.When a parallel process is created on a distributed memory architecture usually acopy of a graph has to be send to another processor. Many implementations do this byfirst creating a local copy which is represented in the same way as a normal graph.And then this local copy is send to the remote processor. This approach is used byConcurrent Clean on ZAPP (Goldsmith, McBurney and Sleep (1991)) and by thePABC machine implementation on the transputer (Kesseler (1991)).In this way, the processor which receives this graph has to do very little work to startthe new process. Unfortunately, this representation is not the most compactrepresentation of the graph.For example a copy of the graph CONS (INT 1) (CONS (INT 2) NIL) would berepresented by:a

If all nodes in the graph are referenced only once, we can leave out all the pointers

(3,5,8 and 10 in the example), and are still able to reconstruct the graph. Then the

If a node is referenced more than once, we can still use pointers if we choose the representation of pointers and constructors in such a way that we can distinguish them. In our implementation this is done by setting the least significant bit of a pointer. (pointers and symbols are always on an even address) For the first reference to such node, we do not use a pointer. For example the copy of the graph CONS (a:

If we assume nodes consist of just a symbol and arguments, the size of the copy is the

If there is no sharing, every symbol in such a copy is followed by the root nodes of the arguments, so the copy is made in a breadth first manner. It can also be done in a depth first manner, then the symbol is followed by the whole subgraph of the first argument (if it has an argument), then the subgraph of the second arguments, etc. But

There are algorithms to create such a packed copy and unpack it which are about as fast as creating a normal copy. These algorithms are discussed below. The advantages

Fewer information has to be send across the communication network. So messages are smaller. Or when large graphs are split into smaller messages, fewer messages have to be send. So communication will be faster. And if through-routing has to be performed by the processor, sending fewer messages

Less space is necessary to store a local copy on a sending processor. This is important if messages are buffered. This happens when messages are produced faster than can be send, or when the communication channel is unreliably and messages cannot be removed until an acknowledgement has

Disadvantages are that more memory is required to unpack a copy, and that

To describe the algorithms we will assume all nodes consist of just a symbol and

Creating a packed copy as described above can be done in a similar way as the scavenging algorithm used by a copying garbage collector. But instead of copying the whole node to the start of free memory (to-space), the symbol is copied to the beginning of memory, and the arguments (the pointers) of this node to the end.

Except when a node has already been copied, then the address of the copy of this node is copied to the beginning of memory. But in such a way that it can be pointer to symbol of node which is to be scavenged (of which the pointer to the end of the memory block containing symbols and pointers to shared nodes, where new symbols and pointers to pointer to the end of the memory block containing the arguments,

Before the starting this scavenging like algorithm, first the root node has to be copied

(evacuated). To prevent having to write evacuation code, this is done by branching Now the packed copy is stored in the memory area from the begin_of_free_memory to the symbol_p. During this copying the nodes of the original graph are overwritten by indirections to the copy of the node. The following code is used to restore the

If there is not enough memory available to copy the graph, the original graph is restored in the same way, the memory used during the copying is released, then the

Unpacking also uses an algorithm similar to scavenging. Now copying the nodes in done in the usual way, i.e. both the symbol and the arguments are copied to the beginning of the memory area. But reading the arguments to be copied is simpler, because the nodes are already stored in the right order. So the original is traversed

When a symbol is copied, space is reserved for the arguments immediately. These pointer to the node which is to be scavenged (of which the pointer to the end of the memory block containing the already

Now the memory area from the copy of the graph. The original has been changed, but is not used anymore, so it

Except when there is not enough memory to copy the graph, then the original is and then the memory used during the copy is released, the garbage collector is called

Note that to be able to restore the graph, it should be possible to detect the difference between a marked pointer and the pointer stored by the line ’*graph_p++ = end_node_p’. In our implementation this is possible because for a marked pointer the

To measure the overhead of checking for stack overflows and scheduling some simple

So the overhead is usually between 0 and 30 percent of the execution time without

The programs below were run on a Macintosh IIfx (40 Mhz MC68030 with 32K external cache) with 8 M memory using system 7.0.1. (queens is not the same programs as above, the compilers used are different too) Sixteen processors were total simulation simulation time

/ number of speedup: (16

Annotations are only used to create coarse grain parallelism. The fast fourier program

Brus T., Eekelen M.C.J.D. van, Leer M. van, Plasmeijer M.J. (1987), ’Clean - a

Language for Functional Graph Rewriting’, Proc. of the third International

Conference on Functional Programming Languages and Computer Architecture

(FPCA ’87), Portland, Oregon, USA, Springer Lecture Notes on Computer Science Augustsson L., Johnsson T. (1989). ’The <n,G>-machine: an abstract machine for parallel graph reduction’, Proceedings of the Conference on Functional

Programming Languages and Computer Architecture (FPCA ’89), Imperial Fairbairn J., Wray S (1987). ’TIM: A simple, lazy abstract machine to execute supercombinators’, Proceedings of the Functional Programming Languages and

Computer Architecture Conference (FPCA ’87), pp 34-45, LNCS, 274, Springer, Goldsmith R., McBurney D.L. and Sleep M.R. (1991). ’Concurrent Clean on ZAPP’,

Proceedings of the Semagraph ’91 Symposium on the Semantics and Pragmatics of

Generalized Graph Rewriting, Nijmegen, the Netherlands, (10-12 December), to Groningen J.H.G. van. (1990), ’Implementing the ABC-machine on M680x0 based

Groningen J.H.G. van, N�cker E.G.J.M.H., Smetsers J.E.W. (1991). ’Efficient heap management in the concrete ABC machine’, Proceedings of the Third International

Workshop on the Parallel Implementation of Functional Languages, Southampton, Kesseler M.H.G. (1990). ’Concurrent Clean on Transputers’, Master Thesis,

Kesseler M.H.G. (1991). ’Implementing the PABC machine on transputers’,

Proceedings of the Third International Workshop on the Parallel Implementation Koopman P.W.M., Eekelen M.C.J.D. van, N�cker E.G.J.M.H., Smetsers J.E.W.,

Plasmeijer M.J. (1990). ’The ABC-machine: A Sequential Stack-based Abstract

Machine For Graph Rewriting’. Technical Report no. 90-22, December 1990, N�cker E.G.J.M.H., Smetsers J.E.W., Eekelen, M.C.J.D. van, Plasmeijer (1991).

’Concurrent Clean’, Proceedings of the Conference on Parallel Architectures and

Languages Europe (PARLE ’91), Eindhoven, The Netherlands, Lecture Notes on Peyton Jones S.L, Salkild J. (1989). ’The Spineless Tagless G-machine’. Proceedings of the Conference on Functional Programming Languages and Computer Smetsers J.E.W., (1989). ’Compiling Clean to Abstract ABC-Machine Code’,