447Chapter 15Concurrent Clean

15.1Extending Cleanto Concurrent Clean15.2Specifying process structures15.3Translation into ConcurrentClean

This chapter extends the language Clean (see Chapter 8) with thepossibility to create parallel and interleaved executing processes. Theresulting language Concurrent Clean offers the {P} and {I} annotationsas introduced in Chapter 14. A refined version of the {P} annotation isintroduced as well. It can be used to give a more precise description ofthe processor on which a parallel process has to be allocated.The Concurrent Clean annotations are explained in Section 15.1.How they can be used for the creation of various process topologies isexplained in Section 15.2. The chapter is concluded with a discussionon how the {Par} and {Self} annotations of Chapter 13 can be translatedinto Clean’s {P} and {I} annotations.15.1Extending Clean to Concurrent CleanConcurrent Clean (N�cker et al., 1991b) incorporates a single extensionwith respect to Clean as defined in Chapter 8: process annotations. Theprocess annotations of Concurrent Clean are precisely the {P} and {I}annotations presented in Chapter 14. There is an additional option tocontrol the process allocation, i.e. one can specify with more or lessprecision on which concrete processor a new process has to be created.The process annotations are local annotations (see Section 8.3) thatcan be specified on the right-hand side of a rewrite rule. They can be puton a node (before the symbol) or on a node-id. Just as with local strictannotations, it holds that if a local process annotation is put on a node,this is equivalent to putting the annotation on each reference to thatnode. Process annotations can have the form {P}, {I} or {P AT location} (seeAppendix B). The semantics of {P} and {I} in Concurrent Clean fully con-

448CONCURRENT CLEANform with the definitions of {P} and {I} for parallel graph rewriting inChapter 14. The effect of the annotations is summarized below. Further-more, some explicit choices related to the order in which local andglobal annotations are effected in Clean are explained. The semantics of{P AT location} will be a small extension of the semantics of {P}.15.1.1Creation of processes on processorsWhen, in Concurrent Clean, a process annotation occurs in a contractumpattern, during a rewrite with the corresponding rule a new reducer willbe created with as task the evaluation of the corresponding subgraph.With the {I} annotation a new interleaved reducer is created on thesame processor that reduces to root normal form (following the func-tional strategy). Such an interleaved reducer dies when the root normalform is reached. However, during the evaluation of this result other re-ducers may have been created.With the {P} annotation a new parallel reducer is created. This re-ducer is preferably located on a different processor working on a lazycopy of the corresponding subgraph, but, when this is somehow notpossible, it may be created on the same processor. Reducers that are lo-cated on different processors can be executed in parallel with eachother. Reducers that run on the same processor run interleaved.15.1.2LockingAs explained before, an interleaved or parallel reducer will be locked ifit wants to reduce a redex that is already being reduced by some otherreducer. A locked reducer can continue when the redex has been re-duced to root normal form. A reducer can demand the evaluation of asubgraph located on another processor. Such a demand always takesplace via a communication channel (a lazy copy node). If the channel isreferring to a subgraph in root normal form, a lazy copy of this sub-graph is made on the processor such that it can be further evaluated bythe demanding reducer. If the subgraph is not yet in root normal form,the demanding process is locked. In that case, on the other processor areducer will always exist that reduces the subgraph to its root normalform. So all communication channels are always being served by pro-cesses to ensure that demanding processes are not locked unnecessarily.15.1.3Annotations and evaluation orderWhen there are several local annotations specified in a contractum, theorder in which they have to be effected is, as is defined in the previouschapter, in principle depth-first with respect to the subgraph structure.The underlying philosophy here is that in many cases it makes sense to

EXTENDING CLEAN TO CONCURRENT CLEAN 449deal with the arguments before a function is called. In fact, the defini-tions of {P} and {I} in Chapter 14 also rely on this philosophy.Local and global annotationsAn extra complication with respect to the semantics of annotations inConcurrent Clean is the fact that Clean (and hence Concurrent Clean)also allows strict annotations to appear in the type specification of afunction, the global strict annotations (see Section 8.3.2). Consequently,it has to be defined in what order local and global annotations are effec-ted. The general idea here is that local annotations are used by a pro-grammer to control explicitly the order of evaluation of the right-handside of a rewrite rule. Global annotations should not influence this ex-plicit control. So the choice has been made to give priority to local an-notations over global annotations. Of course, it still holds that when achosen function is actually evaluated, first its globally annotated argu-ments will be reduced.Maximizing actual parallelismWhen there is not a clear hierarchy between annotations, it would benice if the degree of parallelism would be maximized in choosing be-tween the various possibilities.So for these cases the choice has been made first to effect {P}s, then{I}s, and finally {!}s. These priorities also hold for the cyclic case and forthe case in which several annotations are put on the same node. At firstsight it may not seem to make much sense even to allow the latter casebecause only one reducer will be able to reduce the indicated subgraph.All others will be locked until the reduction is finished. However, a usermay want to specify such a behaviour in which, for example, first aparallel reducer is started on a node (with a {P}) and immediately theparent process will wait for the result (due to a {!}).However, parallelism can be even further maximized, as is clari-fied by the following situation: suppose that a local process annotationand a global strict annotation are both valid for the same node. Then, asdefined above, the priority lies with creating the child process first inorder to maximize the parallelism. It can, however, be the case that theparent process has again the choice between waiting for the child pro-cess to produce its result and, for instance, evaluating another argumentof the corresponding function call. Then the parallel behaviour of theprogram is improved when the other argument is chosen first. Other-wise, the parent process would just be waiting in parallel.So when arguments are equal in priority (e.g. they are either bothglobally strict annotated or both locally strict annotated) the choice ismade to effect first those strict annotations for which it is known that(owing to an analysis of the right-hand side of the corresponding rule)

450CONCURRENT CLEANyet another process is not already evaluating the corresponding sub-graph. In this way unintended waiting is avoided.Example of maximizing parallelism:::Fib INT->INT;Fib n->+ ({P} Fib (— n 1)) (Fib (— n 2));+ is globally strict in both arguments. A child process reduces a lazy copy ofthe first argument in parallel. The parent continues with the second argument.Fib n->+ (Fib (— n 1)) ({P} Fib (— n 2));But if a child were to be created on the second argument instead, the parentprocess would evaluate the first argument. In this way a nice symmetric be-haviour is obtained, with the maximum amount of actual parallelism.15.1.4Controlling process allocationProcessors in a distributed architecture are generally sparsely connected.When two parallel processes communicate heavily with each other it isefficient to locate them on processors that are directly connected via ahardware link. If one is aiming for optimal performance the actual loca-tion of a process should be definable. For this reason there is a possibil-ity in Concurrent Clean to specify the processor on which a parallelprocess should be created. The use of this possibility might make theefficiency of the program fully dependent on the actual machine theprogram is running on. So the user is advised to refrain from the use ofthis feature as much as possible.The {P} annotation can be extended with a location directive {P ATlocation}, where location is an expression of predefined type PROCID indi-cating the processor on which the parallel process has to be created. Inthe library deltaP (see Appendix B) functions are given that yield an ob-ject of this type. Some of the primitives can be used without detailedknowledge of the actual processor topology. For instance, with thefunction NeighbourP one can create a process n links (hops) away fromanother processor (e.g. the current processor CurrentP). With the primi-tive ITOP one can specify exactly which processor is intended. Theprimitive converts an integer value to a value of type PROCID. It is as-sumed that each processor of a concrete architecture can be uniquelyidentified by an integer value. How this mapping is defined is imple-mentation-dependent. So the programmer must know this mapping andthe actual processor topology to make optimal use of it.In any case, it holds that whatever the use of process locations is,the result of the program cannot be influenced. The process locationsinfluence only the actual process allocation on the machine.

SPECIFYING PROCESS STRUCTURES 45115.2Specifying process structuresThe fact that Concurrent Clean is a graph rewriting language is clearlyan advantage for the specification of process topologies. The graphstructure can be used to define explicitly the demanded process topol-ogy. This makes, for instance, the creation of cyclic process structuresmuch better to understand. To illustrate the use of graph rewriting inspecifying process topologies, several Concurrent Clean examples aregiven below.15.2.1A hierarchical process topologyDivide-and-conquer parallelism is expressed with hierarchical processtopologies. They have a straightforward process behaviour. This can beexpressed very easily in Concurrent Clean.Figure 15.1Trace information shown by the Concurrent Clean simulator.For each simulated processor the heap usage is displayed,along with the workload relative to the other processors aswell as the number of inactive (locked) and active reducers.a

Figure 15.2During simulation all kinds of statistical information can be

Both calls of Fib can be evaluated in parallel on another processor. First (— n and (— n 2) are evaluated, forced by the local strict annotations becausethese annotations are put on subgraphs of the graphs on which the process antions are put. Next, two parallel processes are created on lazy copies ofright and left respectively. The parent process continues with the addition, butit has to wait until the arguments are evaluated and have been lazy copiedback. A more efficient solution would be to create a child process for just oneof the arguments. The parent process then will automatically calculate theThe Concurrent Clean system provides tools to simulate the behaviourof parallel programs, using either the interpreter or the code generator.In Figure 15.1 a snapshot is given of the trace information displayed bythe interpreter simulating Fib 22 on 9 processors. Also statistical infor-In the following example a simple non-hierarchical parallel reducertopology is demonstrated. It serves the purpose of explaining how more

Figure 15.3Intended distribution of the processes across the processors.

A non-hierarchical parallel reducer structure: the second argument of Fib willbe executed by another parallel reducer, but the argument of that call is reThe small examples above are very similar to the examples using {Par}and {Self} since only simple basic values are communicated. For graphs

Figure 15.4(a) Snapshot of the filtering process working on a list coning the natural numbers from 1 to 7. (b) The root normal forms yielded bysuccessive interleaved Filter processes have been shipped with one lazy copytion. The active interleaved Filter process acts as a copy-stopper and a newchannel has been created to this process. If more results are demanded, theTo express a general asynchronous communication stream a se-quence of interleaved reducers has to be created. Each interleaved re-ducer computes a partial result that can be sent across a channel. Justbefore the reducer delivers its root normal form (and dies) it creates anew interleaved reducer that delivers the next result in the same way.When partial results are delivered more frequently than is demanded, all partial results (a ) are sent at the same time. The lazy copy willcopy all partial results at once, but it stops at those nodes that are underreduction by a reducer. In this way a parallel reducer can have severalThe process reducing PrintList creates a new parallel reducer: Filter. This pro removes from its second argument, which is a list, all the elements thatare divisible by the number . When Filter has computed an element of the result list it creates a new process to compute the next number, after whichit dies. Several results may be added to the stream before they are communicated on demand. The end of the stream will be a channel referring to the curThe sieve of Eratosthenes is a classical example in which parallel siev-ing processes are created dynamically in a pipeline (see also Sec13.3.1). In Concurrent Clean the sieve program is expressed as followsWhen a reducer yields a root normal form it dies and the yielded sub-graph in root normal form can be lazy copied to a demanding process.

The copying process will postpone copying on those parts of the graphthat are under reduction by another process. This makes it possible todecide which part of the graph is lazy copied back. The subgraph in rootnormal form will generally contain several redexes (work). When such aredex is returned in the lazy copy, work is shipped from one processorto another. One can choose whether or not work should be locally cal-culated before it is shipped. In that case an interleaved process shouldbe created on the corresponding redex before the root normal form isThe function maps a function over a list that is computed by a parallel process BigList (Map is defined in Section 8.1.6). Depending on the evaluation ofh, either a simple big list is returned or a big list that takes some computingpower. In the first case, work is copied back: the list itself is not returned butan expression is returned that computes this list when it is evaluated. In thesecond case data is copied, computed by an interleaved process CompList thatThe following example creates a cyclic parallel process structure, i.e. anumber of parallel reducers that are mutually dependent. In a similarway cyclic process structures can be explicitly specified in more elabo-

CreateProcs is initially called with a reference to itself, thus forming a cyclicprocess structure of length one. CreateProcs recursively creates new processes Process. Each Process has a process number. CreateProcs will finallyform the first Process in the cycle with process number 1. Each Process isconnected to the next one, i.e. the one with the next number, by means of achannel (see Figure 15.5). During the creation of the processes this channel is take, in a lazy way, respectively the headand the tail of the channel. Note that the type of left has to be the same as theresult type of CreateProcs and Process. The function Process will in generalduce a lazy stream of values (in the example integer values) that can beused as input by another . Owing to the use of {I} annotations recursively a part of the stream can be produced as a result. In the example an inAs explained in Chapter 14, one has to be careful not to introducedeadlock when cyclic process topologies are specified using recursivefunctions. A subtle deadlock example is given by a variant of the func-A deadlock occurs since each process, due to the pattern match, wants the reIn the cyclic example given above every process is communiheavily with both its neighbours. So it is probably more efficient tocreate a new process on a processor to which a direct link exists. Thiscan be done by replacing the annotations above by the location directive {P AT NeighbourP 1 CurrentP}. However, this only guarantees thatthe new process will be located on a direct neighbour: it can happen thateffectively only two processors are used. This can be avoided by mak-ing use of knowledge about the actual machine topology, e.g. using theA cycle of processes assuming that a neighbouring processor has an identifi

In many cases it is possible to translate {Par} and annotations to acollection of , {I} and {!} annotations. When root normal forms areequivalent to normal forms (e.g. for simple basic values) the translationis trivial. When this is not the case, a sequence of annotations is neededto achieve the evaluation to normal form. A process reducing to normalform can be realized by creation of a new interleaved process just be-fore the current one delivers its root normal form. Compare for instancethe sieve example in this chapter with the sieve example in Chapter 13.The creation of additional interleaved processes has to be explicitlyspecified in the rewrite rules. Consequently, it is not possible to use thistranslation scheme to force normal form evaluation of an arLimitation of simulating normal form processes via a sequence of root normalThe parallel process that is created in the ParMap example only evaluates theunknown function application f˚x to root normal form. It is not possible toSo the ability to create processes that reduce arbitrary unknown func-tions to normal form gives more expressive power to the language. Asalready stated in Chapter 13, normal form processes are often useful,but also hard to implement efficiently. Process types (see Chapter13.2.5) can help to set up efficient communication streams betweenThe {P} and {I} annotations have the advantage that they allow amore precise control over the interaction between processes. So they arealso very useful primitives. They are less suited when evaluation toIn future versions of Concurrent Clean normal form processes withprocess types will be added in addition to the current annotations. But itremains to be seen what kind of annotations in the long term are bothsuitable from a programming point of view as well as efficiently im-plementable on a wide range of architectures. A different approach canbe found in Darlington et al. (1991), who propose a wide range of spe-cial purpose annotations (called skeletons) for all kinds of architectures

Concurrent Clean extends Clean with process annotations {P}, {I}and {P AT location}. Their semantics conforms fully to the semanticsWith the {I} annotation a new interleaved reducer is created on the processor reducing to root normal form following the func-tional strategy. With the annotation a parallel reducerpreferably running on a processor. Communication takesA location directive can be added to indicate on which processor aprocess should be created. Location directives cannot influence theIt is not always possible to translate {Par} and {Self} annotations to acollection of and annotations. Both kinds of annotation areuseful. and {I} give precise control over the distribution of workor data and are efficiently implementable because they fit very wellin the default evaluation order (which is root normal form evalua-tion). {Par} and are much more difficult to implement effi-ciently but they are user friendly because processes are in practice

What other kind of location directives can you imagine as beingRewrite Exercises 13.2 and 13.3 in Concurrent Clean. Simulateparallelism using the simulator on 1, 2, 4, 8 and 16 processors.Answer the questions of Exercise 15.2 for the sieve example givenWould it not be better for parallel evaluation to have an eager lan-Can branch-and-bound parallelism be expressed in a pure func-