Uniqueness and Lazy Graph CopyingCopyright for the UniqueMarco KesselerFaculty of Mathematics and Computer ScienceUniversity of NijmegenToernooiveld 1, 6525 ED Nijmegen, The NetherlandsSeptember, 1994AbstractThe uniqueness type system and lazy graph copying are important techniques to efficientlyimplement functional languages. Unfortunately combination of both in one system may lead toconflicts. Until recently, parallel Concurrent Clean programs could not take advantage of theuniqueness type system, because the lazy graph copying method that Concurrent Clean employedwas able to invalidate derived uniqueness information. This paper will address this problem andpresent a solution that is based on a new copying method with different semantics, called lazynormal form copying.1.IntroductionThe uniqueness type system and lazy graph copying are important techniques to efficientlyimplement functional languages [1, 2, 3]. On the one hand, uniqueness information allowsthe compiler to employ destructive updates in certain cases. This forms the basis of efficientarray implementations and the Concurrent Clean IO system. On the other hand graph copyingis needed for implementations on parallel machines with distributed memory.Graph copying is an extension of the standard graph rewriting semantics. This means that onehas to make sure that the semantics of both do not interfere. Unfortunately, graph copyingmay conflict with the uniqueness type system. This becomes apparent if one considers thatduplication of data may invalidate uniqueness properties. How can some unique datastructure remain unique after copying? If this cannot be achieved one would have seriousproblems to efficiently incorporate arrays and the Clean IO system in a parallel environment.This paper will identify possible problems and propose a solution. It will show thatdifficulties mainly arise in situations where copying gets postponed (deferred) and that graphcopying in itself is not dangerous with respect to uniqueness. The graph copying method thathas been employed in Concurrent Clean so far turns out to be incompatible with theuniqueness type system. We will present a new copying method with different semantics -called lazy normal form copying - that solves these problems by maintaining all deriveduniqueness properties.In addition, we will see that lazy normal form copying enables the programmer to identifymore clearly what gets copied. In short, lazy normal form copying does not copy work unlessstated explicitly. By default only normal forms are copied. This means that the type of afunction indicates the structure of the data that will be copied. We will see later what thisimplies for writing parallel Concurrent Clean programs.

Uniqueness and Lazy Graph Copying4-2We have structured this paper as follows. First, we will take a closer look at uniquenessproperties in Concurrent Clean and clarify the dangers of lazy graph copying. Next, a numberof possible solutions will be discussed, leading to the one we have adopted. Finally, someexamples will show how this affects programs written in Concurrent Clean.2.Lazy Copying affects Uniqueness PropertiesThe Concurrent Clean uniqueness type system [4] is based on the observation that argumentscan be locally unique to a function, which means that only this function has direct access tothe argument. The function itself may not be uniquely used, so uniqueness is a local property.If a function has unique arguments, it may destructively update these arguments with (partof) the function result. This is safe, as no other function is be able to access any uniqueargument without evaluating the parent function first: one cannot traverse a closure.Constructors, on the other hand, can be traversed, but for these the uniqueness type systemrequires that the constructor itself must be unique if one of its arguments is unique. Thusuniqueness of arguments with respect to the enclosing function is guaranteed, which impliesthat destructive updates of unique data do not hurt referential transparency.Basically two types of unique data structures exist: ordinary unique data and essentiallyunique data. Both can be used to implement destructive updates. The only difference betweenthe two is that essentially unique data - as opposed to ordinary unique data - cannot becoerced to a non-unique type. The essentially unique type is needed for curried functions thathave unique arguments [4]. Essentially unique data cannot become shared, and copyingessentially unique data is more problematic than copying ordinary unique data.Lazy graph copying is an extension of standard graph rewriting semantics. If one combines itwith uniqueness types, one has to make sure that copying either does not affect the deriveduniqueness information in an unsafe way, or that it is able to adjust uniqueness properties onthe fly. Not all changes are dangerous. A non-unique object becoming unique is no problem,except perhaps for not exploiting this information (It would be interesting to investigate thepossibilities for optimisations when nodes become unique after copying, but we will notconsider this here). In contrast, a unique object becoming non-unique will result in seriousproblems if this change is not taken into account by functions that refer to this object. Objectsthat are actually not unique might then be updated in place, which destroys referentialtransparency.The lazy graph copying method that has been used in Concurrent Clean until recently doesnot maintain uniqueness properties. Graph copying in itself does not impose seriousproblems: if one copies a graph as a whole, the copy will be exactly the same graph as theoriginal and uniqueness properties of individual nodes will be the same as for the original. Ifan argument is unique with respect to some function, the copy of the argument will be uniquewith respect to the copy of the function. Problems arise when introducing laziness to copying.Lazy copying will not always result in physical copy. Instead, it will maintain sharing asmuch as possible. An extreme example is copying a (sub)graph to the same processor itresides on: the resulting �copy� will be a shared graph and not a duplicated one. The extrareferences this introduces may invalidate the uniqueness information that has been derived bythe Concurrent Clean compiler.a

Picture 1: Lazy copying changes derived uniqueness properties. F is a function that delivers a uniqueshould (temporarily) stop or not. Thus, only deferred unique nodes are problematic.1to be important for the solution we have adopted.Possible Solutionsimportant technique to share results as opposed to recomputation. For instance, programs thaton. In addition, lazy copying is required for structures of the Concurrent Clean IO system thatare part of the operating system that it runs on. For these structures special rules apply as theytheir physical location.cannot change uniqueness properties at runtime.actual runtime uniqueness properties. Evaluation code addresses of closures would have to be

Uniqueness and Lazy Graph Copyingunique type and a runtime error would be the result.uniqueness conflicts.in mind, we will examine the feasibility of this method in more detail below.cases below.Reject uniqueness for deferred objectstypes in these cases would avoid conflicts during copying.During normal graph reduction nodes get reserved (and thus deferred).During creation of a cycle the empty nodes are deferred.The {I} and {P} annotations for parallelism will defer the root of the annotated graph.Structures of the IO system that cannot be copied are deferred.considering the problems that occur when annotations for parallelism are used. As a result thecompiler only has to avoid unique types in the remaining three cases.

graph copying.Avoid deferring unique objects at runtimeother nodes of the copied graph [5].of optimisations for unique objects does not cause considerable problems in practice, one stillfaces the problem of unclear runtime copying semanticsplays an important role, we will concentrate on copying closures first.Copying Closurestraversing such a closure one can add references to its unique arguments. In addition, closures 2

Uniqueness and Lazy Graph Copyingcopied and original unique argument.essentially unique results). On the other hand, a closure that delivers a totally unique structureby runtime checks.

problematic for closures as these represent work. Any copying decision that involves closureswill either move work, copy it, or leave it at its place. Unclear copying semantics will make itapproach we have chosen to solve this.Lazy Normal Form Copyingprogrammer wishes to copy closures she (or he) has to indicate them explicitly. This could beexample below will clarify this.

simple (for ease of reasoning about programs). An annotated closure may only be copied if:it has no unique argumentsit has unique arguments and it becomes garbage after copying.coercion of types.To avoid creation of empty copies, which would cause deadlocks, the copier will start up neware able to drive a local computation in a lazy manner and vice versa.

drive computation explicitly, but this did not result in distributed lazy evaluation.define a new function H: H a -> F (G a). {P} H a would now perform as intended.

Uniqueness and Lazy Graph Copyingexplicitly.Currying and Copying12n12nformer solution as it provides a clear and powerful way to copy work safely.Here we can see how the curried function type clearly indicates that work will be copied.directly to pass closures without any arguments. It is possible to work around this problem byremains to be seen how this can be solved in a better way.

efficiency.A Simple Divide and Conquer Programthe old lazy copying semantics this could have been defined as follows.processor.processor, the type of the tree must be changed. One could use the following example.function would now become as indicated below. Computing the element has become explicit.as for annotated functions.

Uniqueness and Lazy Graph Copyingfunction.This is a notorious benchmark. It is approximately defined as follows.one could use an intermediate function.The Sieve of Erathostenescurrent processor when a new parallel sieve is started.

annotations are needed in the filter function either.program: up to 8.9 on 16 processors and 15.7 on 32 processors.programmers to reason more easily about the exact behaviour of parallel programs.Graph Rewriting. Addison Wesley, 1993.(PARLE’91). Springer LNCS 505, Vol. II, page 202-219.Rewriting on Loosely Coupled Machine Architectures’ In proceedings of the workshopon CTRS’90. Montreal Canada.

Uniqueness and Lazy Graph CopyingLNCS 776, pages 358-379.(PASCO �94), Linz, Austria, World Scientific International Co. To Appear.