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translation-time, execution-time, and storage of using an abstract or semi-abstractitem will be no greater than if the same item had been concrete. Although thedPaster is designed speci�cally to support the encapsulation facilities of theZuse language, it can also be used with other modular and object-oriented lan-guages to facilitate fast inter-modular optimizations.Considering that all other aspects of language translation have been subjectto attempts at parallelization,2 it is remarkable that this appears to be the �rstattempt at parallelizing the linking process. It is also the �rst time distributedtechniques have been used to tackle the problems inherent in combining separatecompilation with both data abstraction and inter-modular optimization.2 Background and MotivationA desirable property of a modular language is that it should allow a moduleinterface to be fully abstract, i.e. to contain only the information necessary inorder for a client to correctly use the module and for an implementer to cor-rectly implement it. This principle, apart from being basic to sound softwareengineering practices, is also essential in order to minimize compilation cost.If an interface is not fully abstract, containing extraneous information relatedmore to the module's implementation than to its speci�cation, any change to thisinformation will a�ect the interface and hence will trigger the recompilation ofthe module's clients.There is, however, an inherent con
ict between the two goals of permittingfully abstract module interfaces and separate compilation of interfaces and bod-ies. The con
ict stems from the fact that in many cases an abstract interfacewill not contain enough information in order for a compiler to assure the staticsemantic correctness of the module's clients or to generate code for the clients.The con
ict is evident in the design of many current modular languages. Ada,for example, requires the implementation of private types to be given in themodule interface, in order for the compiler to know the size of the type whencompiling a client module. Modula-2, for the same reason, restricts its opaquetypes to pointers, while Mesa and Oberon-1 [24] require the size of opaque typesand public projection types, respectively, to be given in the interface. Modula-3instead relies on run-time processing in order to support its opaque and partiallyrevealed object types, as does Albericht [18] { an Oberon descendant { to sup-port its public projection type. Milano-Pascal [5], �nally, employs a specializedmodule linker to share information between separately compiled Pascal modules,speci�cally sizes of abstract types and values of abstract constants.It is not only the implementation of abstraction which is hampered by sepa-rate compilation but also inter-modular optimizations such as inline expansionand inter-procedural register allocation. C++ [1] and Mesa, for example, requireinline procedures to be declared in the module speci�cation, while Ada allows2 See, for example, Junkin [13] (compilation), Katse� [14] (assembly), Baalbergen [2](making).



compilation dependencies between implementation units containing exported in-line procedures. The MIPS compiler-suite [11] solves the inter-modular inliningproblem by concatenating the intermediate code of separately compiled mod-ules prior to code-generation and optimization. Similarly, Wall [22] employs aspecialized linker in order to do inter-modular register-allocation. While theseimplementations have some obvious advantages (good global code quality, no un-necessary recompilations) they su�er from the problem of excessive linking times.In this paper we will show that techniques from the �eld of distributed com-pilation allow full data encapsulation, separate compilation, and cross-moduleoptimization to be achieved without undue translation-time or execution-timeoverhead.3 The Language ZuseZuse contains the array of basic concepts found in most modular proceduraland object-oriented languages and shares with these languages a common viewof data and execution. We will focus our attention on the kinds of items Zusemodules may export and the facilities available to a programmer for protectingthe integrity of such items.Zuse borrows its module system from Modula-2: a module is made up oftwo separately compiled units, a speci�cation and an implementation. Compila-tion dependencies generally exist between speci�cation units and their clients,but Zuse (like Modula-2) does not allow dependencies between implementationunits.Zuse shares most of its basic type system with Modula-2. Also supported isa Modula-3-style object type which forms the basis of object-oriented program-ming, Mesa-style type initializers, structured manifest constants, and inline pro-cedures. Unique to Zuse are its three modes of export: a concrete item revealsits entire realization in the speci�cation unit, a semi-abstract item reveals partof its realization and hides the rest in the implementation unit, and an abstractitem hides all of its realization in the implementation unit.3.1 Abstract exportFigure 1 shows a simple complex number package using abstract export. A sim-ilar package in Ada would require the realization of the exported type to berevealed in the speci�cation unit. This, apart from being a breach of encapsu-lation, would require the recompilation of all client modules in the event of achange to the realization. Even worse, since Complex�Create3 is an inline proce-dure, most Ada implementations would insert compilation dependencies betweenthe implementation unit of Complex and all of its clients, forcing all clients (andpossibly their clients) to be recompiled whenever the implementation unit waschanged.3 M�t is a reference to the object t exported from module M.



SPECIFICATION Complex;TYPE T = ;CONSTANT Zero : T =;PROCEDURE Create : (Re, Im : REAL) RETURN T =;END Complex. IMPLEMENTATION Complex;TYPE T += RECORD [Re, Im : REAL ];CONSTANT Zero : T += RECORD [Re :== 0.0 ;Im :== 0.0 ];INLINE PROCEDURE Create : (Re, Im : REAL) RETURN T +=BEGIN � � � END Create;END Complex.Fig. 1. Examples of Zuse abstract export.A Modula-2 or Modula-3 implementation, on the other hand, while not re-vealing the realization of the abstract type4 or introducing any unwarrantedcompilation dependencies, would be forced to use a pointer-based realizationof Complex�T. This has several disadvantages: (1) Every time a complex num-ber is needed a call has to be made to the dynamic allocation routine, whichwould be expensive for, say, large arrays of complex numbers; (2) when using thebuilt-in assignment operator on variables of Complex�T, the e�ect is reference as-signment rather than value assignment, the preferred mode for complex values;(3) in Modula-2, which does not have garbage collection, temporary complexvariables may never be reclaimed (see Feldman [9, pp. 127-131]).Hence, Zuse makes it possible to combine the static allocation, value seman-tics, and inline expansion of Ada, with the full data encapsulation and compila-tion independence of Modula-2 and Modula-3.3.2 Semi-Abstract ExportIt may sometimes be desirable to make part of the realization of an exporteditem known to its clients while keeping the rest private to the implementation.Oberon-1 and Modula-3 provide limited forms of such semi-abstract types, butat a cost: In Oberon-1 it is necessary to reveal the size of the full type in thespeci�cation unit [24], and in Modula-3 the use of partially revealed object typesentails extra run-time analysis. Zuse, on the other hand, has full support forsemi-abstract types, constants, and inline procedures, and the Zuse translationsystem assures that this will not involve any extra translation-time or run-timecost. Figure 2 gives some simple examples of Zuse's semi-abstract export. Notethat the Zuse object type comes in three parts: an optional supertype (precededby the keyword WITH), a sequence of �elds (the �rst set of brackets), and asequence of methods (second set of brackets).4 Modula-2 and Modula-3 do not support Zuse-style abstract constants and inlineprocedures.



SPECIFICATION SemiAbstract;TYPEEnumT = ENUM [Red, Blue, Green];RecordT = RECORD [x : CHAR ];ObjT = OBJECT;SubObjT= OBJECT[v : INTEGER ][R : (x : CHAR)] ;CONSTANTC : RecordT = RECORD [x :== "R"];NOT INLINE PROCEDURE P : (a : EnumT) =;END SemiAbstract.IMPLEMENTATION SemiAbstract;TYPEEnumT += ENUM [Yellow, Orange];RecordT += RECORD [z : CARDINAL ];ObjT += OBJECT [a : INTEGER] [ ];SubObjT+= WITH ObjT OBJECT[r : RecordT ][U : (z : CHAR)];CONSTANTC : RecordT += RECORD [z :== 15];PROCEDURE P : (a : EnumT) +=BEGIN � � � END P;END SemiAbstract.Fig. 2. Examples of Zuse semi-abstract export. The module SemiAbstract reveals thatthe type RecordT is a record with a character �eld x, but hides the fact that RecordTalso has an integer �eld z. SemiAbstract furthermore reveals that SubObjT is an objecttype with a �eld v and a method R, but hides the fact that SubObjT is a subtype ofObjT and declares an additional �eld r and a method U.4 The Zuse CompilerA consequence of Zuse's scheme for separate compilation and 
exible encapsu-lation is that the Zuse compiler does not always have available all the inter-modular information necessary in order to completely check the static semanticcorrectness of the input program and to generate high-quality code. When thecompiler determines that this is the case for a particular procedure, code gener-ation and (some of the) semantic checking are deferred to module binding timewhen all relevant information is available. We list some of the circumstancesunder which such deferral will be necessary:{ The compiler will not always know the size of a variable which is de�nedin terms of imported abstract or semi-abstract types or constants. Hence it



will be unable to generate code for any routine which allocates or referencessuch a variable.{ The compiler cannot generate code for a call to an imported abstract pro-cedure since it may be inline, and in this case the code of the procedure isunavailable for expansion.{ The compiler cannot construct the method template for an object type whichhas a semi-abstract ancestor.{ The compiler cannot always check whether the declaration of an abstracttype, constant, or inline procedure which is de�ned in terms of importedabstract items is part of an illegal recursive declaration (see Figure 3).SPECIFICATION M;TYPE T = ;PROCEDURE P : () =;END M. IMPLEMENTATION M;IMPORT N;TYPE T += N�T;INLINE PROCEDURE P : () += BEGIN N�P (); END P;END M.SPECIFICATION N;TYPE T = ;PROCEDURE P : () =;END N. IMPLEMENTATION N;IMPORT M;TYPE T += RECORD [x,y : M�T ];INLINE PROCEDURE P : () += BEGIN M�P (); END P;END N.Fig. 3. Examples of illegal recursive declarations in Zuse.Deferred procedures and context conditions produced by the compiler for acertain module are stored in the module's object code �le together with exportedinline procedures, binary code produced for non-deferred procedures, etc. Theobject code �le for a module M consists of seven major sections. The ModuleTable is a list of the names of the modules directly imported by M. It is used todetermine the modules which will be part of the resulting program. The Expres-sion Section is a set of constant expressions (in a DAG format) which organizesall the inter-modular information needed during binding. It stores, among otherthings, sizes of types, possible static error conditions, the allocation of globalvariables, and the inline-status and call graphs of procedures. The Binary Codeand Data Sections contain code and data generated during compilation, and theRelocation Section contains relocation information for this code. The Inline andDeferred sections contain the intermediate code (in an Attributed Linear Codeformat) of inline and deferred procedures.4.1 The Expression SectionThe Expression Section is the central object code structure. The general struc-ture of an expression is em;i:a = f(em1;i1 :a1; � � � ; emn;in :an); where em;i:a is the



attribute a of the i:th expression in modulem, f is a function with n parameters,and the emk;ik :ak:s are references to the values of other expressions. The functionf may be an arithmetic operation, an operation to construct structured constantsor method templates from their subparts, etc. It is sometimes convenient to thinkof the Expression Section as a graph where each em;i:a is a node labeled with theoperation f with n outgoing edges to the nodes em1;i1 :a1; � � � ; emn;in :an. In mostcases the graph will be a forest of expression DAGs, but the following example(the concatenation of the Expression Sections of the modules M and N whichwere given earlier) shows that the graph may sometimes contain cycles:eM;1:size = eN;2:size �� M�TeM;2:inline = TRUE �� M�PeM;2:calls = [eN;3] �� M�PeN;1:expr = 2eN;2:size = eN;1:expr � eM;1:size �� N�TeN;3:inline = TRUE �� N�PeN;3:calls = [eM;2] �� N�PThe illegal declarations of M and N are evident from these expressions: therecursive de�nitions of M�T and N�T correspond to a cycle between the expres-sions which express the types' size, and the recursive inline calls can be discernedfrom the call-graph of the procedures M�P and N�P.5 The Zuse Sequential Module BinderIn many ways the Zuse sequential binder resembles ordinary systems link edi-tors. They both combine the code produced by a compiler for separately compiledmodules into an executable �le, and they both run in several phases, the �rstphase loading de�nitions and the last phase performing relocations. However,unlike link editors the sPaster is equipped to perform code generation, inter-modular optimization, and some static semantic checking. Our present sPasterdesign runs in four major phases (see Collberg [6] for a more detailed descrip-tion):{ Phase 1 determines which modules will make up the resulting program, loadsthe expressions and inline procedures of all modules, and copies the binarycode and data sections to the resulting executable �le.{ Phase 2 evaluates the expressions, allocates global variables, performs de-ferred semantic checks, and expands inline calls in inline procedures. Phase 2also makes a conservative estimate of which deferred procedures may be ref-erenced at run-time.{ Phase 3 reads the intermediate code of every referenced deferred procedure,updates the code with the expression values calculated during Phase 2, ex-pands inline calls, optimizes the intermediate code, generates machine code,and writes the generated code to the executable �le.{ Phase 4 performs �nal relocation.



6 The Zuse Distributed Module BinderThe high-level binding required by the Zuse language can be a considerablymore expensive operation than conventional link-editing, but fortunately it isa process which is amenable to parallelization. This section will describe thedesign of the Zuse distributed module binder which distributes its actions overa workstation-server network, or similar loosely-coupled architectures.
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Fig. 4. An overview of the dPaster.The dPaster can be said to be based on the data decomposition5 modelof compiler parallelization, in that each site taking part in the build processis responsible for a subset of the modules which make up the program. ThedPaster is made up of three kinds of processes: aMaster, a Servant, and a set ofSlaves (see the �gure above). The Master is the main conductor of processing andis the program invoked by the user. It decides which modules each Slave shouldprocess, initiates the various processing phases, and relays any errors back to theuser. The Slaves (there is at most one per site) are dormant until awakened bythe Master, who assigns them a set of modules to process. The Slaves exchangeinformation about the modules they have been assigned, optimize and generate5 See Khanna [15] for a taxonomy of approaches to parallel compilation.



code for their modules, and send the generated machine code and relocationinformation to the Servant, who (concurrently with the Slave's code generation)performs relocation. Once �nished, the Slaves and the Servant return to theirdormant state until next contacted by a Master.The dPaster runs in four main phases (see Figure 4), where the beginningof each phase serves as the primary point of synchronization; no Slave startsa phase until all other Slaves have �nished the previous one. The rest of thissection will present a detailed description of the dPaster, one phase at a time.The algorithms presented assume that inter-process communication is realizedby a Birrell and Nelson-type [3] remote procedure call (RPC) protocol, extendedwith facilities for multicast calls.6.1 Phase 0The initial phase awakens the Slaves and the Servant and relays to them globaldata pertinent to the session, including command line switches, environmentvariables, object �le search paths, etc.6.2 Phase 1Finding the modules which are going to be part of the �nal program entails�nding the closure of the module import graph with respect to the main module.During Phase 1 the Master repeatedly selects a module which has yet to beprocessed (starting with the main program module) and assigns it to a Slave.The assignment is based on an estimated processing time of each module, inan attempt to give the Slaves similar workloads. The Slave loads the module'sModule Table, Expression Section, and Inline Section, and passes on the BinaryCode, Data, and Relocation sections to the Servant. Finally, the Module Tableis sent back to the Master, who uses it to �nd new unprocessed modules. Theprocess terminates when all modules reachable from the main module have beenprocessed.6.3 Phase 2During Phase 2 the Slaves cooperate in order to accomplish three tasks:1. Evaluate all expressions and replicate the values at the Slaves who will needthem during Phase 3.2. Check deferred context conditions and report any violations back to theMaster.3. Expand inline calls in inline procedures and replicate the resulting code atthe Slaves who will need it during Phase 3.In the following we will concentrate on algorithms for expression evaluation(point 1 above), since the algorithms for point 2 and 3 are simple variants.



At the start of Phase 2 the expression graph has been partitioned (as a resultof Phase 1) into s parts, one part for each Slave. The edges of the graph are eitherinternal to the Slaves, connecting nodes residing on the same site, or external,connecting nodes on di�erent sites. While the graph will most often be acyclic,illegal recursive declarations do introduce cycles.Distributed expression evaluation can be approached in several di�erent ways.The most intuitive method may be for each Slave to evaluate local subgraphsdepth-�rst, and to retrieve the value of an external node by querying the Slavewhich owns the node. This method has three problems: (1) Each Slave has toknow the owner of every node in the graph; (2) Cycles in the graph can lead todeadlock situations which either have to be avoided or detected; (3) The messagecomplexity can be prohibitive (the number of messages is proportional to thenumber of external edges in the graph, which in turn grows with the number ofSlaves). To reduce the message complexity we use a di�erent algorithm whichmakes heavy use of multicast calls. It is a conceptually simple iterative methodwhere each Slave evaluates as much as it can, distributes the new values to theother Slaves, and waits for the arrival of new values. The number of messagesfor this algorithm becomes proportional to the height of the graph formed bythe external edges in the expression graph, rather than to the number of edgesthemselves, as in the previous algorithm. Our algorithm assumes the existenceof a set of auxiliary boolean attributes of Table 1.Attribute Semantics Initial Valueem;i.known TRUE on Slave Sk if em;i has aknown value. TRUE if em;i was computed atcompile-time.em;i.global TRUE if em;i represents an ex-ported entity. Set at compile-time.em;i.referenced TRUE if em;i represents a pro-cedure reachable from the mainmodule. TRUE for main module bodies.Table 1. Auxiliary attributes used by the expression evaluation algorithm.The em;i.referenced attribute is true for procedures which may actually becalled at run-time. The em;i.global attribute is used to avoid having to repli-cate expression values which are local to a module. During Phase 2 each Slaverepeatedly executes the following algorithm:1. Evaluate as many expressions as possible, i.e. all expressions whose argu-ments are known, and let Eout be the subset of these expressions which areglobal.2. Compute Rout, the set of all global procedures em;i reachable from otherreachable procedures. I.e., em;i is in Rout, i� for some en;j , em;i 2 en;j .calls



and en;j :referenced=TRUE.3. Multicast (Eout, Rout) to all other Slaves.4. Wait for new incoming values. When a tuple (Ein, Rin) arrives from anotherSlave, store the incoming values of Ein, set en;j :referenced=TRUE for allen;j in Rin, and set en;j :known=TRUE for all em;i in Ein and Rin.The algorithm terminates when no Slave can perform any more evaluations.There are two possible reasons for this: either all expressions have been evaluated,or there exists a cycle among the expressions. To di�erentiate between thesesituations, the Master employs a distributed termination detection algorithmwhich alerts it when all Slaves are idle. If at that point some Slaves still holdunevaluated expressions, the Master will know that the expressions contain acycle and can issue the appropriate error message. The termination detectionalgorithm can be made particularly simple since all communication is in theform of multicast remote procedure calls:1. A Slave is either active or passive. A Slave may enter a passive state onlyafter having determined that all remote calls it has initiated have returned,all incoming calls have been returned, and that no further local processingis possible.2. Let each Slave Si maintain a count Ci of all multicast messages sent orreceived during the execution of the underlying algorithm.3. Let the Master send a multicast remote procedure callDETECT to S1; : : : ; Ss.On receipt of a DETECT call Slave Si continues processing until a passivestate is reached. At this point a reply is sent to the Master including thecurrent value of Ci.4. If all Slaves return the same value C, the Master can conclude that theunderlying algorithm has terminated. Otherwise, the process is repeatedwith a new DETECT call.Theorem1. The algorithm above detects termination i� the underlying compu-tation has terminated.Proof. See [6, pp. 184{186]The inline expansion part of Phase 2 uses an algorithm similar to the onejust described for expression evaluation. One di�erence is that inline procedures(which may be large and expensive to transmit and store) are only replicatedat the Slaves which actually need them, whereas all global expression values arealways replicated at all Slaves.The problem of distributed expression evaluation arises in two other areas re-lated to language implementation, namely parallel attribute evaluation [16] andparallel evaluation of functional programs [12]. Since in general the expressionsto be evaluated are known prior to evaluation, research in these areas empha-sizes the development of algorithms which compute the optimal expression-to-site mapping. In our case, however, little is known about the structure of theexpression graph before evaluation, and hence the expression-to-site mapping



has to be done more or less at random. Our algorithm for expression evalua-tion is also reminiscent of replicated blackboards used in AI systems [7] and theparallel topological sorting algorithm of Er [8].6.4 Phase 3After Phase 2 all Slaves have local access to any inter-modular information theymay need during Phase 3. This phase is therefore uncomplicated. Each Slaveexecutes the following algorithm for each of the modules it owns:1. Read the intermediate code of all referenced deferred procedures.2. Update the code with the computed expression values and expand calls toinline procedures.3. Optimize and generate machine code.4. Send the code, relocation information, and new addresses of generated pro-cedures to the Servant.6.5 The ServantIt would be elegant if the Slaves could write their generated code directly toa shared global �le. However, client �le caching in network �le systems makesconcurrent access to global �les problematic. Having a dedicated process handleall accesses to the executable �le avoids this problem, and also makes it possibleto perform relocations concurrently with code generation. In the current im-plementation the Servant process receives generated code and data, relocationinformation, and addresses of procedures and variables from the Slaves. Twolightweight processes (Writer and Updater) within the Servant operate concur-rently on these data: Writer writes the code and data to the executable �le,and Updater updates the �le as relocation information and procedure addressesbecome available.7 EvaluationThe current implementation of the Zuse translation system runs on and pro-duces code for Sun 3 workstations. For programs with a large amount of encap-sulation and inlining the dPaster achieves a speedup factor between 2.6 and3.5.Figure 5 shows the execution times (clock-time in number of seconds) for thesPaster and the dPaster, when binding �ve versions of the sPaster itself.Table 2 gives the amount of encapsulation and inlining in each version. As acomparison the timing for the SUN Modula-2 linker m2l (a pre-linker whichcalls the UNIX systems linker ld as part of the linking process) for the sameprogram is also given. Figure 5 also shows the results for four large arti�ciallygenerated programs. Figure 6 shows how the speedup of the dPaster varieswith the amount of encapsulation and inlining.
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Fig. 5.On the left is shown the running time of the sPaster (point S) and the dPasterrunning on 1{10 sites when binding 5 versions of the sPaster itself. The timing forthe SUN Modula-2 linker m2l linking the sPaster is also given. To the right is shownthe total running time of the sPaster and the dPaster when binding 4 arti�cialprograms.8 Conclusions and Future WorkThe main contributions of the Zuse language and translating system is summa-rized by the following points:Regular and 
exible encapsulation Zuse is more uniform than other simi-lar languages in its ability to hide or reveal any part of any exported item.Less dynamic allocation Since Zuse's abstract types can be allocated stati-cally there is less stress on the dynamic allocation system. Statically allocatedabstract types also make it easy (compared to Modula-2 and Modula-3 which
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Fig. 6. Speedup of the dPaster relative the sPaster (left), and self-relative speedupof the dPaster (right).
Program M LOC S Pt Ta Ca Ia I2 I3 Ic Pd Sd EsPaster-A 108 36 14 2024 28 34 0 0 0 0% 879 5 533sPaster-B 108 36 14 2024 28 33 431 41 1325 55.6% 953 15 578sPaster-C 108 36 14 2024 0 0 0 0 0 0% 0 0 55sPaster-D 108 36 14 2024 0 0 431 41 1325 55.6% 760 10 99sPaster-E 108 36 14 2024 16 27 202 10 724 34.8% 1024 15 497P129 4 129 51 62 1905 471 448 653 133 1815 N/A 986 0 7542P129 8 129 55 64 1905 471 448 653 268 3101 N/A 1129 0 8645P129 16 129 56 64 1905 471 448 653 361 4040 N/A 1222 0 8360P257 8 257 167 203 5158 203 800 775 647 2907 N/A 3889 0 13629Table 2. Source code statistics regarding 5 versions of the sPaster and 4 arti�ciallygenerated programs. Abbreviations: M = Number of modules; LOC = Total size inthousands of lines of code. S = Total number of statements (in thousands). Pt = Totalnumber of procedures. Ta, Ca, Ia = Number of abstract types, constants, and inlineprocedures; I2, I3 = Number of inline expansions performed during Phase 2 and 3; Ic= Percentage of dynamic calls expanded, for typical input. Pd = Number of referenceddeferred procedures. Sd = Number of deferred context conditions. E = Number ofconstant expressions, excepting call-graph attributes.



only allow dynamically allocated abstract types) to implement abstract datatypes with value semantics.No unnecessary recompilations Unlike Ada and C++, Zuse's encapsula-tion and inter-modular inlining facilities do not create any unwarrantedcompilation dependencies, and hence will not generate any unnecessary re-compilations.Fast inter-modular optimization Zuse's distributed module binder providesfast turn-around times even for large programs with much encapsulation andmany inline calls.No unwarranted run-time processing UnlikeModula-3 method lookup, object-type �eld accesses, and method template construction in Zuse do not entailany extra run-time processing.The inter-modular information discussed in this paper is of two di�erentkinds: that which results from the use of encapsulation in modular and object-oriented programming languages and that which results from a desire to performinter-modular optimizations. The distributed module binder presented here rep-resents a framework in which both kinds of information can be computed atlink-time, with little or no apparent extra translation-time cost compared toconventional link editing.Our present work focuses on the use of better load balancing algorithmsin the distributed binder. We are also investigating whether inter-proceduraloptimization techniques [20] other than inlining (such as inter-procedural reg-ister allocation [22] and constant propagation [4]) can be incorporated into ourdistributed binder. We are furthermore considering applying incremental tech-niques [19] to the distributed binder to further speed up binding when only smalland local changes have been made between two consecutive binds.References1. Accredited Standards Committee X3, Information Processing Systems, The Amer-ican National Standards Institute (ANSI), CBEMA, 311 First St. NW, Suite 500,Washington, DC 20001. Draft Proposed American National Standard for Informa-tion Systems | Programming Language C++, x3j16/91-0115 edition, September1991.2. Erik H. Baalbergen. Design and implementation of parallel make. ComputingSystems, 1:135{158, 1988.3. Andrew D. Birrell and Bruce Jay Nelson. Implementing remote procedure calls.ACM Transactions on Computer Systems, 2(1):39{59, February 1984.4. David Callahan, Keith D. Cooper, Ken Kennedy, and Linda Torczon. Interproce-dural constant propagation. In Proceedings of the SIGPLAN '86 Symposium OnCompiler Construction. ACM, June 1986.5. A. Celentano, P. Della Vigna, C. Ghezzi, and D. Mandrioli. Separate compilationand partial speci�cation in Pascal. IEEE Transactions on Software Engineering,6:320{328, July 1980.6. Christian S. Collberg. Flexible Encapsulation. PhD thesis, Lund University, De-cember 1992.
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