n Chapter 9: Implementing Subprograms n

2OutlinenActivation recordsnAccessing localsnAccessing nonlocals (static scoping)nStatic chainsnDisplaysnImplementing blocksnAccessing nonlocals with dynamic scoping

1ImplementingSubprogramsIn Text: Chapter 9

n Chapter 9: Implementing Subprograms n

4Implementing FORTRAN 77 SubprogsnCall Semantics:nSave the execution status of the callernCarry out the parameter-passing processnPass the return addressnTransfer control to the calleenReturn Semantics:nIf pass-by-value-result is used, move current values ofparameters to their corresponding actualsnIf it is a function, move return value to a place the callercan get itnRestore the execution status of the callernTransfer control back to the callernRequired Storage:nStatus information of the caller, parameters, returnaddress, and functional value (if it is a function)

n Chapter 9: Implementing Subprograms n

3Implementing SubprogramsnThe subprogram call and return operationsof a language are together called itssubprogram linkagenFirst, let�s look at implementing FORTRAN 77subprograms

n Chapter 9: Implementing Subprograms n

6Activation RecordsnThe format, or layout, of the noncode part of anexecuting subprogram is called an activationrecord (AR)nAn activation record instance (ARI) is a concreteexample of an activation record (the collection ofdata for a particular subprogram activation)nFORTRAN 77 subprograms can have no more thanone activation record instance at any given timenThe code of all of the program units of a FORTRAN 77program may reside together in memory, with thedata for all units stored together elsewherenThe alternative is to store all local subprogram datawith the subprogram code

n Chapter 9: Implementing Subprograms n

5FORTRAN Activation Infoncan allocate all memory statically main ... f (...) ... proc f (...) ... g (...) ... proc g( ) ... g (...) -- !!!localsparamslocalsret addparamslocalsret add

CommonMainfg}}

n Chapter 9: Implementing Subprograms n

8Activation Record StructurenA typical activation record for an ALGOL-likelanguage: Local variables Parameters Dynamic link Static link stack top Return address

n Chapter 9: Implementing Subprograms n

7Implementing Subprograms inALGOL-like LanguagesnMore complicated than FORTRAN 77:nParameters are often passed by two methodsnLocal variables are often dynamically allocatednRecursion must be supportednStatic scoping must be supported

n Chapter 9: Implementing Subprograms n

10Example Factorial Program program p; var v : int; function fac(n: int): int; begin if n <= 1 then fac := 1 else fac := n * fac(n - 1); end; begin v := fac(3); print(v); end.

ARforfac pret addrdynamic linkn = 3ret value = ?

ret addrdynamic linkv = ?

ret addrdynamic linkn = 2ret value = ?

ret addrdynamic linkn = 1ret value = 1

n Chapter 9: Implementing Subprograms n

9Activation Record DetailsnThe activation record format is static, but itssize may be dynamicnThe static link points to the bottom of theactivation record instance of an activationof the static parent (used for access tononlocal vars)nThe dynamic link points to the bottom of aninstance of the activation record of thecallernAn activation record instance is dynamicallycreated when a subprogram is called

n Chapter 9: Implementing Subprograms n

12Accessing Nonlocal ReferencesnTwo situations:nStatic scopingnStatic chainsnDisplaysnDynamic scoping

n Chapter 9: Implementing Subprograms n

11The Dynamic ChainnThe collection of dynamic links in the stack at agiven time is called the dynamic chain, or call chainnLocal variables can be accessed by their offset fromthe beginning of the activation record. This offset iscalled the local_offsetnThe local_offset of a local variable can bedetermined by the compiler:nAssuming all stack positions are the same size,the first local variable declared has an offset ofthree plus the number of parametersnThe activation record used in the previous examplesupports recursion

n Chapter 9: Implementing Subprograms n

14Technique 1: Static ChainsnA static chain is a chain of static links that connectscertain ARIsnThe static link in an ARI for subprogram A points toone of the ARIs of A’s static parentnThe static chain from an ARI connects it to all of itsstatic ancestorsnTo find the declaration for a reference to a nonlocalvariable:nThe compiler can easily determine how many levels ofscope separate the current subprogram from the definitionnJust walk the static chain the correct number of stepsnStatic_depth is an integer associated with a staticscope whose value is the depth of nesting of thatscope

n Chapter 9: Implementing Subprograms n

13Nonlocal Refs: Static ScopingnAll accessible nonlocal variables reside insome ARI on the stacknThe process of locating a nonlocalreference:nFind the correct ARInDetermine the correct offset within that ARInFinding the offset is easy! It is staticallydeterminednFinding the correct ARI:nStatic semantic rules guarantee that all nonlocalvariables that can be referenced have beenallocated in some ARI that is on the stack whenthe reference is made

n Chapter 9: Implementing Subprograms n

16Call sequence for MAIN_2:n MAIN_2 calls BIGSUBn BIGSUB calls SUB2n SUB2 calls SUB3n SUB3 calls SUB1program MAIN_2; var X : integer; procedure BIGSUB; var A, B, C : integer; procedure SUB1; var A, D : integer; begin { SUB1 } A := B + C; <----------1 end; { SUB1 } procedure SUB2(X : integer); var B, E : integer; procedure SUB3; var C, E : integer; begin { SUB3 } SUB1; E := B + A: <------2 end; { SUB3 } begin { SUB2 } SUB3; A := D + E; <----------3 end; { SUB2 } begin { BIGSUB } SUB2(7); end; { BIGSUB }begin BIGSUB;end. { MAIN_2 }Static Chain ExampleBIGSUB

MAIN_2

Cdynamic linkret addrstatic linkAB dynamic linkret addrstatic linkX = ?

n Chapter 9: Implementing Subprograms n

15Static Depth and Chain Offset main ----- static_depth = 0 A ----- static_depth = 1 B ----- static_depth = 2 C ----- static_depth = 1nThe chain_offset or nesting_depth of a nonlocalreference is the difference between thestatic_depth of the reference and that of the scopewhere it is declarednA reference can be represented by the pair: (chain_offset, local_offset)

n Chapter 9: Implementing Subprograms n

18Evaluation of Static ChainsnProblems:nA nonlocal reference is slower if the number ofscopes between the reference and thedeclaration of the referenced variable is largenTime-critical code is difficult, because the costs ofnonlocal references are not equal, and canchange with code upgrades

n Chapter 9: Implementing Subprograms n

17Static Chain MaintenancenAt the call (assume there are no parameters thatare subprograms and no pass-by-nameparameters):nThe activation record instance must be builtnThe dynamic link is just the old frame pointernThe static link must point to the most recent ARI of thestatic parent (in most situations)nBest method:nIf A calls B, then B’s static link should be set to the ARI that is(static_depth(A) — static_deptb(B) + 1) links along the staticchain starting at AnAmounts to treating subprogram calls and definitions likevariable references and definitions, and then using thechain_offsetnThis info can be computed statically by the compiler

n Chapter 9: Implementing Subprograms n

20Mechanics of Display ReferencesnUse the display_offset to get the pointer into the display to theARI with the variablenUse the local_offset to get to the variable within the ARInDisplay maintenance (assuming no parameters that aresubprograms and no pass-by-name parameters):nDisplay_offset depends only on the static_depth of theprocedure whose ARI is being built: It is exactly thestatic_depth of the procedurenThere are k+1 entries in the display, where k is the staticdepth of the currently executing unit (k=0 is for the mainprogram)nFor a call to procedure P with a static_depth of k:nSave a copy of the display pointer at position k in new ARInPut the link to the new ARI for P at position k in the displaynOn return, move the saved display pointer from the ARI backinto the display at position k

n Chapter 9: Implementing Subprograms n

19Technique 2 - DisplaysnThe idea: Put the static links in a separatestack called a displaynThe entries in the display are pointers to theARIs that have the variables in thereferencing environmentnRepresent references as (display_offset, local_offset)n Where display_offset is the same aschain_offsetnAdvantage: constant-time nonlocal access

n Chapter 9: Implementing Subprograms n

22Implementing BlocksnTwo Methods:nTreat blocks as parameterlesssubprograms and give them activationrecordsnAllocate locals on top of the ARI of thesubprogramnMust use a different method to accesslocals (e.g., frame pointer)

n Chapter 9: Implementing Subprograms n

21Static Chain vs. DisplaynReferences to localsnNot much differencenReferences to nonlocalsnIf it is one level away, they are equalnIf it is farther away, the display is fasternDisplay is better for time-critical code, because allnonlocal references cost the samenProcedure callsnSpeed is about the samenDisplay uses more memorynProcedure returnsnBoth have fixed time, but the static chain is slightly fasternOverall: Static chain is better, unless the display canbe kept in registers

n Chapter 9: Implementing Subprograms n

24Subprograms as ParametersnFor deep binding:nStatic chainnCompiler simply passes the link to the static parent ofthe parameter, along with the parameternDisplaynAll pointers to static ancestors must be saved, becausenone are necessarily in the environment of theparameternIn many implementations, the whole display is saved forcalls that pass subprogram parameters

n Chapter 9: Implementing Subprograms n

23Implementing Dynamic ScopingnDeep AccessnNonlocal references are found by searching theactivation record instances on the dynamic chainnLength of chain cannot be statically determinednEvery activation record instance must havevariable namesnShallow AccessnPut locals in a central placenMethods:nOne stack for each variable namenCentral table with an entry for each variable name