
The procedure abstractionSeparate compilation:� allows us to build large programs� keeps compile times reasonable� requires independent proceduresThe linkage convention:� a social contract� machine dependent� division of responsibilityThe linkage convention ensures that proceduresinherit a valid run-time environment and that theyrestore one for their parents.Linkages execute at run timeCode to make the linkage is generated at compiletimeCPSC 434 Lecture 16, Page 1



The procedure abstractionThe essentials:� on entry, establish p's environment� at a call, preserve p's environment� on exit, tear down p's environment� in between, addressability and proper lifetimes
pre-callpost-returnprologprocedure p
epilog

prologprocedure q
epilogEach system has a a standard linkageCPSC 434 Lecture 16, Page 2



Procedure linkagesAssume that each procedure activation has anassociated activation record or frame (at run time)parametersreturn valuereturn addressaccess linkFramePointer(FP) caller FPlocalsAssumptions:� call by reference parameter passing� RISC architecture� can always expand an allocated block� locals stored in frameCPSC 434 Lecture 16, Page 3



Procedure linkagesThe linkage divides responsibility between callerand callee Caller Calleecall sequence prolog codeallocate basic frame save registers, stateevaluate & store params. extend basic frameCall store return address (for local data)store FP �nd static data areaset FP for child initialize localsjump to child fall through to codereturn sequence epilog codecopy return value store return valueReturn deallocate basic frame restore staterestore params. (?) unextend basic framerestore parent's FPjump to return addressAt compile time, we generate the code to do thisAt run time, that code manipulates the frame &data areasCPSC 434 Lecture 16, Page 4



Run-time storage organizationTo maintain the illusion of procedures, the compilermust adopt some conventions to govern memoryuse.Code space� �xed size� statically allocated (link time)Data space� �xed size data may be statically allocated� variable size data must be dynamically allocated� some data is dynamically allocated in codeControl stack� dynamic slice of activation tree� return addresses� usually implemented in hardwareCPSC 434 Lecture 16, Page 5



Run-time storage organizationTypical memory layoutCode Static Heap Stack
Logical Address Space

low highfreememory
The classical scheme� allows both stack and heap maximal freedom� code and static may be separate or intermingled
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Run-time storage organizationWhere do local variables go?When can we allocate them on a stack?Key issue is lifetime of local namesDownward exposure:� called procedures may reference my variables� dynamic scoping� lexical scopingUpward exposure:� can I return a reference to my variables?� functions that return functions� continuation-passing styleWith only downward exposure, the compiler canallocate the frames on the run-time stackCPSC 434 Lecture 16, Page 7



Run-time storage organizationEach variable must be assigned a storage class(base address)Static variables:� addresses compiled into code (relocatable)� (usually) allocated at compile-time� limited to �xed size objects� control access with naming schemeGlobal variables:� almost identical to static variables� layout may be important (exposed)� naming scheme ensures universal accessLinkage editor must handle duplicate de�nitionsCPSC 434 Lecture 16, Page 8



Run-time storage organizationStorage classes (con't):Procedure local variablesPut them on the stack |� if sizes are �xed� if lifetimes are limited� if values are not preserved
Dynamically allocated variablesMust be treated di�erently |� call-by-reference, pointers, lead to non-locallifetimes� (usually) an explicit allocation� explicit or implicit deallocation
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Access to non-local dataHow does the code �nd non-local data at run-time?Real globals� visible everywhere� naming convention gives an address� initialization requires cooperation
Lexical nesting� view variables as (level,o�set) pairs(compile-time)� chain of non-local access links� more expensive to �nd (at run-time)
CPSC 434 Lecture 16, Page 10



Access to non-local dataTwo important problems arise1. How do we map a name into a (level,o�set)pair?We use a block structured symbol table� when we look up a name, we want to get themost recent declaration for the name� the declaration may be found in the currentprocedure or in any nested procedure2. Given a (level,o�set) pair, what's the address?Two classic approaches) access links (static links)) displays
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Access to non-local dataTo �nd the value speci�ed by (l; o)� need current procedure level, k� if k = l, is a local value� if k > l, must �nd l's activation record� k < l cannot occur
Maintaining access links: (static links )� calling level k + 1 procedure1. pass my FP as access link2. my backward chain will work for lower levels� calling procedure at level l < k1. �nd my link to level l � 1 and pass it2. its access link will work for lower levels
CPSC 434 Lecture 16, Page 12



The displayTo improve run-time access costs, use a display.� table of access links for lower levels� lookup is index from known o�set� takes slight amount of time at call� a single display or one per frame� for level k procedure, need k � 1 slots
Access with the displayassume a value described by (l; o)� �nd slot as DP+ 4� l� add o�set to pointer from slot\setting up the base frame" now includes displaymanipulation.
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Display managementSingle global display: complex, obsolete methodbogus idea, do not usecall from level k to level lif l = k + 1add a new display entry for level kif l = kno change to display is requiredif l < kpreserve entries for levels l through k � 1 inthe local frameon return (back in calling procedure)if l < krestore preserved display entriesA single display ties up another registerCPSC 434 Lecture 16, Page 14



Display managementSingle global display: simple methodKey insight { overallocate the display by 1 sloton entry to a procedure at level lsave the level l display valuepush FP into level l display slot
on returnrestore the level l display value
Quick, simple, and foolproof!CPSC 434 Lecture 16, Page 15



Display managementIndividual frame-based displays:call from level k to level lif l � kcopy l� 1 display entries into child's frameif l > k (l = k + 1)copy k � 1 entries into child's framecopy own FP into kth slot in child's frameno work required on return) display is deallocated with frameDisplay accessed by o�set from FP.) one less register requiredCPSC 434 Lecture 16, Page 16



Display versus access linksHow to make the trade-o�?The cost di�erences are somewhat subtle� frequency of non-local access� average lexical nesting depth� ratio of calls to non-local access
(Sort of ) Conventional wisdomtight on registers ) use access linkslots of registers ) use global displayshallow average nesting ) frame-based display
Your mileage will varyMaking the decision requires understanding realityCPSC 434 Lecture 16, Page 17



Parameter passingWhat about parameters?Call-by-value� store values, not addresses� never restore on return� arrays, structures, strings are a problemCall-by-value-result� store values, not addresses� always restore on return� arrays, structures, strings are a problemCall-by-name� build and pass thunk� access to parameter invokes thunk� all parameters are same size in frame!CPSC 434 Lecture 16, Page 18



Parameter passingWhat about variable length argument lists?1. if caller knows that callee expects a variablenumber(a) caller can pass number as 0th parameter(b) callee can �nd the number directly2. if caller doesn't know anything about it(a) callee must be able to determine number(b) �rst parameter must be closest to FP
Consider printf :� number of parameters determined by the formatstring� it assumes the numbers match
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Heap management techniquesFunctionality:� alloc(k) | locates a block of at least k bytesin the free space pool, removes it from the pool,and returns its address� free(p) | places the block pointed to by pback in the pool of free space for allocationIf unused storage is reclaimed, free is not needed.Potential problems:� wasted space | if alloc returns blocks that arelarger than requested, the excess space is wasted� fragmentation | after a series of alloc andfree commands, the free space pool becomesfragmented, preventing allocation of large blocks� speed | alloc and free should be inexpensiveA heap management scheme must balance theseissues.Knuth, Volume 1, x2.5CPSC 434 Lecture 16, Page 20



Heap management techniquesScheme 1:initialization� start the free list with a single large block� need two �elds in each free block: size and next� allocated blocks keep size �eldalloc(k)� �nd �rst block where k + 4 � size� no such block ) report failure or get more space� create block at k + 4 and put it on free list� update free list� return address of second word of allocated blockfree(p)� put p back on the free listThis is a �rst-�t scheme without coalescing .CPSC 434 Lecture 16, Page 21



Heap management techniquesProblems with scheme 1:1. over time, start of free list becomes dominatedby small blockssolution: rover2. blocks get too small to be usefulsolution: place a minimum size on blocks3. over time, large blocks get scarcesolution: coalesce on free
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Heap mangement techniquesScheme 2:initialization� start the free list with a single large block� set rover to start of free listalloc(k)� starting at rover, �nd �rst block that �ts� no such block ) report failure or get more space� split block into 2dlog2(k+4)e bytes and the rest� place second block on free list, in address order� return address of �rst block + 4free(p)� insert p on the free list, in address order� if block before p is contiguous, coalesce with p� if block after p is contiguous, coalesce with p.First �t with rover, coalescing, bounded block sizeCPSC 434 Lecture 16, Page 23



Heap mangement techniquesScheme 3:� instead of �nding �rst �t , �nd the best �t� only split a block if size > k + threshold
Comparison� best �t wastes less space� best �t requires more allocation time

�rst �t ) average case < size of free poolbest �t ) average case is worst case
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Heap mangement techniquesModern allocators rely on several observations:� large real and virtual memories are common� speed is important� sizes come in two 
avors, common and unusualCapitalizing on these facts, we can do better inpractice.
Principles:� separate pools for common sizes� limit number of common sizes (2i)� use page size as upper bound on common size
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Heap mangement techniquesA modern allocator:� use separate free space pools for common sizes{ 24 to 212 (or page size)� �rst �t within pool{ alloc is O(1) + amortizing new page sbrk's{ free is O(1), no coalescing, no order� use a separate mechanism for larger regions{ �rst �t over list of full pages{ allocate only full size pages{ coalesce on free to ensure contiguous blocks{ O(n) alloc and free
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Heap mangement techniquesA collecting allocator� make free() automatic� no pointer to a block ! done with it� deallocate only when we run out of spaceSimpli�es programmer's life (important)Observations� either recognize pointers or be very conservative� eliminate all those calls to free()� add time for collectionTechniques� reference counting� marking algorithms (Schorr-Waite)� copying collectorsCPSC 434 Lecture 16, Page 27



Relating lecture to the bookChapter 7| we have covered most of it
Remaining issues:� alignment and layout of data{ varies from machine to machine{ may require padding (deliberate waste)� procedure-valued parameters{ pass both code address and lexical lecel{ generate code to check cases at run-time
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