1Fall 1998, Lecture 22Classifying InformationStored in MemorynBy role in program:lProgram instructions (unchangeable)lConstants: (unchangeable)npi, maxnum, strings used by printf/scanflVariables: (changeable)nLocals, globals, function parameters,dynamic storage (from malloc or new)nInitialized or uninitializednBy protection status:lReadable and writable: variableslRead-only: code, constantslImportant for sharing data and/or codenAddresses vs. data:lMust modify addresses if program ismoved (relocation, garbage collection)

2Fall 1998, Lecture 22Memory Management in aUniprogrammed SystemnOS gets a fixed segment of memory(usually highest memory)nOne process executes at a time in asingle memory segmentlProcess is always loaded at address 0lCompiler and linker generate physicaladdresseslMaximum address = memory size — OSsize

3Fall 1998, Lecture 22Classifying InformationStored in Memory (cont.)nBinding time (when is space allocated?):lStatic: before program starts runningnProgram code, static global variables(initialized and uninitialized)lDynamic: as program runsnProcedure stack, dynamic storage (spaceallocated by malloc or new)nUNIX view of a process�s memory(uniprogramming only for now):stackcodestatic variables(uninitialized,initialized)dynamic storage(from new, malloc)

4Fall 1998, Lecture 22Segments of a ProcessnProcess� memory is divided into logicalsegments (text, data, bss, heap, stack)lSome are read-only, others read-writelSome are known at compile time, othersgrow dynamically as program runsnWho assigns memory to segments?lCompiler and assembler generate anobject file (containing code and datasegments) from each source filelLinker combines all the object files for aprogram into a single executable objectfile, which is complete and self-sufficientlLoader (part of OS) loads an executableobject file into memory at location(s)determined by the operating systemlProgram (as it runs) uses new and mallocto dynamically allocate memory, getsspace on stack during function calls

5Fall 1998, Lecture 22LinkingnFunctions of a linker:lCombine all files and libraries of a programlRegroup all the segments from each filetogether (one big data segment, etc.)lAdjust addresses to match regroupinglResult is an executable programnContents of object files:lFile header � size and starting address(in memory) of each segmentlSegments for code and initialized datalSymbol table (symbols, addresses)lExternal symbols (symbols, location)lRelocation information (symbols, location)lDebugging informationlFor UNIX details, type �man a.out�

6Fall 1998, Lecture 22Why is Linking Difficult?nWhen assembler assembles a file, it mayfind external references � symbols itdoesn�t know about (e.g., printf, scanf)lCompiler just puts in an address of 0 whenproducing the object codelCompiler records external symbols andtheir location (in object file) in a cross-reference list, and stores that list in theobject filelLinker must resolve those externalreferences as it links the files togethernCompiler doesn�t know where program willgo in memory (if multiprogramming,always 0 for uniprogramming)lCompiler just assumes program starts at 0lCompiler records relocation information(location of addresses to be adjustedlater), and stores it in the object file

7Fall 1998, Lecture 22LoadingnThe loader loads the completed programinto memory where it can be executedlLoads code and initialized data segmentsinto memory at specified locationlLeaves space for uninitialized data (bss)lReturns value of start address tooperating systemnAlternatives in loading (next 2 lectures�)lAbsolute loader � loads executable file atfixed locationlRelocatable loader � loads the programat an arbitrary memory location specifiedby OS (needed for multiprogramming, notfor uniprogramming)nAssembler and linker assume program willstart at location 0nWhen program is loaded, loader modifiesall addresses by adding the real startlocation to those addresses

8Fall 1998, Lecture 22Running the Program �Static Memory AllocationnCompiling, linking, and loading issufficient for static memorylCode, constants, static variablesnIn other cases, static allocation is notsufficient:lNeed dynamic storage � programmermay not know how much memory will beneeded when program runsnUse malloc or new to get what�snecessary when it�s necessarynFor complex data structures (e.g., trees),allocate space for nodes on demandlOS doesn�t know in advance whichprocedures will be called (would bewasteful to allocate space for everyvariable in every procedure in advance)lOS must be able to handle recursiveprocedures

9Fall 1998, Lecture 22Running the Program �Dynamic Memory AllocationnDynamic memory requires twofundamental operations:lAllocate dynamic storagelFree memory when it�s no longer neededlMethods vary for stack and heapnTwo basic methods of allocation:lStack (hierarchical)nGood when allocation and freeing aresomewhat predictablenTypically used:—to pass parameters to procedures—for allocating space for local variablesinside a procedure—for tree traversal, expression evaluation,parsing, etc.nUse stack operations: push and popnKeeps all free space together in astructured organizationnSimple and efficient, but restricted

10Fall 1998, Lecture 22Running the Program �Dynamic Memory Allocation (cont.)nTwo basic methods of allocation:lHeapnUsed when allocation and freeing are notpredictablenTypically used:—for arbitrary list structures, complex dataorganizations, etc.nUse new or malloc to allocate space, usedelete or free to release spacenSystem memory consists of allocatedareas and free areas (holes)nProblem: eventually end up with manysmall holes, each too small to be useful—This is called fragmentation, and it leads towasted memory—Fragmentation wasn�t a problem with stackallocation, since we always add/deletefrom top of stack—Solution goal: reuse the space in theholes in such a way as to keep the numberof holes small, and their size largenCompared to stack: more general, lessefficient, more difficult to implement