Code Optimization I:Machine Independent OptimizationsSept. 26, 2002Code Optimization I:Machine Independent OptimizationsSept. 26, 2002nMachine-Independent OptimizationslCode motionlReduction in strengthl subexpression sharingnlIdentifying performance �The course that gives CMU its Zip!�

2Great Reality #4Great Reality #4There�s more to performance than asymptoticThere�s more to performance than asymptoticConstant factors matter too!Constant factors matter too!nrange depending on how codeis writtennMust optimize at multiple levels:lalgorithm, data representations, procedures, and loopsMust understand system to optimize performanceMust understand system to optimize performancenHow programs are compiled and execunHow to measure program performance and identifynHow to improve performance without destroying codemodularity and generality

2Optimizing CompilersOptimizing CompilersProvide efficient mapping of program to machiProvide efficient mapping of program to machinregister allocationncode selection and orderingneliminating minor inefficienciesDon�t (usually) improve asymptotic efficiencyDon�t (usually) improve asymptotic efficiencynup to programmer to select best overall algorithmnbig-O savings are (often) more important than constantlbut constant factors also matterHave difficulty overcoming �optimization blHave difficulty overcoming �optimization blnpotential memory aliasingnpotential procedure side-effects

2Limitations of Optimizing CompilersLimitations of Optimizing CompilersOperate Under Fundamental ConstraintOperate Under Fundamental ConstraintnMust not cause any change in program behavior under anypossible conditionnOften prevents it from making optimizations when would only affectbehavior under pathological conditions.Behavior that may be obvious to the programmer can beBehavior that may be obvious to the programmer can beobfuscated by languages and coding stylesobfuscated by languages and coding stylesne.g., data ranges may be more limited than variable types Most analysis is performed only within proceduresMost analysis is performed only within proceduresnwhole-program analysis is too expensive in most casesMost analysis is based only on Most analysis is based only on information informationncompiler has difficulty anticipating run-time When in doubt, the compiler must be conservativeWhen in doubt, the compiler must be conservative

2Machine-Independent OptimizationsMachine-Independent OptimizationsnOptimizations you should do regardless of processor /nReduce frequency with which computation performedlIf it will always produce same resultlEspecially moving code out of loopfor (i = 0; i < n; i++) for (j = 0; j < n; j++) a[n*i + j] = b[j];for (i = 0; i < n; i++) { int ni = n*i; for (j = 0; j < n; j++) a[ni + j] = b[j];}

2Compiler-Generated Code MotionCompiler-Generated Code MotionnMost compilers do a good job with array code + simple loopCode Generated by GCCCode Generated by GCCfor (i = 0; i < n; i++) for (j = 0; j < n; j++) a[n*i + j] = b[j]; imull %ebx,%eax# i*n movl 8(%ebp),%# a leal (%edi,%eax# p = a+i*n (scaled by 4)# Inner Loop movl 12(%ebp),%# b movl (%edi,%ecx # b+j (scaled by 4) movl %eax,(%edx)# *p = b[j] addl $4,%edx# p++ (scaled by 4) incl %ecx# j++ jl .L40 # loop if j<n

for (i = 0; i < n; i++) { int ni = n*i; int *p = a+ni; for (j = 0; j < n; j++) *p++ = b[j];}

2Reduction in StrengthReduction in StrengthnReplace costly operation with simpler onenShift, add instead of multiply or divide16*x-->x << 4lUtility machine depelDepends on cost of multiply or divide instruclOn Pentium II or III, integer multiply only requires 4 CPU cyclesnRecognize sequence of productsfor (i = 0; i < n; i++) for (j = 0; j < n; j++) a[n*i + j] = b[j];int ni = 0;for (i = 0; i < n; i++) { for (j = 0; j < n; j++) a[ni + j] = b[j]; ni += n;}

2Make Use of RegistersMake Use of RegistersnReading and writing registers much faster thanreading/writing memorynCompiler not always able to determine whether variable canbe held in registernPossibility of n

2Machine-Independent Opts. (Cont.)Machine-Independent Opts. (Cont.)Share Common Share Common nReuse portions of expressionsnCompilers often not very sophisticated in exploitingarithmetic properties/* Sum neighbors of i,j */up = val[(i-1)*n + j];down = val[(i+1)*n + j];left = val[i*n + j-1];right = val[i*n + j+1];sum = up + down + left + int inj = i*n + j;up = - n];down = + n];left = - 1];right = + 1];sum = up + down + left + 3 multiplications: i*n, 1 multiplication: i*n leal -1(%edx),%ecx # i-1 imull %ebx,%ecx # (i-1)*n leal 1(%edx),%eax # i+1 imull %ebx,%eax # (i+1)*n imull %ebx,%edx # i*n

2Vector ADTVector ADTvec_ptr new_vec(int len)lCreate vector of specified lengthint get_vec_ptrint *dest)lRetrieve vector element, store at *lReturn 0 if out of bounds, 1 if successfulint *get_vec_start(vec_ptr v)lReturn pointer to start of vector datanlE.g., always do bounds lengthdata• • 012

2Optimization ExampleOptimization ExamplenCompute sum of all elements of vectornStore result at destination locationvecint *dest){ int i; *{ ;val); *dest += val; }}

2Time ScalesTime ScalesAbsolute TimeAbsolute TimenTypically use nanosecondsl secondsnTime scale of computer instructionsClock CyclesClock CyclesnMost computers controlled by high frequency clock snTypical Rangel100 MHz¨ cycles per sec¨Clock period = 10nsl2 GHz¨2 X 109 cycles per seco¨Clock period = 0.5nsnFish machines: 550 MHz (1.8 ns clock per

2Cycles Per ElementCycles Per ElementnConvenient way to express performance of program thatoperators on vectors or listsnLength = nn

010020030040050

090010000501001

Slope = 4.0Slope = 3.5

2Optimization ExampleOptimization ExamplenCompute sum of all elements of integer vectornStore result at destination locationnVector data structure and operations defined via abstract dataPentium II/III Performance: Clock Cycles / ElementPentium II/III Performance: Clock Cycles / Elementn42.06 (Compiled -g)31.25 (Compiled -O2)vecint *dest){ int i; *{ ;val); *dest += val; }}

2Understanding LoopUnderstanding Loopn_length called every iterationnEven though result always the samegoto(vecint *dest){ ; *dest = 0; goto done;val); *dest += val;vec(v)) goto loop}

1 iteration

2Move Call Out of LoopMove Call Out of LoopnMove call to out of inner looplValue does not change from one iteration to nlCode motionnCPE: 20.66 (Compiled -O2)l requires only constant time, but significant overheadvecint *dest){ int i; int vec(v); *length ;val); *dest += val; }}

2s){ int i;strlen}Code Motion Example #2Code Motion Example #2Procedure to Convert String to Lower CaseProcedure to Convert String to Lower CasenExtracted from 213 lab submissions, Fall, 19

2Lower Case Conversion PerformanceLower Case Conversion PerformancenTime quadruples when double string lengthnQuadratic performance l1

11010 St

2Convert Loop To Goto Convert Loop To Goto n executed every iterationn linear in length of stringlMust scan string until finds ’nOverall performance is quadratics){ strlen(s)) goto done; loop:strlen(s)) goto loop; done:}

2Improving PerformanceImproving PerformancenMove call to outside of loopnSince result does not change from one iteration to anothernForm of code motions){ int i; int len (s); len; i++)}

2Lower Case Conversion PerformanceLower Case Conversion PerformancenTime doubles when double string lengthnLinear performance

0.0000010

00010010

1101001000

420409

763612

ring nh

CPU Secondsl

2Optimization Blocker: Procedure CallsOptimization Blocker: Procedure CallsWhy couldn�t the compiler move Why couldn�t the compiler move vecvec__lenlen or or the inner loop?the inner loop?nlAlters global state each time callednFunction may not return same value for given argumentslDepends on other parts of global statelProcedure lower could interact with strlenWhy doesn�t compiler look at code for Why doesn�t compiler look at code for vecvec__lenlen or or ??nLinker may overload with different versionlUnless declared stan optimization is not used extensively due to costnck boxnWeak optimizations in and around them

2Reduction in StrengthReduction in Strengthnch vector elementlGet pointer to start of array before looplWithin loop just do pointer referencelNot as clean in terms of data abstractionnCPE: 6.00 (Compiled -O2)lProcedure calls are elBounds checking is vecint *dest){ int i; int vec int * *dest}

2Eliminate Unneeded Memory RefsEliminate Unneeded Memory RefsnDon�t need to store in destination until endn held in registernnCPE: 2.00 (Compiled -O2)lMemory references are evecint *dest){ int i; int vec int int]; *dest = sum;}

2Detecting Unneeded Memory Refs.Detecting Unneeded Memory Refs.nl5 instructions in 6 clock cyclesl must read and write menl4 instructions in 2 clock .L18:movl (%ecx,%edx,4),%eaxaddl %eax,

(%edi)incl %edxcmpl %esi,%edx.L24:addl (%eax,%edx,4),%ecxincl %edxcmpl %esi,%edx

2Optimization Blocker: Memory Optimization Blocker: Memory nTwo different memory references specify single locanv: [3, 2, 17]ncombine3(v, get_vec_start(v)+2)?ncombine4(v, get_vec_start(v)+2)?nEasy to have happen in ClSince allowed to do address arithmeticlDirect access to storage structuresnGet in habit of introducing local variableslAccumulating within loopslYour way of telling compiler not to check for

2Machine-Independent Opt. SummaryMachine-Independent Opt. Summaryns for simple loop/array structuresnReduction in StrengthReduction in StrengthnShift, add instead of multiply or dividelcompilers are (generally) good at thislExact trade-offs machnKeep data in registers rather than memorylcompilers are not good at this, since concerned with Share Common Share Common n

2Important ToolsImportant ToolsnAccurately compute time taken by codelMost modern machines have built in cycle lUsing them to get reliable measurements is trickynProfile procedure calling frequencieslUnix tool nGenerating assembly codelLets you see what optimizations compiler can makelUnderstand capabilities/limitations of particular compiler

2Code Profiling ExampleCode Profiling ExamplenCount word frequencies in text documentnProduce sorted list of words from most frequent to leastnConvert strings to lowercasenApply hash functionnRead words and insert into hash tablelMostly list operationslMaintain counter for each unique wordnData SetData SetnCollected works of Shakespearen946,596 total words, 26,596 uniquenInitial implementation: 9.2 secondsaaII

most frequent words

2Code ProfilingCode ProfilingAugment Executable Program with Timing FAugment Executable Program with Timing FnComputes (approximate) amount of time spent in eachnTime computation methodlPeriodically (~ every 10ms) interrupt programlDetermine what function is currently executinglIncrement its timer by interval (e.g., 10mnAlso maintains counter for each function indicating numberof times calledgcc —O2 —pg prog. —o proglExecutes in normal fashion, but also generates file gmon.outgprof proglGenerates profile information based on gmon.out

2Profiling ResultsProfiling ResultsCall StatisticsCall StatisticsnNumber of calls and cumulative time for each functionPerformance LimiterPerformance LimiternUsing inefficient sorting algorithmn

2nFirst step: Use more efficient sorting functionnLibrary function

012345678

lQukrtIt r stB Tae

hear Low

CPU Secs.R

erListSt

2Further OptimizationsFurther OptimizationsnIter first: Use iterative function to insert elements into linkedlCauses code to slow downnIter last: Iterative function, places new entry at end of listlTend to place most common words at front of listnBig table: Increase number of hash bucketsnBetter hash: Use more sophisticated hash functionnLinear lower: Move out of loop

00.20.40.60.8

.61.82IlQu r FstIter st

Be HaLe

ReHaLer

2Profiling ObservationsProfiling ObservationsnHelps identify performance bottlenecksnEspecially useful when have complex system with manynOnly shows performance for data testednE.g., linear lower did not show big gain, since words arelQuadratic inefficiency could remain lurking in codenTiming mechanism fairly crudelOnly works for programs that run for > 3 seconds