Machine-Level Programming IV:Structured DataSept. 19, 2002Machine-Level Programming IV:Structured DataSept. 19, 2002TopicsTopicsnArraysnStructsnUnionsclass08.ppt15-213�The course that gives CMU its Zip!�

— 2 —15-213, F�02Basic Data TypesBasic Data TypesIntegralIntegralnStored & operated on in general registersnSigned vs. unsigned depends on instructions usedIntelGASBytesCbyteb1[unsigned] charwordw2[unsigned] shortdouble wordl4[unsigned] intFloating PointFloating PointnStored & operated on in floating point registersIntelGASBytesCSingles4floatDoublel8doubleExtendedt10/12long double

— 3 —15-213, F�02Array AllocationArray AllocationBasic PrincipleBasic PrincipleT A[L];nArray of data type T and length LnContiguously allocated region of L * sizeof(T) byteschar string[12];xx + 12

int val[5];xx + 4 x + 8 x + 12 x + 16 x + 20 double a[4];

x + 32 x + 24x char *p[3];xx + 4

— 4 —15-213, F�02Array AccessArray AccessBasic PrincipleBasic PrincipleT A[L];nArray of data type T and length LnIdentifier A can be used as a pointer to array element 0ReferenceReferenceTypeTypeValueValueval[4]int3valint *xval+1int *x + 4&val[2]int *x + 8val[5]int??*(val+1)int5val + iint *x + 4 i15213int val[5];xx + 4

x + 8 x + 12 x + 16 x + 20

— 5 —15-213, F�02Array ExampleArray ExampleNotesNotesnDeclaration �zip_dig cmu� equivalent to �int cmu[5]�nExample arrays were allocated in successive 20 byte blockslNot guaranteed to happen in generaltypedef int zip_dig[5];zip_dig cmu = { 1, 5, 2, 1, 3 };zip_dig mit = { 0, 2, 1, 3, 9 };zip_dig ucb = { 9, 4, 7, 2, 0 };zip_dig cmu;15213

162024283236zip_dig mit;02139

364044485256zip_dig ucb;94720

566064687276

— 6 —15-213, F�02Array Accessing ExampleArray Accessing ExampleMemory Reference CodeMemory Reference Codeint get_digit (zip_dig z, int dig){ return z[dig];} # %edx = z # %eax = digmovl (%edx,%eax,4),%eax # z[dig]ComputationComputationRegister %edx contains startingaddress of arraynRegister %eax contains arrayindexnDesired digit at 4*%eax + %edxnUse memory reference(%edx,%eax,4)

— 7 —15-213, F�02Referencing ExamplesReferencing ExamplesCode Does Not Do Any Bounds Checking!Code Does Not Do Any Bounds Checking!ReferenceReferenceAddressAddressValueValueGuaranteed?Guaranteed?mit[3]36 + 4* 3 = 483mit[5]36 + 4* 5 = 569mit[-1]36 + 4*-1 = 323cmu[15]16 + 4*15 = 76?? nOut of range behavior implementation-dependentlNo guaranteed relative allocation of different arrayszip_dig cmu;15213

162024283236zip_dig mit;02139

364044485256zip_dig ucb;94720

566064687276YesYesNoNoNoNoNoNo

— 8 —15-213, F�02int zd2int(zip_dig z){ int i; int zi = 0; for (i = 0; i < 5; i++) { zi = 10 * zi + z[i]; } return zi;}Array Loop ExampleArray Loop ExampleOriginal SourceOriginal Sourceint zd2int(zip_dig z){ int zi = 0; int *zend = z + 4; do { zi = 10 * zi + *z; z++; } while(z <= zend); return zi;}Transformed VersionTransformed VersionnAs generated by GCCnEliminate loop variable inConvert array code topointer codenExpress in do-while formlNo need to test at entrance

— 9 —15-213, F�02# %ecx = z xorl %eax,%eax# zi = 0leal 16(%ecx),%ebx# zend = z+4.L59:leal (%eax,%eax,4),%edx# 5*zimovl (%ecx),%eax# *zaddl $4,%ecx# z++leal (%eax,%edx,2),%eax# zi = *z + 2*(5*zi)cmpl %ebx,%ecx# z : zendjle .L59# if <= goto loopArray Loop ImplementationArray Loop ImplementationRegistersRegisters%ecxz%eaxzi%ebxzendComputationsComputationsn 10*zi + *z implemented as*z + 2*(zi+4*zi)n z++ increments by 4int zd2int(zip_dig z){

int zi

= 0; int *zend = z + 4; do { zi = 10 * zi + *z; z++; } while(z <= zend); return zi;}# %ecx = zxorl %eax,%eax# zi = 0 leal 16(% ecx),%ebx# zend = z+4.L59:leal (%eax,%eax,4),%edx# 5*zimovl (%ecx),%eax# *zaddl $4,%ecx# z++leal (%eax,%edx,2),%eax# zi = *z + 2*(5*zi)cmpl %ebx,%ecx# z : zendjle .L59# if <= goto loopint zd2int(zip_dig z){ int zi = 0; int * zend

= z + 4; do { zi = 10 * zi + *z; z++; } while(z <= zend); return zi;}# %ecx = zxorl %eax,%eax# zi = 0leal 16(%ecx),%ebx# zend = z+4.L59:

leal (%eax,%eax,4),% edx# 5*zi movl

(%ecx),%eax# *zaddl $4,%ecx# z++ leal (%eax,%edx,2),% eax# zi = *z + 2*(5*zi)cmpl %ebx,%ecx# z : zendjle .L59# if <= goto loopint zd2int(zip_dig z){ int zi = 0; int *zend = z + 4; do { zi = 10 * zi + *z; z++; } while(z <= zend); return zi;}# %ecx = zxorl %eax,%eax# zi = 0leal 16(%ecx),%ebx# zend = z+4.L59:leal (%eax,%eax,4),%edx# 5*zimovl (%ecx),%eax# *z addl $4,% ecx# z++leal (%eax,%edx,2),%eax# zi = *z + 2*(5*zi)cmpl %ebx,%ecx# z : zendjle .L59# if <= goto loopint zd2int(zip_dig z){ int zi = 0; int *zend = z + 4; do { zi = 10 * zi + *z;

z++; } while(z <= zend); return zi;}# %ecx = zxorl %eax,%eax# zi = 0leal 16(%ecx),%ebx# zend = z+4.L59:leal (%eax,%eax,4),%edx# 5*zimovl (%ecx),%eax# *zaddl $4,%ecx# z++leal (%eax,%edx,2),%eax# zi = *z + 2*(5*zi) cmpl

%ebx,%ecx# z : zend jle .L59# if <= goto loopint zd2int(zip_dig z){ int zi = 0; int *zend = z + 4; do { zi = 10 * zi + *z; z++; } while(z <=

); return zi;}

— 10 —15-213, F�02Nested Array ExampleNested Array ExamplenDeclaration �zip_dig pgh[4]� equivalent to �int pgh[4][5]�lVariable pgh denotes array of 4 elements¨Allocated contiguouslylEach element is an array of 5 int�s¨Allocated contiguouslyn�Row-Major� ordering of all elements guaranteed#define PCOUNT 4zip_dig pgh[PCOUNT] = {{1, 5, 2, 0, 6}, {1, 5, 2, 1, 3 }, {1, 5, 2, 1, 7 }, {1, 5, 2, 2, 1 }};zip_digpgh[4];

769611613615615206152131521715221

— 11 —15-213, F�02Nested Array AllocationNested Array AllocationDeclarationDeclarationT A[R][C];nArray of data type TnR rows, C columnsnType T element requires KbytesArray SizeArray SizenR * C * K bytesArrangementArrangementnRow-Major OrderingA[0][0]A[0][C-1]A[R-1][0]¥˚¥˚¥¥˚¥˚¥A[R-1][C-1]¥¥¥¥¥¥

int A[R][C];A[0][0]A[0][C-1]¥˚¥˚¥A[1][0]A[1][C-1]¥˚¥˚¥A[R-1][0]A[R-1][C-1]¥˚¥˚¥¥ ˚¥˚ ¥

4*R*C Bytes

— 12 —15-213, F�02¥ ˚¥˚ ¥Nested Array Row AccessNested Array Row AccessRow VectorsRow Vectorsn A[i] is array of C elementsnEach element of type TnStarting address A + i * C * KA[i][0]A[i][C-1]¥˚¥˚¥

A[i]A[R-1][0]A[R-1][C-1]¥˚¥˚¥

A[R-1]¥ ˚¥˚ ¥A

A[0][0]A[0][C-1]¥˚¥˚¥

A[0] int A[R][C];A+i*C*4A+(R-1)*C*4

— 13 —15-213, F�02Nested Array Row Access CodeNested Array Row Access CodeRow VectorRow Vectorn pgh[index] is array of 5 int�snStarting address pgh+20*indexCodeCodenComputes and returns addressnCompute as pgh + 4*(index+4*index)int *get_pgh_zip(int index){ return pgh[index];} # %eax = indexleal (%eax,%eax,4),%eax# 5 * indexleal pgh(,%eax,4),%eax# pgh + (20 * index)

— 14 —15-213, F�02¥˚¥˚¥ Nested Array Element AccessNested Array Element Access Array Elements Array Elementsn A[i][j] is element of type TnAddress A + (i * C + j) * K¥ ˚¥˚ ¥A[i][j]A[i][j] ¥˚¥˚¥

A[i]A[R-1][0]A[R-1][C-1]¥˚¥˚¥

A[R-1]¥ ˚¥˚ ¥A

A[0][0]A[0][C-1]¥˚¥˚¥

A[0] int A[R][C];A+i*C*4A+(R-1)*C*4

A+(i*C+j)*4

— 15 —15-213, F�02Nested Array Element Access CodeNested Array Element Access CodeArray ElementsArray Elementsn pgh[index][dig] is intnAddress: pgh + 20*index + 4*digCodeCodenComputes addresspgh + 4*dig + 4*(index+4*index)n movl performs memory referenceint get_pgh_digit (int index, int dig){ return pgh[index][dig];}# %ecx = dig# %eax = indexleal 0(,%ecx,4),%edx# 4*digleal (%eax,%eax,4),%eax# 5*indexmovl pgh(%edx,%eax,4),%eax# *(pgh + 4*dig + 20*index)

— 16 —15-213, F�02Strange Referencing ExamplesStrange Referencing ExamplesReferenceReferenceAddressAddressValueValueGuaranteed?Guaranteed?pgh[3][3]76+20*3+4*3 = 1482pgh[2][5]76+20*2+4*5 = 1361pgh[2][-1]76+20*2+4*-1 = 1123pgh[4][-1]76+20*4+4*-1 = 1521pgh[0][19]76+20*0+4*19 = 1521 pgh[0][-1]76+20*0+4*-1 = 72?? nCode does not do any bounds checkingnOrdering of elements within array guaranteedzip_digpgh[4];

769611613615615206152131521715221YesYesYesYesYesYesYesYesYesYesNoNo

— 17 —15-213, F�02Multi-Level Array ExampleMulti-Level Array ExamplenVariable univdenotes array of 3elementsnEach element is apointerl4 bytesnEach pointer pointsto array of int�szip_dig cmu = { 1, 5, 2, 1, 3 };zip_dig mit = { 0, 2, 1, 3, 9 };zip_dig ucb = { 9, 4, 7, 2, 0 };#define UCOUNT 3int *univ[UCOUNT] = {mit, cmu, ucb};36

1601656

164168univ cmu15213

162024283236mit02139

364044485256ucb94720

566064687276

— 18 —15-213, F�02Element Access in Multi-Level ArrayElement Access in Multi-Level ArrayComputationComputationElement accessMem[Mem[univ+4*index]+4*dig]nMust do two memory readslFirst get pointer to row arraylThen access element within array# %ecx = index# %eax = digleal 0(,%ecx,4),%edx# 4*indexmovl univ(%edx),%edx# Mem[univ+4*index]movl (%edx,%eax,4),%eax# Mem[...+4*dig]int get_univ_digit (int index, int dig){ return univ[index][dig];}

— 19 —15-213, F�02Array Element AccessesArray Element AccessesnSimilar C referencesNested ArrayNested ArraynElement atMem[pgh+20*index+4*dig]nDifferent address computationMulti-Level ArrayMulti-Level ArraynElement atMem[Mem[univ+4*index]+4*dig]int get_pgh_digit (int index, int dig){ return pgh[index][dig];}int get_univ_digit (int index, int dig){ return univ[index][dig];}36

1601656164168univcmu15213

162024283236

2139

364044485256ucb 720 56606468727636160

164168univ36

1601656164168univ

15213

162024283236152131521316 4 283236mit02139364

4852560213902139 0 44485256ucb9472056

64687276947209472

6064687276769611613

561520615213152 1 5 2 2 1 76961161361

5206152131 5 2 1 7 2 2 1 1 5 2 0 6 1 5 2 0 6 1 1 3 1 5 2 1 3 1 5 2 1 7 1 5 7 1 5 2 2 1 1 5 2 2 1

— 20 —15-213, F�02Strange Referencing ExamplesStrange Referencing ExamplesReferenceReferenceAddressAddressValueValueGuaranteed?Guaranteed?univ[2][3]56+4*3 = 682univ[1][5]16+4*5 = 360univ[2][-1]56+4*-1 = 529univ[3][-1]????univ[1][12]16+4*12 = 647 nCode does not do any bounds checkingnOrdering of elements in different arrays not guaranteed36

1601656

164168univ cmu15213

162024283236mit02139

364044485256ucb94720

566064687276YesYesNoNoNoNoNoNoNoNo

— 21 —15-213, F�02Using Nested ArraysUsing Nested ArraysStrengthsStrengthsnC compiler handlesdoubly subscripted arraysnGenerates very efficientcodelAvoids multiply in indexcomputationLimitationLimitationnOnly works if have fixedarray size#define N 16typedef int fix_matrix[N][N];/* Compute element i,k of fixed matrix product */int fix_prod_ele(fix_matrix a, fix_matrix b, int i, int k){ int j; int result = 0; for (j = 0; j < N; j++) result += a[i][j]*b[j][k]; return result;}A

(i,*)B

(*,k)Column-wise

Row-wise

— 22 —15-213, F�02Dynamic Nested ArraysDynamic Nested ArraysStrengthStrengthnCan create matrix ofarbitrary sizeProgrammingProgrammingnMust do indexcomputation explicitlyPerformancePerformancenAccessing single elementcostlynMust do multiplicationint * new_var_matrix(int n){ return (int *) calloc(sizeof(int), n*n);}int var_ele (int *a, int i, int j, int n){ return a[i*n+j];}movl 12(%ebp),%eax# imovl 8(%ebp),%edx# aimull 20(%ebp),%eax# n*iaddl 16(%ebp),%eax# n*i+jmovl (%edx,%eax,4),%eax# Mem[a+4*(i*n+j)]

— 23 —15-213, F�02Dynamic Array MultiplicationDynamic Array MultiplicationWithout OptimizationsWithout OptimizationsnMultipliesl2 for subscriptsl1 for datanAddsl4 for array indexingl1 for loop indexl1 for data/* Compute element i,k of variable matrix product */int var_prod_ele (int *a, int *b, int i, int k, int n){ int j; int result = 0; for (j = 0; j < n; j++) result += a[i*n+j] * b[j*n+k]; return result;}A

(i,*)B

(*,k)Column-wise

Row-wise

— 24 —15-213, F�02Optimizing Dynamic Array Mult.Optimizing Dynamic Array Mult.OptimizationsOptimizationsnPerformed when setoptimization level to -O2Code MotionCode MotionnExpression i*n can becomputed outside loopStrength ReductionStrength ReductionnIncrementing j has effect ofincrementing j*n+k by nPerformancePerformancenCompiler can optimizeregular access patterns{ int j; int result = 0; for (j = 0; j < n; j++) result += a[i*n+j] * b[j*n+k]; return result;}{ int j; int result = 0; int iTn = i*n; int jTnPk = k; for (j = 0; j < n; j++) { result += a[iTn+j] * b[jTnPk]; jTnPk += n; } return result;}

— 25 —15-213, F�02struct rec { int i; int a[3]; int *p;};Assembly# %eax = val# %edx = rmovl %eax,(%edx)# Mem[r] = valvoidset_i(struct rec *r, int val){ r->i = val;}StructuresStructuresConceptConceptnContiguously-allocated region of memorynRefer to members within structure by namesnMembers may be of different typesAccessing Structure MemberAccessing Structure MemberMemory Layoutiap041620

— 26 —15-213, F�02struct rec { int i; int a[3]; int *p;};# %ecx = idx# %edx = rleal 0(,%ecx,4),%eax# 4*idxleal 4(%eax,%edx),%eax# r+4*idx+4int *find_a (struct rec *r, int idx){ return &r->a[idx];}Generating Pointer to Struct. MemberGenerating Pointer to Struct. MemberGenerating Pointer toGenerating Pointer toArray ElementArray ElementnOffset of each structuremember determined atcompile timeiap0416

r + 4 + 4*idx r

— 27 —15-213, F�02struct rec { int i; int a[3]; int *p;}; # %edx = rmovl (%edx),%ecx# r->ileal 0(,%ecx,4),%eax# 4*(r->i)leal 4(%edx,%eax),%eax# r+4+4*(r->i)movl %eax,16(%edx)# Update r->pvoidset_p(struct rec *r){ r->p = &r->a[r->i];}Structure Referencing (Cont.)Structure Referencing (Cont.)C CodeC Codeia0416

Element iiap0416

— 28 —15-213, F�02AlignmentAlignmentAligned DataAligned DatanPrimitive data type requires K bytesnAddress must be multiple of KnRequired on some machines; advised on IA32ltreated differently by Linux and Windows!Motivation for Aligning DataMotivation for Aligning DatanMemory accessed by (aligned) double or quad-wordslInefficient to load or store datum that spans quad wordboundarieslVirtual memory very tricky when datum spans 2 pagesCompilerCompilernInserts gaps in structure to ensure correct alignment offields

— 29 —15-213, F�02Specific Cases of AlignmentSpecific Cases of AlignmentSize of Primitive Data Type:Size of Primitive Data Type:n

1 byte (e.g., char)lno restrictions on addressn

2 bytes (e.g., short)llowest 1 bit of address must be 02n

4 bytes (e.g., int, float, char *, etc.)llowest 2 bits of address must be 002n

8 bytes (e.g., double)lWindows (and most other OS�s & instruction sets):¨lowest 3 bits of address must be 0002lLinux:¨lowest 2 bits of address must be 002¨i.e., treated the same as a 4-byte primitive data typen

12 bytes (long double)lLinux:¨lowest 2 bits of address must be 002¨i.e., treated the same as a 4-byte primitive data type

— 30 —15-213, F�02struct S1 { char c; int i[2]; double v;} *p;Satisfying Alignment with StructuresSatisfying Alignment with StructuresOffsets Within StructureOffsets Within StructurenMust satisfy element�s alignment requirementOverall Structure PlacementOverall Structure PlacementnEach structure has alignment requirement KlLargest alignment of any elementnInitial address & structure length must bemultiples of KExample (under Windows):Example (under Windows):nK = 8, due to double elementci[0]i[1]vp+0p+4p+8p+16p+24

Multiple of 4Multiple of 8

Multiple of 8

— 31 —15-213, F�02Linux vs. WindowsLinux vs. WindowsWindows (including Windows (including CygwinCygwin):):nK = 8, due to double elementLinux:Linux:nK = 4; double treated like a 4-byte data typestruct S1 { char c; int i[2]; double v;} *p;ci[0]i[1]vp+0p+4p+8p+16p+24

Multiple of 4Multiple of 8

Multiple of 8 ci[0]i[1]p+0p+4p+8

Multiple of 4Multiple of 4Multiple of 4 vp+12p+20

Multiple of 4

— 32 —15-213, F�02Overall Alignment RequirementOverall Alignment Requirementstruct S2 { double x; int i[2]; char c;} *p;struct S3 { float x[2]; int i[2]; char c;} *p;p+0p+12p+8p+16Windows: p+24Linux: p+20ci[0]i[1]xci[0]i[1]p+0p+12p+8p+16p+20x[0]x[1]p+4p must be multiple of: 8 for Windows4 for Linuxp must be multiple of 4 (in either OS)

— 33 —15-213, F�02Ordering Elements Within StructureOrdering Elements Within Structurestruct S4 { char c1; double v; char c2; int i;} *p;struct S5 { double v; char c1; char c2; int i;} *p;c1ivp+0p+20p+8p+16p+24c2c1ivp+0p+12p+8p+16c210 bytes wasted space in Windows2 bytes wasted space

— 34 —15-213, F�02Arrays of StructuresArrays of StructuresPrinciplePrinciplenAllocated by repeating allocationfor array typenIn general, may nest arrays &structures to arbitrary deptha[0]a+0a[1]a[2]a+12a+24a+36¥˚¥˚¥

a+12a+20a+16a+24struct S6 { short i; float v; short j;} a[10];a[1].ia[1].ja[1].v

— 35 —15-213, F�02Accessing Element within ArrayAccessing Element within ArraynCompute offset to start of structurelCompute 12*i as 4*(i+2i)nAccess element according to its offsetwithin structurelOffset by 8lAssembler gives displacement as a + 8¨Linker must set actual value

a[0]a+0a[i]a+12i¥˚¥ ¥¥˚¥ ¥short get_j(int idx){ return a[idx].j;}# %eax = idxleal (%eax,%eax,2),%eax # 3*idxmovswl a+8(,%eax,4),%eaxa+12ia+12i+8struct S6 { short i; float v; short j;} a[10];a[i].ia[i].ja[i].v

— 36 —15-213, F�02Satisfying Alignment within StructureSatisfying Alignment within StructureAchieving AlignmentAchieving AlignmentnStarting address of structure array must bemultiple of worst-case alignment for any elementl a must be multiple of 4nOffset of element within structure must bemultiple of element�s alignment requirementl v�s offset of 4 is a multiple of 4nOverall size of structure must be multiple ofworst-case alignment for any elementlStructure padded with unused space to be 12bytesstruct S6 { short i; float v; short j;} a[10];

a[0]a+0a[i]a+12i¥˚¥ ¥¥˚¥ ¥a+12ia+12i+4a[1].ia[1].ja[1].v

Multiple of 4

— 37 —15-213, F�02Union AllocationUnion AllocationPrinciplesPrinciplesnOverlay union elementsnAllocate according to largest elementnCan only use one field at a timeunion U1 { char c; int i[2]; double v;} *up;ci[0]i[1]vup+0up+4up+8struct S1 { char c; int i[2]; double v;} *sp;ci[0]i[1]vsp+0sp+4sp+8sp+16sp+24(Windows alignment)

— 38 —15-213, F�02typedef union { float f; unsigned u;} bit_float_t;float bit2float(unsigned u){ bit_float_t arg; arg.u = u; return arg.f;}uf04unsigned float2bit(float f){ bit_float_t arg; arg.f = f; return arg.u;}Using Union to Access Bit PatternsUsing Union to Access Bit PatternsnGet direct access to bitrepresentation of floatnbit2float generates float withgiven bit patternlNOT the same as (float) unfloat2bit generates bit patternfrom floatlNOT the same as (unsigned) f

— 39 —15-213, F�02Byte Ordering RevisitedByte Ordering RevisitedIdeaIdeanShort/long/quad words stored in memory as 2/4/8consecutive bytesnWhich is most (least) significant?nCan cause problems when exchanging binary data betweenmachinesBig Big EndianEndiannMost significant byte has lowest addressnPowerPC, SparcLittle Little EndianEndiannLeast significant byte has lowest addressnIntel x86, Alpha

— 40 —15-213, F�02Byte Ordering ExampleByte Ordering Example union { unsigned char c[8]; unsigned short s[4]; unsigned int i[2]; unsigned long l[1]; } dw;c[3]s[1]i[0]c[2]c[1]s[0]c[0]c[7]s[3]i[1]c[6]c[5]s[2]c[4]l[0]

— 41 —15-213, F�02Byte Ordering Example (Cont).Byte Ordering Example (Cont).int j;for (j = 0; j < 8; j++)dw.c[j] = 0xf0 + j;printf("Characters 0-7 ==[0x%x,0x%x,0x%x,0x%x,0x%x,0x%x,0x%x,0x%x]\n", dw.c[0], dw.c[1], dw.c[2], dw.c[3], dw.c[4], dw.c[5], dw.c[6], dw.c[7]);printf("Shorts 0-3 ==[0x%x,0x%x,0x%x,0x%x]\n", dw.s[0], dw.s[1], dw.s[2], dw.s[3]);printf("Ints 0-1 == [0x%x,0x%x]\n", dw.i[0], dw.i[1]);printf("Long 0 == [0x%lx]\n", dw.l[0]);

— 42 —15-213, F�02Byte Ordering on x86Byte Ordering on x86Little EndianCharacters 0-7 == [0xf0,0xf1,0xf2,0xf3,0xf4,0xf5,0xf6,0xf7]Shorts 0-3 == [0xf1f0,0xf3f2,0xf5f4,0xf7f6]Ints 0-1 == [0xf3f2f1f0,0xf7f6f5f4]Long 0 == [f3f2f1f0]Output on Pentium:f0f1f2f3f4f5f6f7c[3]s[1]i[0]LSBMSBc[2]c[1]s[0]c[0]LSBMSBLSBMSBc[7]s[3]i[1]LSBMSBc[6]c[5]s[2]c[4]LSBMSBLSBMSB

Printl[0]LSBMSB

— 43 —15-213, F�02Byte Ordering on SunByte Ordering on SunBig EndianCharacters 0-7 == [0xf0,0xf1,0xf2,0xf3,0xf4,0xf5,0xf6,0xf7]Shorts 0-3 == [0xf0f1,0xf2f3,0xf4f5,0xf6f7]Ints 0-1 == [0xf0f1f2f3,0xf4f5f6f7]Long 0 == [0xf0f1f2f3]Output on Sun:c[3]s[1]i[0]LSBMSBc[2]c[1]s[0]c[0]MSBLSBLSBMSBc[7]s[3]i[1]LSBMSBc[6]c[5]s[2]c[4]MSBLSBLSBMSBf0f1f2f3f4f5f6f7

Printl[0]MSBLSB

— 44 —15-213, F�02Byte Ordering on AlphaByte Ordering on AlphaLittle EndianCharacters 0-7 == [0xf0,0xf1,0xf2,0xf3,0xf4,0xf5,0xf6,0xf7]Shorts 0-3 == [0xf1f0,0xf3f2,0xf5f4,0xf7f6]Ints 0-1 == [0xf3f2f1f0,0xf7f6f5f4]Long 0 == [0xf7f6f5f4f3f2f1f0]Output on Alpha:c[3]s[1]i[0]LSBMSBc[2]c[1]s[0]c[0]LSBMSBLSBMSBc[7]s[3]i[1]LSBMSBc[6]c[5]s[2]c[4]LSBMSBLSBMSBf0f1f2f3f4f5f6f7

Printl[0]LSBMSB

— 45 —15-213, F�02SummarySummaryArrays in CArrays in CnContiguous allocation of memorynPointer to first elementnNo bounds checkingCompiler OptimizationsCompiler OptimizationsnCompiler often turns array code into pointer code (zd2int)nUses addressing modes to scale array indicesnLots of tricks to improve array indexing in loopsStructuresStructuresnAllocate bytes in order declarednPad in middle and at end to satisfy alignmentUnionsUnionsnOverlay declarationsnWay to circumvent type system