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TopicsTopics
� AssemblyProgrammer’s

ExecutionModel
� Accessing Information

�Registers
�Memory

� Arithmeticoperations

class05.ppt

15-213
“The course that gives CMU its Zip!”
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IA32Processors

TotallyDominateComputer MarketTotallyDominateComputer Market

EvolutionaryDesignEvolutionaryDesign
� Starting in1978with8086
� Addedmore featuresastimegoeson
� Still support oldfeatures, althoughobsolete

Complex InstructionSet Computer (CISC)Complex InstructionSet Computer (CISC)
� Manydifferent instructionswithmanydifferent formats

�But, onlysmall subset encounteredwithLinuxprograms

� Hardtomatchperformanceof ReducedInstructionSet Computers (RISC)
� But, Intel hasdonejust that!
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X86Evolution: Programmer’sView
NameName DateDate TransistorsTransistors

80868086 19781978 29K29K
� 16-bit processor. Basis for IBMPC&DOS
� Limitedto1MBaddressspace. DOSonlygivesyou640K

8028680286 19821982 134K134K
� Addedelaborate, but not veryuseful, addressingscheme
� Basis for IBMPC-ATandWindows

386386 19851985 275K275K
� Extendedto32bits. Added“flat addressing”
� Capableof runningUnix
� Linux/gccusesnoinstructions introducedinlater models
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X86Evolution: Programmer’sView

NameName DateDate TransistorsTransistors

486486 19891989 1.9M1.9M

PentiumPentium 19931993 3.1M3.1M

Pentium/MMXPentium/MMX 19971997 4.5M4.5M
� Addedspecial collectionof instructionsfor operatingon64-bit vectorsof 1,

2, or 4byte integer data

PentiumProPentiumPro 19951995 6.5M6.5M
� Addedconditional move instructions
� Bigchangeinunderlyingmicroarchitecture
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X86Evolution: Programmer’sView

NameName DateDate TransistorsTransistors

PentiumIIIPentiumIII 19991999 8.2M8.2M
� Added“streamingSIMD” instructions for operatingon128-bit vectorsof 1,

2, or 4byte integer or floatingpoint data
� Our fishmachines

Pentium4Pentium4 20012001 42M42M
� Added8-byte formatsand144newinstructionsfor streamingSIMDmode
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X86Evolution: Clones

AdvancedMicroDevices (AMD)AdvancedMicroDevices (AMD)
� Historically

�AMDhasfollowedjust behindIntel
�Alittlebit slower, a lot cheaper

� Recently
�Recruitedtopcircuit designersfromDigital Equipment Corp.
�Exploitedfact that Intel distractedby IA64
�NowareclosecompetitorstoIntel

� Developingownextensionto64bits
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X86Evolution: Clones

TransmetaTransmeta
� Recent start-up

�Employer of LinusTorvalds

� Radicallydifferent approachtoimplementation
�Translatesx86codeinto“VeryLongInstructionWord” (VLIW) code
�Highdegreeof parallelism

� Shootingfor low-power market
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NewSpecies: IA64

NameName DateDate TransistorsTransistors

ItaniumItanium 20012001 10M10M
� ExtendstoIA64, a64-bit architecture
� Radicallynewinstructionset designedfor highperformance
� Will beable torunexistingIA32programs

�On-board“x86engine”

� Joint project withHewlett-Packard

Itanium2Itanium2 20022002 221M221M
� Bigperformanceboost
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AssemblyProgrammer’sView

Programmer-VisibleStateProgrammer-VisibleState
� EIP ProgramCounter

�Addressof next instruction

� Register File
�Heavilyusedprogramdata

� ConditionCodes
�Storestatus informationabout most

recent arithmeticoperation
�Usedfor conditional branching

E
I
P

Registers

CPU Memory

Object Code
Program Data

OS Data

Addresses

Data

Instructions

Stack

Condition
Codes

� Memory
� Byteaddressablearray
� Code, user data, (some) OSdata
� Includesstackusedtosupport

procedures
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text

text

binary

binary

Compiler (gcc -S)

Assembler (gcc oras)

Linker (gcc or ld)

Cprogram(p1.c p2.c)

Asmprogram(p1.s p2.s)

Object program(p1.o p2.o)

Executableprogram(p)

Static libraries (.a)

TurningCintoObject Code
� Code infiles p1.c p2.c

� Compilewithcommand: gcc -O p1.c p2.c -o p
�Useoptimizations(-O)
�Put resultingbinary infilep
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CompilingIntoAssembly

CCodeCCode
int sum(int x, int y)
{
int t = x+y;
return t;

}

GeneratedAssembly
_sum:

pushl %ebp
movl %esp,%ebp
movl 12(%ebp),%eax
addl 8(%ebp),%eax
movl %ebp,%esp
popl %ebp
ret

Obtainwithcommand

gcc -O -S code.c

Producesfilecode.s
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AssemblyCharacteristics
Minimal DataTypesMinimal DataTypes

� “Integer”dataof 1, 2, or 4bytes
�Datavalues
�Addresses(untypedpointers)

� Floatingpoint dataof 4, 8, or 10bytes
� Noaggregatetypessuchasarraysor structures

�Just contiguouslyallocatedbytes inmemory

PrimitiveOperationsPrimitiveOperations
� Performarithmetic functiononregister or memorydata
� Transfer databetweenmemoryandregister

�Loaddatafrommemory intoregister
�Storeregister data intomemory

� Transfer control
�Unconditional jumpsto/fromprocedures
�Conditional branches
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Codeforsum
0x401040 <sum>:

0x55
0x89
0xe5
0x8b
0x45
0x0c
0x03
0x45
0x08
0x89
0xec
0x5d
0xc3

Object Code
AssemblerAssembler

� Translates.s into.o
� Binaryencodingof eachinstruction
� Nearly-complete imageof executablecode
� Missinglinkagesbetweencodeindifferent

files

LinkerLinker
� Resolvesreferencesbetweenfiles
� Combineswithstaticrun-timelibraries

�E.g., codeformalloc,printf

� Somelibrariesaredynamically linked
�Linkingoccurswhenprogrambegins

execution

• Total of 13bytes

• Eachinstruction
1, 2, or 3bytes

• Startsat address
0x401040
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Machine InstructionExample
CCodeCCode

� Addtwosignedintegers

AssemblyAssembly
� Add24-byte integers

�“Long”wordsinGCCparlance
�Sameinstructionwhether signedor

unsigned

� Operands:

x: Register %eax

y: Memory M[%ebp+8]

t: Register %eax

» Returnfunctionvalue in%eax

Object CodeObject Code
� 3-byte instruction
� Storedat address0x401046

int t = x+y;

addl 8(%ebp),%eax

0x401046: 03 45 08

Similar to
expression x 
+= y
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Disassembled
00401040 <_sum>:

0: 55 push   %ebp
1: 89 e5 mov    %esp,%ebp
3: 8b 45 0c mov    0xc(%ebp),%eax
6: 03 45 08 add    0x8(%ebp),%eax
9: 89 ec mov    %ebp,%esp
b: 5d pop    %ebp
c: c3 ret
d: 8d 76 00 lea    0x0(%esi),%esi

DisassemblingObject Code

DisassemblerDisassembler
objdump -d p

� Useful tool for examiningobject code
� Analyzesbit patternof seriesof instructions
� Producesapproximaterenditionof assemblycode
� Canberunoneithera.out (completeexecutable) or.o file
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MovingData

MovingDataMovingData
movl Source,Dest:
� Move4-byte (“long”) word
� Lotsof theseintypical code

OperandTypesOperandTypes
� Immediate: Constant integer data

�LikeCconstant, but prefixedwith‘$’
�E.g.,$0x400,$-533
�Encodedwith1, 2, or 4bytes

� Register: Oneof 8 integer registers
�But%esp and%ebp reservedfor special use
�Othershavespecial usesfor particular instructions

� Memory: 4consecutivebytesof memory
�Various“addressmodes”

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp
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movl OperandCombinations

� Cannot domemory-memory transferswithsingle instruction

movl

Imm

Reg

Mem

Reg

Mem

Reg

Mem

Reg

Source Destination

movl $0x4,%eax

movl $-147,(%eax)

movl %eax,%edx

movl %eax,(%edx)

movl (%eax),%edx

CAnalog

temp = 0x4;

*p = -147;

temp2 = temp1;

*p = temp;

temp = *p;
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SimpleAddressingModes

NormalNormal (R)(R) Mem[Reg[R]]Mem[Reg[R]]
� Register Rspecifiesmemoryaddress

movl (%ecx),%eax

DisplacementDisplacement D(R)D(R) Mem[Reg[R]+D]Mem[Reg[R]+D]
� Register Rspecifiesstart of memoryregion
� Constant displacement Dspecifiesoffset

movl 8(%ebp),%edx
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UsingSimpleAddressingModes

void swap(int *xp, int *yp) 
{
int t0 = *xp;
int t1 = *yp;
*xp = t1;
*yp = t0;

}

swap:
pushl %ebp
movl %esp,%ebp
pushl %ebx

movl 12(%ebp),%ecx
movl 8(%ebp),%edx
movl (%ecx),%eax
movl (%edx),%ebx
movl %eax,(%edx)
movl %ebx,(%ecx)

movl -4(%ebp),%ebx
movl %ebp,%esp
popl %ebp
ret

Body

Set
Up

Finish
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UnderstandingSwap

void swap(int *xp, int *yp) 
{
int t0 = *xp;
int t1 = *yp;
*xp = t1;
*yp = t0;

}

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx 

Stack

Register Variable

%ecx yp

%edx xp

%eax t1

%ebx t0

yp

xp

Rtnadr

Old%ebp %ebp0

4

8

12

Offset

•
•
•

Old%ebx-4
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UnderstandingSwap

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx 

0x120

0x124

Rtnadr

%ebp 0

4

8

12

Offset

-4

123

456

Address

0x124

0x120

0x11c

0x118

0x114

0x110

0x10c

0x108

0x104

0x100

yp

xp

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp 0x104
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UnderstandingSwap

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx 

0x120

0x124

Rtnadr

%ebp 0

4

8

12

Offset

-4

123

456

Address

0x124

0x120

0x11c

0x118

0x114

0x110

0x10c

0x108

0x104

0x100

yp

xp

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp

0x120

0x104
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UnderstandingSwap

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx 

0x120

0x124

Rtnadr

%ebp 0

4

8

12

Offset

-4

123

456

Address

0x124

0x120

0x11c

0x118

0x114

0x110

0x10c

0x108

0x104

0x100

yp

xp

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp

0x124

0x120

0x104

– 24 – 15-213, F’02

UnderstandingSwap

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx 

0x120

0x124

Rtnadr

%ebp 0

4

8

12

Offset

-4

123

456

Address

0x124

0x120

0x11c

0x118

0x114

0x110

0x10c

0x108

0x104

0x100

yp

xp

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp

456

0x124

0x120

0x104
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UnderstandingSwap

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx 

0x120

0x124

Rtnadr

%ebp 0

4

8

12

Offset

-4

123

456

Address

0x124

0x120

0x11c

0x118

0x114

0x110

0x10c

0x108

0x104

0x100

yp

xp

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp

456

0x124

0x120

123

0x104
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UnderstandingSwap

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx 

0x120

0x124

Rtnadr

%ebp 0

4

8

12

Offset

-4

456

456

Address

0x124

0x120

0x11c

0x118

0x114

0x110

0x10c

0x108

0x104

0x100

yp

xp

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp

456

0x124

0x120

123

0x104
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UnderstandingSwap

movl 12(%ebp),%ecx # ecx = yp

movl 8(%ebp),%edx # edx = xp

movl (%ecx),%eax # eax = *yp (t1)

movl (%edx),%ebx # ebx = *xp (t0)

movl %eax,(%edx) # *xp = eax

movl %ebx,(%ecx) # *yp = ebx

0x120

0x124

Rtnadr

%ebp 0

4

8

12

Offset

-4

456

123

Address

0x124

0x120

0x11c

0x118

0x114

0x110

0x10c

0x108

0x104

0x100

yp

xp

%eax

%edx

%ecx

%ebx

%esi

%edi

%esp

%ebp

456

0x124

0x120

123

0x104
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IndexedAddressingModes
Most General FormMost General Form

D(Rb,Ri,S)D(Rb,Ri,S) Mem[Reg[Rb]+S*Reg[Ri]+D]Mem[Reg[Rb]+S*Reg[Ri]+D]
� D: Constant “displacement” 1, 2, or 4bytes
� Rb: Baseregister: Anyof 8 integer registers
� Ri: Indexregister: Any, except for%esp

�Unlikelyyou’duse%ebp, either

� S: Scale: 1, 2, 4, or 8

Special CasesSpecial Cases

(Rb,Ri)(Rb,Ri) Mem[Reg[Rb]+Reg[Ri]]Mem[Reg[Rb]+Reg[Ri]]

D(Rb,Ri)D(Rb,Ri) Mem[Reg[Rb]+Reg[Ri]+D]Mem[Reg[Rb]+Reg[Ri]+D]

(Rb,Ri,S)(Rb,Ri,S) Mem[Reg[Rb]+S*Reg[Ri]]Mem[Reg[Rb]+S*Reg[Ri]]
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AddressComputationExamples

%edx

%ecx

0xf000

0x100

2*0xf000 + 0x802*0xf000 + 0x80

0xf000 + 4*0x1000xf000 + 4*0x100

0xf000 + 0x1000xf000 + 0x100

0xf000 + 0x80xf000 + 0x8

ComputationComputation

0x1e0800x1e0800x80(,%edx,2)0x80(,%edx,2)

0xf4000xf400(%edx,%ecx,4)(%edx,%ecx,4)

0xf1000xf100(%edx,%ecx)(%edx,%ecx)

0xf0080xf0080x8(%edx)0x8(%edx)

AddressAddressExpressionExpression
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AddressComputationInstruction

lealleal SrcSrc,,DestDest
� Src isaddressmodeexpression
� Set Dest toaddressdenotedbyexpression

UsesUses
� Computingaddresswithout doingmemoryreference

�E.g., translationofp = &x[i];

� Computingarithmeticexpressionsof theformx+k*y
�k=1, 2, 4, or 8.
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SomeArithmeticOperations

Format Computation

TwoOperandInstructionsTwoOperandInstructions
addl Src,Dest Dest = Dest + Src

subl Src,Dest Dest = Dest - Src

imull Src,Dest Dest = Dest * Src

sall Src,Dest Dest = Dest << Src Alsocalledshll

sarl Src,Dest Dest = Dest >> Src Arithmetic

shrl Src,Dest Dest = Dest >> Src Logical

xorl Src,Dest Dest = Dest ^ Src

andl Src,Dest Dest = Dest & Src

orl Src,Dest Dest = Dest | Src

– 32 – 15-213, F’02

SomeArithmeticOperations

Format Computation

OneOperandInstructionsOneOperandInstructions
incl Dest Dest = Dest + 1

decl Dest Dest = Dest - 1

negl Dest Dest = - Dest

notl Dest Dest = ~ Dest



– 33 – 15-213, F’02

Usingleal for ArithmeticExpressions

int arith
(int x, int y, int z)

{
int t1 = x+y;
int t2 = z+t1;
int t3 = x+4;
int t4 = y * 48; 
int t5 = t3 + t4;
int rval = t2 * t5;
return rval;

}

arith:
pushl %ebp
movl %esp,%ebp

movl 8(%ebp),%eax
movl 12(%ebp),%edx
leal (%edx,%eax),%ecx
leal (%edx,%edx,2),%edx
sall $4,%edx
addl 16(%ebp),%ecx
leal 4(%edx,%eax),%eax
imull %ecx,%eax

movl %ebp,%esp
popl %ebp
ret

Body

Set
Up

Finish
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Understandingarith
int arith
(int x, int y, int z)

{
int t1 = x+y;
int t2 = z+t1;
int t3 = x+4;
int t4 = y * 48; 
int t5 = t3 + t4;
int rval = t2 * t5;
return rval;

}

movl 8(%ebp),%eax # eax = x
movl 12(%ebp),%edx # edx = y
leal (%edx,%eax),%ecx # ecx = x+y  (t1)
leal (%edx,%edx,2),%edx # edx = 3*y
sall $4,%edx # edx = 48*y (t4)
addl 16(%ebp),%ecx # ecx = z+t1 (t2)
leal 4(%edx,%eax),%eax # eax = 4+t4+x (t5)
imull %ecx,%eax # eax = t5*t2 (rval)

y

x

Rtnadr

Old%ebp %ebp0

4

8

12

Offset
Stack

•
•
•

z16
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Understandingarith

int arith
(int x, int y, int z)

{
int t1 = x+y;
int t2 = z+t1;
int t3 = x+4;
int t4 = y * 48; 
int t5 = t3 + t4;
int rval = t2 * t5;
return rval;

}

# eax = x
movl 8(%ebp),%eax

# edx = y
movl 12(%ebp),%edx

# ecx = x+y  (t1)
leal (%edx,%eax),%ecx

# edx = 3*y
leal (%edx,%edx,2),%edx

# edx = 48*y (t4)
sall $4,%edx

# ecx = z+t1 (t2)
addl 16(%ebp),%ecx

# eax = 4+t4+x (t5)
leal 4(%edx,%eax),%eax

# eax = t5*t2 (rval)
imull %ecx,%eax
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CISCProperties

Instructioncanreferencedifferent operandtypesInstructioncanreferencedifferent operandtypes
� Immediate, register, memory

Arithmeticoperationscanread/writememoryArithmeticoperationscanread/writememory

MemoryreferencecaninvolvecomplexcomputationMemoryreferencecaninvolvecomplexcomputation
� Rb+S*Ri +D
� Useful for arithmeticexpressions, too

InstructionscanhavevaryinglengthsInstructionscanhavevaryinglengths
� IA32 instructionscanrangefrom1to15bytes
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Summary: Abstract Machines

1) loops
2) conditionals
3)switch
4) Proc. call
5) Proc. return

MachineModels Data Control

1)char
2)int,float
3)double
4)struct, array
5) pointer

mem proc

C

Assembly
1) byte
2) 2-byteword
3) 4-byte longword
4) contiguousbyteallocation
5) addressof initial byte

3) branch/jump
4)call
5)retmem regs alu

processorStack Cond.
Codes
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PentiumPro(P6)
HistoryHistory

� AnnouncedinFeb. ‘95
� Basisfor PentiumII, PentiumIII, andCeleronprocessors
� Pentium4similar idea, but different details

FeaturesFeatures
� Dynamically translates instructionstomoreregular format

�Verywide, but simple instructions

� Executesoperations inparallel
�Upto5at once

� Verydeeppipeline
�12–18cycle latency

PentiumProBlockDiagram

Microprocessor Report
2/16/95
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PentiumProOperation

Translates instructionsdynamically into“Uops”Translates instructionsdynamically into“Uops”
� 118bitswide
� Holdsoperation, twosources, anddestination

ExecutesUopswith“Out of Order” engineExecutesUopswith“Out of Order” engine
� Uopexecutedwhen

�Operandsavailable
�Functional unit available

� Executioncontrolledby“ReservationStations”
�Keepstrackof datadependenciesbetweenuops
�Allocatesresources

ConsequencesConsequences
� Indirect relationshipbetweenIA32code&what actuallygetsexecuted
� Trickytopredict / optimizeperformanceat assembly level


