Computer Architecture and
System Programming

Summary of the course irautumn 2009 by Thomas Grosand Stefan Freudenberger

Stefan Heule
201001-24

Licence: Creative Commons Attributi@®hare Alike 3.0 Unportetittp://creativecommons.ora/licenses/bga/3.0/)


http://creativecommons.org/licenses/by-sa/3.0/

Table of Contents

N B oo (=] o] (=TT =T o1 ¢= L1 [o] P PO PP PPRPPRPTON 5
1.1 BILS @O DYTES ... eeei ittt e e e e e e e e et b e e e e ab b e e e e e anrrreeeeaa 5
111 BT, 1ttt etttk e ettt ettt ee e e e e e e — b e —e et eeeaeeeeeeaaaaan bt bratereaaaaaeaeas 5
1.1.2 123V (0] (o 1= T o PSSRt 5
1.1.3 S 11T 1 O PRSP 5
1.1.4 Machinelevel code repreSENtation..........cccuuiiiiiiieei e e e e e e s e nrenes 5
1.15 C¢ bit-wise and 10giCal OPEratiONS...........uueiiieieeeiiiiieeiiiiieere e e e e e e s s s e e e ee e e s e e snnrrnrereneesd 6
1.2 a1 (=T f o= £ TP PP P PP PPTPP 6
121 = gTetoTe 1o o [N 0] (=T (=] £ PP PP P PPPPPPPPOPPPPPN 6.
1.2.2 N ULt f ol e T g o =T PO PP P P POPPPPPPOTPPPPN 6
1.2.3 Casting / UNSIgNEd VS. SIGNE. .....co ittt e e e s saeneeeas 7
124 X o 11 o] T OO PRRPR PR 7
1.25 T 7] o= 4o ) o P SSEERRR SO 8
1.2.6 Properties of integer arithmetiC.............uuuueiiiiii e e e e e e e eeananns 8
1.3 FI0Ating POINT MUMDEIS.......iiiiiiii e e e e e et e e e e abb e e e e eneeee 8.
1.4 Y =T O PPPPPPPPPRPRPTNE 8
14.1 2 F ol o] g1 aTod] o =T PO P PP PPPPUPPPPROY 8
1.4.2 NS (=T = T4 = YA T OO PP P PP PP PPPPRPTN. 9
1.4.3 MUI-IEVEI BITAYS .....eeeeeeeeiee e s s e e e e e e e e e aaeaeeeeeeeeeaeeesereeenrnnen 9
1.4.4 DYNaMIC NESIEA @ITAYS......ccceiiiiieeee et e e e s e s e e e e e e e e e e et e et e e e e aet e bt e s e e aaeaaaaaaaaeaees 9
15 SHTUCTUIES AN UNIONS.....eeiiiiiiiiiie ettt e e e s e e e e s e e e e e s e e e s e ann e e e e e annree s 9
151 (070 aTo=T o1 f ] K=Y £ {1111 = S 9
15.2 L T 1 PR 9

2 MachineleVel ProgrammMing..... ... . e it e et e e st bt e e s et e e e e s e snb e e e e e anbreeeeennnees 10
21 2 T T o PSSO PPSPPRRR 10
211 1aasSyYof @ LINPINLY.Y.SNRE...AASH s 10
212 ASSEIMDIET ...t e s 10
2.2 INSEIUCTIONS. ..ttt ettt e e ettt e e e et e e e st e et e e e e ek b e e e e s aanne e e e s anneeeeeeennnneeeenaa 10
221 1Y 0371 I 1 - VS 10
222 Address computation INSTIUCTIAN. .........oiiuiiiiiiiiiieee e 11
2.2.3 Some arithmMetiC OPEIALIONS ......ocuueiii ettt e e s rbbeeeee e 11
224 100 oo 11 1o T oo o =3RS 11
2.3 N ] = Lo PSSP 11
2.3.1 U] 0/ 0T o 11
232 Procedure CONTIOl fFIOW. .........coiiiiiiiie it e s e e e 12
233 IAB2/LINUX STACK fTAMIE.....eiiiiiiiiiiie e e 12
234 RegiSter SAVING CONVENTIONS. .. ....ciiiiiiiiie ettt et e e s abree e e e e snnees 12

3 SEQUENTIAI PrOCESSOIS. ... eeeieie ittt ettt ettt s et e e st e e e s bbbt e e e e s an bt e e e et b e e e e e nnbb e e e e e ennneas 13
3.1 INSEIUCHION SBE ArCNIECIUNE. ....ii i it e e e e e e e e e e e s e s aae e neeeeeeaeens 13
3.1.1 ASSEMDIY [ANGUAGE VIEM......eeiiiiiiiiiiie ettt ettt e e s nanaeee s 13
3.1.2 Layer Of @DSIACHION. ...t e e a e e e e e e e 13
3.1.3 INStrUCtion Set @arChitECIUIE, ISA ... .. i ee e 13
3.2 N3Ol o] o TodST i o (ST T TP PUPPPPPPP 13
3.2.1 PrOCES SO SEALE. ... eiiieie ettt e e et et e e e e e 13
3.2.2 INSEUCHION ENCOTING. ...cci ittt ettt e e e et e e e e s an e e e e e nbe e e e e e neee 13
323 LY=T0 S (= = ST TUPPTTP 13
3.24 T T3 (8 o3 T 1 P 14
3.3 Sequemial IMPIEMENTALION. .........oiiii ettt e e e e e e e e e e e e e e s e e annebeeeees 14
3.3.1 Y= (6 [ L SO PP PPPPPPTTTRRR 14
3.3.2 [0 11 =40 1S TP PUPPPPPPT 14
3.4 Pipelned IMpPIEMENTALION.. ... ..o ettt e e e e e ann e e e e e e e e e e e e anns 14

2



3.4.1 [Rd 0] ] [=Y 0 0 - 14

3.4.2 Adapting SEQ hardware t0 PLRE...........ccoieiiiiiiiiciiiieiee e ivenee e e e e e e e s e s snnnranneeeeee e 14
3.4.3 (37 4= 10 1ol g o] o L ST PP PUPPPPPPPPPPPN 14
3.4.4 (D=1 =N (0] V2= o 1 oo PP PU PP OPPPRP 15
3.4.5 Tg IS8T (o] g £=To] (o =T ] o IR PO PP PO PPTPPPPPRPPPPPPT 15
(o To [ @] o] 1] 0 V421 1Te] o HERT O PP PU PP P P PPRTPPPRPN 16
4.1 (@)1 4 Tv41 g To T oTo] 1 0] 011 L=1 ¢3RS 16
411 Limitations Of COMPIIETS.........uiiiiiiiiic e s e reraeaee s 16
4.2 Machine independent OPtIMIZAtIONS. .......iuieeeii it e e e e e e e e e e e s e e e e eeaeeeeeas 16
42.1 1000 [N 19 o) o] o FE PP 16
42.2 RedUCHioN iN SIrENGLN........oiiiiii e e 16
4.2.3 MEKE USE OF FEQISTEIS. ....eeeiieiiiiiiie ettt e e e e e et e e e 16
42.4 Share COMMON SUBXPIESSIONS ... .uuiiiieiiitiete ettt ettt et e s e e e s e b e e e s anbr e e e s e nnreas 16
4.3 (@)1 V4=V i{o] a1l o] [oTod 1C=] £ PEREURR 16
4.4 Machine dependent OptIMIZALIONS...........ooviiiiiiiiiie e e e e e e 17
44.1 L0111 (=] g ot Lo [T T TP PP PPPRUPPPN 17
4.4.2 (o To] o U1 ] (o] 111 Vo 5SS 17
4.4.3 Parallelism / parallel UNrolliNg.........coooiiiiioiiiie e 17
4.4.4 2 7= 1 o o PP 17
THE MEMOTY NIEIAICRY ... ittt e et e e e e aneeas 18
51 ] o]z Lo [ (=Tod o] o] (oo =T PO PPPRPP P 18
5.1.1 Random access MemMOry (RAM).......uuuuiuuuiiiiiieee e e e e e e e e et e e e et e s s e s e s e e e e aeaaeaaaanesnes 18
5.1.2 NONVOIALHE MEMIOIY.... o e e e e e et e et rar s e e e e e eaaaaaaeaaeeees 18
5.13 1S PRSPPI 18
514 (oo 111/ PO P P PPPPPPPPN 19
5.2 MEMOTY NIEIAICRY.......eeiiiiiie ettt e e ettt e e st e e s enneee s 20
5.2.1 L0 T o - PP RPPPPPRRR 20
5.3 LINUX MEMIOIY TAYOUL ...ttt ettt ettt e ettt e e s abb et e e s sasbn e e e e snnneeeeeas 20
(02 Tl T3 1 41T 0 g {0 1= TP PP PP PPPPPPPTP 21
6.1 Generic organization Of CACNES..........oooi i e 21
6.1.1 Summary Of CAChe PAraMELELS.........ccce e e e e e e e e e e e e e e e e 21
6.2 TYPES OF CACNES ...ttt ettt e e s st e e s sab b e e e e s aaneeee s 22
6.2.1 DireCt MAPPEA CACNE........eiiii ittt e e e 22
6.2.2 St ASSOCIALIVE CACKIE ... .eiiiiiiii e e e e e e e e e e e 22
6.2.3 MUILI-IEVEI CACNES. ... e e e e e e e e s s eeeeeaeeeeeseannnes 22
6.3 (O Vol o 1= Y71 (= o To o3 = 22
6.31 BYPASS CACNE.....co ettt e e e e e ——————— 22
6.3.2 WVHIEE-DACK. ...ttt et e e e e e e e e e st e et e e e e e e e e e s nnnne 22
6.3.3 WHEE-thIrOUQN CACNE......eeeei e 23
6.4 Cache PerformManCe MELMCS......coiuuuiiie ettt e et e e s s bbb e e e s aaneeeeas 23
T 0124 o S S 24
7.1 2 7 T oSO PRERRRR 24
7.1.1 Translatingcode iNt0 eXeCULADIES ... 24
7.1.2 What dOes @ lINKEF GO2.... ... e e aeeeaaaeeeas 24
7.1.3 WhyY dO WE NEEA TINKEISZ ...t e e e e e e e e e e e e as 24
7.2 Executable and linkable format ELFE...............uuiiiiiiiii e 24
7.2.1 L1 L= (0 0 - RS 24
7.3 Relocating symbols and resolving external referenCes........cooccvvveeeiiieiiecciieeee e 25
7.3.1 [ 1= 1 01 o T PSSR 25
7.3.2 [AY1SNRE AL2.X.0.2.0. . NHZ.SA e 25
7.4 Static lIDraries (ArCHIVES).... ... it e e e e e e e e e e s annnes 25

741 [AY{SNDR& FfI2NRAGKY TF2NL.NBA2L.GAY 3. SEGSNY.I25



7.4.2 [T ET= o V7= T g1 -V = SRR 25

7.5 ] g F=Tg=To T o] =T 1= TR PP TR 25
8  EXCEePiONAl CONTIOI FIOWM. .....eeieiiiiiiie ettt e e e et e e st e e s annneeeees 26
8.1 o CoT=T o] (1] L ST PP T PP PTPPTRPO 26
8.1.1 Asynchronous exceptions (INTEITUPEIS)......ccciiuriiiieiiiiieee ettt e et e e nibre e e e 26
8.1.2 SYNCNIONOUS EXCEPLIOIIS. ...ceeiiiiiieee ittt e e e ettt ettt e e e st e e e ek b e e e et e e e e e e nbre e e s ennees 26
8.2 Processes and conteXt SWItChING..........cooiii i e e e e e 27
8.2.1 (70 a1 (=)A= 111 (o] ] o PSSR 27
8.22 (O T To I o]0 1ot TS =PRSS 27
8.2.3 o] 1] o 1= PP 27
8.3 [0 T | TP PP PP PP OTPPPPN 28
8.3.1 LO70] g [o1=T o PP PP P PPPPT PP 28
8.3.2 SeNAINGANG FECEIVING ... ueeeieiiiiiiie ettt e e e s e e e et e e e e e anbbe e e e e annees 28
8.3.3 S fo T F= VT 00T o] (=T33 1T 41 ¢= 11T o PSRRI 28
8.34 ST [ =L = 1 To | 1= 29
8.4 PrOCESS GIOUPS. .. iitiittii e ettt ettt e ettt s e e et e et r e e e e e et e s e e e e ee b e e e e e e ea b s e e e e eebaa e e e e e e eebba e e e eeaeaen 29
8.5 [N T o] (o Te> I TU T 0 ] o 29
9 Measuring Program PErfOIMANCE .........ciii ittt ee ettt e e art bt e e st be e e e e e abbe e e e e s aabeeeeessbrreeeeeaasbneeeesan 30
9.1 (O30 F=1] [T o o = O PP P PP TPP PR 30
9.2 [a1C=TaV = U210 (] o o PO TP PP PP OTPPPPPN 30
9.3 Program Profiling.........eeeee e 30
9.4 (@Y (ox (= oo 10 [ o (T SRR 30
O T A (U= Y11 3T 31
I 20t R I ] 117 { o o PSPPI 31
O = T T Lo < PO PSPPI 31
10.3  AdAreSS trANSIALION......ciiiieee ettt r e e e e e e e e s e s s b reeeeeaaaeeeeaaasbnberereaeeaaeeeaanas 31
10.4 Caches and VirtUal MEMIQIY........ooiiiiiiiieeiiieee ettt e e bt e e e s b re e e e e e annbeeeeeanneee 31
10.5 Translation 100Kaside BUFfEr TLB..........uuiiiiiiiii e a e e e eeeeeeee s 32
10.6  Multi-level PAge taDIES...........oooieeeeee et a e e e e e e e e e e e 32
11 Dynamic Memory allOCALION.............cvviiiiieiiiic s e e e e e e e e e et a e s e e e e e aeaeaaeaeeeeeeeanranane 33
0 O 4 o] o 1 = Lo o= L1 o] o P UPUUN 33
1111 MOtIVALION AN QOAIS. ... .eeiiieiiiiiie ettt s e e 33
11.1.2 Peak memory ULIZAtION..........cooiiiiiiiieie ettt 33
0 R B o = Vo 01T o1 = Vo o PP PRTP T 33
11.2  Implementation of eXPliCit AllOCALOLS...........ciiiiiiiiii e 34
L1201 ISSUEBS. ...ttt e et e e e e e e e et e e e e e e a e e e s 34
0 [ 0T o] o ] £ 34
0 T e q o] o3 1) 34
11.2.4  Segregated frEE liSh.......uuuuiiiiiiiiei e e e e e e e e e e —————— 35
11.3  ImPliCit MEMOIY MANAGEIMENE. ... uiiiieiiiiiite ettt ettt e et e e st e e s s s b e e e e aeees 35
11.3.1  MEMOIY AS @ GFAPKL ettt e et e et e e e e bbb e e e e e e e annes 35
11.3.2  Mark and SWEeP COIBCHING.....c.ciiuiiiieiiiiii et e e e e ee e 36



1 Data representation

1.1 Bits and bytes

1.1.1 Basics
- All modern computer systems ubase twoto represent numbers, text, or any other kind of i
formation. The binary systems has some advantages:
o0 Easy to store with kstable elements.
0 Reliably transmittable on noisy and inaccurate wires.
- The smallest piece of information is ti, but generallyjnformation is encoded iytes or
groups of bytes. One byte contains 8 bits.
- The whole memory organization is bydeiented. Programs can refer to what is known as virtual
addresses. Conceptually, they are a very large array of bytes, but the implementsone-
what complicated (see later chapters).
- Every machine haswaord size the nominal size of integeralued data, including addresse®-T
day standard personal computers use either 32 or 64 bits, whereby the former limits addresses
to 4 GiB.
- Even tlough the word size of a machine is fixed, multiple data formats are supported. Usually
this includes both fractions and multiples of the word size, and is always an integral number of
bytes.

1.1.2 Byte ordering
Multiple bytes within multibyte words can be orded in different fashions. The two most populart

day are 0x100 0x101 0x102 0x103
Y | o1 | 23| 45 | 67 |

- Big endian: Least significant byte has lowest address. 100 oxs0r oxios oxios
- Little endian: Least significant byte has highest address. [ 67 [ a5 | 23 | o1 |

On the righthand side, one can see the representation of the vélx#234567 at address0x100 .

1.1.3 StringsinC

Strings in C are represented as character array, each character encoded in ASCII format. All strings are
zeroterminated, which means that the final character i0240 , as opposed t@x30 for the character

a n Beécduse the data is organized in single byte gquantities, byte ordering is not an issue. Therefore,
text-files are generally platform independent, except for different conventions of line terminatior cha
acter(s).

1.1.4 Machine-level code representation
- Programsare encoded as sequence of instructions, each represerdirgmple operation
(arithmetic operation, read/write memory, conditional branch).
- Instructions are encoded as bytes or sequences thereof
0 Reduced instruction set computer (RISC), like Alpha, swerPC
o Complex instruction set computer (CISC), most modern personal computers



- There are different instruction types and encodings for different machines, mostly not binary
compatible.

1.1.5 CzBit-wise and logical operations
- Variousbit-level operationsare at Af I 6t S Ay /X FyR OFy 0S5 | LILJX AS
(like long, int, short or char). The arguments are viewed as bit vectors, and the operatipn is a

plied bitwise.
0o & bit-wise AND
o | bit-wise OR
o " bit-wise XOR
o -~ bit-wiseNOT

- There are also threéogical operations which can be applied to any numeric data type. O is
viewed adalse , anything else is take &sie . The return value of such an operation however
is alway9 or 1, and lazyevaluation applies.
0o && logicalAND
o || logicalOR
o ! logicalNOT
- And last, there are twahift operations both left and right. The left shifk <<y , shiftsx byy
positions to the left, filling the free bits with zeros. For the right shift on the other hand, there
are two possible variants: the logical shift (filiagh G K n Q&0 | yR (GKS I NARGKYS]
sign bit).

1.2 Intergers

1.2.1 Encoding integers
- Unsigned

w X
- ¢pg20a O2YLX SYSyi

w I w3

1.2.2 Numeric ranges
- Unsigned values
o Y0 "Q& mwith representation000..0
YO Gdw ¢ pwith representation111..1
- ¢82Qa O2YLX SYSyid Ot dSa
o "YO Q¢ ¢ ,binary100..0
0 YOOw( p, binary011..1
- Note that signed values have an asymmetric range, becgf$e@¢ "YU @ wp.



1.2.3
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One can define two mappingic™Y & andé¢ Y that convert a biary sequencevto its inte-
ger representation (either signed or unsignel@dr nonnegative valued¢’Yw  6¢ Yk
Obviously these mappings are bijective, and thus one can define their in\&et and
O € .
Casting / unsigned vs. signed
C allows enversation (both implicit and explicit) from signed to unsigned and vice versaeThe r
sult has the same bit representation, just the interpretation chandé® conversation can be
written as:

YE BCTYYXO &
In C, by default constants are considetedbe signed integers. If one needs an unsignead- co
aGlyiGz GKSNB ARM4GRSUG! ¢ adzZFFAE & Ay
If expressions are mixed (both signed and unsigned), signed values are implicitly casted to u
signed. This also holds for comparison operators, and thogessurprising results might occur:
0> -1,butOU< -1.
Unsigned numbers should not just be used because a variable isagative. On some @
chines, C compiler might generate less efficient code, and it is easy to make some rgasty mi
takes. On the othehand, when performing modular arithmetic unsigned integers are the right
choice. The same holds if the extra bit worth of range is really needed.

Addition
C2NJ Fye (6204 O2YLX8¥SB3£0 xyThiSalSwelfrden the Dbsesv2 f R& Y
tionthatx + ~x= -1=111..1
Unsigned additioris a function that implements modular arithmetic
i Yo6Q 6l 0 0VAa£Q
Unsigned addition forms afibelian group with the following properties:

o closed: m Yo 6 ¢ p
commutative: Y60 o Y6 Q 0
0 associative: Yo ANY6Q o YoOQ YoQ av
o additive identity: YoQ ohmt 0
o additive inverse: YO Q 6hYS éfp 0O nwith™ Y6 émr 6 ¢ 6

¢tg2Qa 02 YL} SNaSideticdl &l behaigr as unsigned addition. The numbers
FNB FRRSRXZI RNRLILAY3I GKS KAIKSEAG 2NRSNI @Ff NNE
teger.
h 6 0 "YOEQ T ACAIDEBAAAE T x
"Yo'@ oh 6 oh YOEQ 6 0 YO ®
¢ h 6 0 "YOo DI OEIGCELORAE 1 x

0 A
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1.2.6

tg20Qa O2YLX SYSyld FTRRAGAZ2Y A& A&a2Y2NLIKAO
Yo 6 EYVYOQ "XYO RYTYU
And forms also a group, with the following properties
o0 closed, commutativeassociative, 0 is additive identy
0 every element has an additive inverse
NEER 6 wun 0N O YDEQ
YOEQh O "YUEQ
Multiplication
Unsigned multiplicationbehaves modular just like addition:
YO 6o o) OWAé Q
In ¢ 2cOndplement multiplication the product could require up tQU -bits, but the in the e-
sult the high orden bits are discarded. And as with addition, signed and unsigned mutiplic
tion have the same bitevel behavior.

Multiplication with a power of 2 cahe done with shiftsu <<k giveso
The same can be done for division of unsigned numhers: k gives —

Division for signed numbers is slightly more complicated, because the same code s for u
signed numbers would give wrong results figative number. Instead of rounding towards z

ro, rounding occurs towards H. For negativeowe would want — , but compute it

as

,orin C{x+(1<<k) -1)>>k

Properties of integer arithmetic

Unsigned multiplication with addition forms a comtative ring with the following properties:
0 addition is commutative group

closed under multiplication

multiplication is commutative

multiplication is associative

1 is the multiplicative identity

Multiplication distributes over addtion

¢tg20Qa O2Y thihéiviSsomorphidtd the unsigned arithmetic.

While integer arithmetic obeys ordering properties,06 2 4 K dzyaA 3y SR | yR

arithmetic do not!

O O O O O

1.3 Floating point numbers

Floating point numbers are stored in the IEEE standard 754.

1.4 Arrays

14.1

Basic prin ciple

T A[L] : Array of data typel and lengthL (contiguously allocated region afsizeof(T)
bytes)

C does not check bounds, so out of range behavior is implementdépandant.

02

dzy a



1.4.2 Nested arrays

- Rowmajor ordering of all elements is guaranteed

- T A[R]J[C ]: Array of data typeTl, R rows andC columns (contiguously allocated region of
R*C*sizeof(T) bytes)

- Address oA[i][j] IS A+(i*C+j)*sizeof(T)

- Advantages: C compiler handles doubly subscripted arrays, and the generated code isivery eff
cient

- DisadvantageOnly works if you have a fixed array size

1.4.3 Multi -level arrays
- Array of arraystype* arr[] = {arrl, arr2, arr3};
- Accessing an element requires two memory reads, a first one to get the starting address of the
row array, and a second to access the elemenhiwithis row.

1.4.4 Dynamic nested arrays
- Advantages: Can create matrix of arbitrary size.
- Disadvantages: Index computation explicitly, and accessing single elements is costly (esultiplic
tion)

1.5 Structures and Unions

1.5.1 Concept of structres
- Contiguously allocated rémn of memory
- Refer to members within structures by names
- Members may be of different types
- Alignment
o hFFTaSl S6AGKAY a0GNHzOGIZINBE Ydzad alarafe St SySy
0o Overall structure placement: Initial address and structure length must be multigte of
bytes, where k is the largest alignment of any element.

1.5.2 Unions
- Overlay union elements and allocate according to largest element



2 Machine-level programming

CPU Memory
Addresses

Registers Object Code
Data Program Data

Condition nstructions 0S Data
211 1 OOAT Al U DOI COAI [ ADBO ]
Programmexvisible state Stack
o EIP (Program counter): Addresseit instruction
0 Register file: Heavily used program data
o Condition codes: Store status information about most recent arithmetic operation
o0 Memory: byte addressable array containing code, user data, some OS code, the stack,
etc.
- Turning C into object code
o0 C source files (pl.c) are compiled by the compiler (gcc)
o Asm files (pl.s) are then assembled by the assembler (as)
o Object files (pl.0) are linked with static libraries (.a) by the linker (Id)
0 The resulting program (p) can then be executed
- Assembly charactestics
o Only minimal data types are available: Integer data of 1,2 or 4 bytes (data, pointers) or
floating point data of 4, 8 or 10 bytes. No arrays or structures.
o Primitive operations: Arithmetic operations, operations to transfer data between
memory andregisters, transfer control operations.
- Disassembling object code
0 objdump idp
o useful tool for examining object code

2.1 Basics

2.1.2 Assembler

- Intel/Microsoft format
0 lea eax, [ecx+ecx*2]
0 subesp,8
o Constants not preceded by $, denote hex with h at the end
0 Addressingormat shows effective address computation

- GAS/Gnu format
0 lea (%ecx,%ecx,2), Y%eax
0 subl $8, %esp
0 Operand size indicated operator suffix

2.2 Instructions

2.2.1 Moving data
- movl src, dest
o move4odiS oaf2y3&0 62NR
- Operand types
o Immediate constant integer data (e.g. $800, $43)

10



2.2.2

2.2.3

224

2.3

23.1

0 Register one of eight integer registers (e.g. %eax, %esp)
o Memory: four consecutive bytes of memory, various address modes.
o Important: It is not possible to move data between two memory locations with ane i
struction. Any other combination iogsible.
Addressing modes
o D(RDb,Ri,S) <> Mem[Reg[Rb]+S*Reg[Ri]+D]
o D: constant displacement, encoded with 1, 2 or 4 bytes
0 Rb: Base register (any of the eight integer registers)
0 Ri: Index register (any, except for %esp)
0 S:Scale,only1,2,40r8

Address computation instruction
leal src,dest
0 src is address mode expression
0 Setsdest to address denoted by expressierc

o Computing addresses without doing memory references (pointer arithmetic)
o Computing simple arithmetic expressions

Some arithmetic operations
addl, subl, imull, sall, sarl, shrl, xorl, andl, orl
incl, decl, neg [, notl

Condition codes
Single bit registers
o CF: carryflag
0 ZF: zero flag
o0 SF:signflag
o OF: overflow flag
Implicitly set by arithmetic operations likelddl , not set byleal however.
Explicitly set by compare instructiampl or testl
Reading condition codes is possible va#tX instructions.

Stack “Bottom”

/o

IA32 Stack Radressos

Region of memory managed with stack discipline '

Grows toward lower addresses |

Register %esimdicates lowest stack address, i.e. the address Stack Grows
of the top element poack | |
%esp \
Push/pop Stack “Top”
pushl src
0 Fetchoperand atsrc , decrement¥%espby 4 and write operand to the address given by
%esp.

11



2.3.2

2.3.3

234

popl dest
0 Read operand at address given%gsp, incrementd%esp by 4 and write tadest .

Procedure control flow
Procedure callicall label
0 Push return address (address of the instruction beyoall ) on stack and jump to

label

Procedure returnret

o0 Pop address from stack and jump to that address.
Stackbased languagesuch a C, Java) support recursidhe state for a given procedure must
be stored somewhere (arguments, local variables, return pointer).
Stack is allocated iftames containing local variables, return information, and some temporary
space.
These framesire allocated in a s@® I f f SRLIEG AGAIRS 6 KSy Sy i SNy 3
cated at the end.
Two special pointer help stack management:

0 Stack pointeRoespindicates stack top

o Frame pointe@bebpindicates start of current frame

IA32/Linux stack frame Caller
/] dINNByYy G adrk O] FNIYS oadz2LE G2 B0 rzyu.
o Parameters for function about to call

Frame Pointer \. [Return Addr

0 Local variables (vebp) ——— Old %ebp
0 Saved register context Saved
o Old frame pointer Registers
Caller stack frame VaLr?:;LS
0 Return address (pushed by egstruction) py—
0 Arguments for this call Stack Pointer Build

(besp) ——

Register saving conventions
Callersave (%eax, %edx, %ecx)
o Caller saves temporary in its frame before cal(icjlee can freely use this registers)
Callee savé€%ebx, %esi, %edi)
o0 Callee saves temporary in its frame before ugtajler is guaranteechat contents stay
the same after a proature call as before)
Special: %ebp (base pointer), %esp (stack pointer) and %eax (return value).

12
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3 Sequential processors

3.1 Instruction set architecture

3.1.1 Assembly language view
- Processor state (registers, memory, ..)
- Instructions and how they are encoded

3.1.2 Layer of abstraction

- Above: How to program machir{processor executes instructions in a sequence)
- Below: What needs to be built (various speedup tricks, like parallel execution)

3.1.3 Instruction set architecture, ISA

- Contract between software side (compileassemblers) and processor architects

3.2 Y86 processor

3.2.1 Processor state

- Program registers: same 8 registers as with 1A32, each 32 bits

- Condition codes: OF, CF, BF

- Program counter: indicates address of next instruction
- Memory: byteaddressable storage arraitfle-endian

3.2.2 Instruction encoding

- 1to 6 bytes of information, can determine length of instruction from first byte.

4 5

Byte 0 12
o L]

halt [ 1] o]

oot 14, 18
irmovl V, B [3]0]s]m]

rmmovl A, D(B) [2]o[ralrB]

mrmovl D (rB), rA IS‘ 0|rA|rB|

oPl rA, B E

%X Dest [7]m]

Dest

call Dest [s]o] Dest |
ret n

pushl rA n
popl TA |B Uer 8|

3.2.3 Registers

I\\\

A

\

r

add1

6|1
andl
L xorl

[ mp

17}
I

o
[N

. (= H
[
o

u.
o

sne [1]4]
3ge

- Each register has abit ID (from O to 7: eax, ecx, edx, ebx, esi, edi, esp, ebp; ID 8 is used to d
y2G08 ay2 NBIAAGSNEO
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3.24

Instr uctions

Arithmetic operationsaddl, subl, andl, xorl
Move operationsrrmovl, irmovl, rmmovl, mrmovl

Jumpsimp, jle, jl, je, jne, jge, jg
Stack operationgpushl, popl
Subroutine callscall, ret
Miscellaneousnop, halt

3.3 Sequential implementation

3.31

Stages

Fetch: Read instruction from memory
Decode: Read program registers
Execute: Compute value or address
Memory: Read or write data

Write Back: Write program registers
PC: Update program counter

Limitations
Too slow to beoractical

nnn

PC

Write back

Memory

Execute

Hardware units only activier a fraction of clock cycle (much idle time)

3.4 Pipelined implementation

34.1

3.4.3

Problems

Register overhead: The deeper the pipeline, the bigger the overhead of loading registers

Data dependencies: Operations may depend on result of preceding ones

Predictions maye wrong

Adapting SEQ hardware to PIPE

Stages in SEQ occur in sequence, one at a time
Adding pipeline register: Between two stages registers are needed to hold intermediate values

All values pass through all stages, even when not explicitly needed
Feedbaclpaths: Branch information (jump taken or not, target address), etc.

Safe prediction strategy

o LYAGNHOGA2Yy A (KI G
o Call and unconditional jumps (next PC is valC)

R2y Qi

NI yaTSNI O2y i NEB ¢

0y

0o / 2yRAGA2YEFE 2dzYLIAKNBGdzNG AyadNuzOGA2yaY R2Yy(

Dynamic nops

If instructions follow too closely after one that writes registers, dynamically insert nops. This

nops are called bubbles. The instruction that cases this is called stalling instruction.

o Stalling instruction is held back in decode stage
0 Following instruction stays iietch state



0 Bubble injected into execute stage

3.4.4 Data forwarding
- wS3AAadSNaE | NBomldion afNitaiadk \stagdzybiit solirce operands read from
register file in decode stage.
- Trick: Pass values directly from geatimg instruction to decode stage (needs to be available at
end of decode stage)
- Forwarding sources: valE or valM

3.4.5 Instruction reordering
- Reordering instructions can help reduce data dependencies and therefore lead togpeed

15



4 Code Optimization

4.1 Optimizin g compilers

41.1

Provide efficient mapping of program to machine: Register allocation, code selection and reo
dering, eliminating minor inefficiencies.

52y Q0 dzadzrfte& AYLINRB@GS | a8YLW2GA0 STFFAOASYyOeo

Have difficulties overcoming €0 f £ SR & 2 LJG A Yédl poténtid ffemory aliaSingdNE £
procedure side=ffects).

Limitations of compilers
Operate under fundamental constraints
0 Must not cause any change in the program behavior under any possible condition.
o Often prevents it from making optimizations that wouldshly affect behavior under
pathological condition.
Most analysis is performed only within procedures; whole program analysis is too expensive in
most cases.
Most analysis is based only on static information; difficult to anticipatetime inputs.
When nh doubt, compilers must be conservative.

4.2 Machine independent optimizations

421

4.2.2

4.2.3

424

Code motion

Move frequently executeadode thatalways has the same result (e.g. moving code outside of
loops).

Compilers do a good job with array code and simple loop structures.

Reduction in strength
Replace costly operations with simpler ones (e.g. shift instead of multiplication, or instead of
i*n inalooptmp +=n )

Make use of registers

Reading and writing registers is much faster than reading or writing of memory.

Limitation: Compilers are not always able to determine whether variable can be held in register,
e.g. with the possibility of aliasing.

Share common sub-expressions
Reuse portions of expressions.
Compilers are often not very sophisticated in exploiting arithmetipprtes.

4.3 Optimization blockers

Procedure calls
o0 Procedures may have side effects (alter global state)
o Function may not return the same valueosatime for given arguments (depends on
other parts of the global state)

16
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o Linker may overload with different versiacompiler cannot even look at most pesc
dures)

o0 Warning: Compiler treat procedure calls as black boxes, so they are weak in optimizing
in and around them.

Aliasing: Two different memory references may specify a single location.

o Easy to happen in C, singddress arithmetic is allowed.

o Get in habit of introducing local variables (your way of telling the compiler that there is
no aliasing)

4.4 Machine dependent optimizations

44.1

4.4.2

4.4.4

Pointer code
Sometimes it is faster to use pointer code.

Loop unrolling

Combine multiplaterations into a single loop body
Amortizes loop overhead across multiple iterations
Finish extras at the end

Parallelism / parallel unrolling
Accumulate in multiple variables, and accumulate in the.end
Note: Combining operation must be associative anthmutative.
This uses the pipelining of some functional uaitsl removes data dependencies
Limitations:
o0 Need lots of registers, only 6 usable integer registers are available, and they are also
needed for pointers, loop conditions, etc.

Branch
Branches ar expensive. Misprediction on a Pentium Il costs about 14 cycles.
Best to avoid at all, e.g. by using conditional moves

17



5 The memory hierarchy

5.1 Storage technologies

5.1.1 Random access memory (RAM)
- The basic storage unit iscall (one bit), and RAM is packaged as a chip. Multiple chips form a
memory.
- Static RAM (SRAM)
0 Each cell is build by a gransistor circuit
0 Retains value as long as its powered
0 Relatively insensitive to disturbances such as electrical noise
o Very fast, vengxpensive
- Dynamic RAM (DRAM)
o0 Each cell stores bit with a capacitor and a transistor
0 Values must be refreshed every-100 ms
0 Sensitive to disturbances
o Slower, but a lot cheaper
- Conventional DRAM Organization
o dxw DRAM: dw tatl bits organized as d supefseof w bits
0 Read: Row access strobe (RAS) selects a row, and this row is copied from DRAM to a row
buffer. Then the column access strobe (CAS) selects a column, and the corresponding
supercell is copied from the buffer to the data line.

5.1.2 Nonvolatile memor y
- Volatile memory (like DRAM and SRAM) loses its information if powered off.

- Generic name for nonvolatile memory is readly name (ROM).

5.1.3 Disks tracks
- Disks consist gblatters, each with twosur- trackk  gaps
faces Each surface consists of concentric 7 \/

[ \
\ /

\T T/

sectors

rings calledtracks Eat track consists of
sectorsseparated bygaps

- Multiple tracks on different platters build a
cylinder.

- The capacity is the maximum number of bits
that can be stored.

o0 Capacity = (#bytes/sector) x (avg.#sec-
tors/track) x (#tracks/surface) x (#surfa surface0

cylinder k

es/ . surface 1 platter 0

platter) x (#platters/disk) Surtace 2

- Disk access time: Taccess = Tavg seek + Tavg rotate, face 3 platter 1
Tavg transfer surface 4

surface 5 platter 2

18



o O O O

Seek time: Time to position heads over cylinder containing target secter (e.g. 9ms)
Rotationallatency: Time waiting for first bit of target sector to pass underhead

Transfer time: Time to read the bits in the target sector

Important: First bit in a sector is the most expensive, because the access timeiis dom
nated by the seek time and the rotational latency.

- Logical disk blocks

(0]

(0]

Modern disks present a simplabstract view of the complex sector geometry. The set

of available sectors is modeled as a sequencesizéd logical blocks

The mapping between logical blocks and the actual (physical) sectors is maintained by
the hardware/firmware

Allows controller to et aside some spare cylinders for each zone.

- Reading a disk sector

o0 CPuUinitiates a disk read by writing a command, logical block number and a destination
memory address to a port (address) associated with the disk controller.
o Disk controller reads the semtand performs a direct memory access (DMA) transfer i
to main memory.
o0 When the DMA transfer completes, the disk controller notifies the CPU with an inte
rupt.
5.1.4 Locality

- Programs tend to reuse data and instructions new those they have used recently t aveite
recently referenced themselves

(0]

Temporal locality recently referenced items are likely to be referenced in the naar f
ture.

Spatial locality items with nearby addresses tend to be referenced close together in
time.

19



5.2 Memory hierarchy

Smaller, LO: CPU registers hold words retrieved
faster, egister from L1 cache.
and
costlier L1:/ on-chip L1 L1 cache holds cache lines retrieved
(per byte) cache (SRAM) from the L2 cache memory.
storage ff-chip L2 L2 cache hold he li
A . off-chi cache holds cache lines
devices L2 cache (SPRAM) retrieved from main memory.
L3: main memory Main memory holds disk
y (DRAM) blocks retrieved from local
Larger, disks.
slower,
and
cheaper L4: local secondary storage Local disks hold files
(per byte) / (local disks) retrieved from disks on
Storage remote network servers.
devices
L5: remote secondary storage
(distributed file systems, Web servers)

5.2.1 Caches
- A smalér but faster storage device that acts as a staging area for a subset of the data in a larger,
slower device.
- Data between levels is copied in blesiked transfer unitsif a program needs an object d, which
is stored in some block b, there are two po$sitases:
0 Cache hit: Program finds b in the cache at level k.
o Cache miss: b is not at level k, so the level k cache must fetch it from level k+1.
- Types of cache misses:
0 Cold (compulsory) miss: Occurs because the cache is empty
o0 Conflict miss: Most cachdimit blocks at level k+1 to a small subset of block positions at
level k. Conflict misses occur when the level k cache is large enough, but multiple data
objects all map to the same level k block
o0 Capacity miss: Occurs when the set of active cache bl@akking set) is larger than

the cache.
5.3 Linux memory layout nitaly Linked i‘;’;‘: ﬂg;:
- Stack: Runtime stack (8MB Limit) A T ﬂm e
- Heap: Dynamically allocated storage (malloc, etc) !
- DLLs: Dynamically linked libraries (e.g. printf) 7 7 . e
- Data: Statically allocated data (e.g. strings in code)
- Text: Ercutable machine instruction, reashly 1 g e 10
Data Data Data
08 Text 08 Text 08 Text 08

20



6 Cache memories
The typical bus structure looks as follows:

1 valid bit {tag bits B = 2° bytes

6.1 Generic organization of caches perline  perline per cache block
. A W et W e —
A cache is an array séts
_ _ valid | tag || o0 [1] - [B]
Each set contains one or madires. ‘o
. set O:
Each line holds block of data valid [ tag |0 1| -+ |B1]
The word at address A is the cache, if the
tag bits inone of thevalid Ines in set set i- | tag [0 [1]- [B]
dex>match <ag>. set 1: e
valid [ tag |0 |1 ] |B]
valid| | tag |0 [1 ] [B-1]
et §-1:
vatid [ tag [[0[1 [ - [B1]
Cache size: C =B x E x S data bytes

6.1.1

Summary of cache parameters

Fundamentalparameters

Parameter Description

S=2° Number of sets

E Number of lines per set

B=2 Block size in bytes

m = logM Number of physical (main memory) address bits

21
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