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Semantic gap

« Gap between user intent and instructions executed by CPU

Upload this meme

to Discord...
¢ = http.connect(); LDW $r1, $r30
req = c.postRequest(); ADDI $r2, $r1, 1
; . | req.setMultipart(); SHL $r2, 2
~ ==  req.add(img, STW $r30, $r2
“image/png”); JNE $r3, 0, $ip + 6
req.send();
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Von Neumann architecture

« System architecture

* Program and data in the
same memory

* One shared bus I
7 « Evolution of the architecture S S R
at " {j Control bus
ks W e Sj/”"’j;ZZ‘ Addrésslbus
Ao /nm///'s); g i /| v
s o Data bus
/n/ric /'.; e
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Harvard architecture (G)A
Tl i i g i

Instruction
Memory

» Separate memory spaces Faintaal BUE ” |
- With separate buses : | ] L/ ol

« And separate addressing Address bus GE)
mechanism (instructions) v v v 2

« Still used in some SoC Data bus |

microcontrollers ’

Vf//s:m 79 ?74 /47; " %W //mzém
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Real PC architecture Biema] g7 > il (YA
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CPU O\

» CPU Architecture ///”57/‘ oy lein et i
« Instruction Set Architecture (ISA) " o di U Vil a4

» Abstract specification (contract between programmers and HW designers)

 Hardware architecture E Jéf/ﬂ ot .
- Actual implementation xS — //7/%2/”’#/1%7/
« What is CPU? ’/%%V(/y/
« "Simple" machine that executes instructions
P M &01/0{’5// M L

* Instruction — simple command, arithmetic operation, ...

» Registers, memory controllers, 1/0O c%/vé;é//ﬁ//// ﬂ'{/é///m]é/{.



Instruction

» Simple command to the CPU
 Binary encoding (CPU), assembler (programmers)

MIPS32 Add Immediate Instruction

Equivalent mnemonic: addi : :

* Operands
* Depending on ISA —max 1, 2, or 3 (some may be implicit)
* Register, immmediate value
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Instruction cycle

« Sub-steps performed in every instruction

» Load instruction from address stored in IP register
» Decode the instruction

» Load operands Jhle /Ww h’bd?»

» Execute the operation

» Store the result

 Increment IP skipped for some
instructions

Some steps may be

28.2.2022
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Instructions - motivation

« How can we execute the following code?
/aém(»?, W/MW//M)/ k- ( shyth ﬂ?!fhé// Jur e J

If (a<Mg)b=4eIsec=a<<2;

for (int 1 =0; i <5; ++i) a[i] = i;
int f(int return p + 1;

void g() {pa)ut{o r = f&Z); }}
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Instruction classes O

. . %/ T4RS ﬁ%/> s //

+ Load instructions —~ " S/ 27/ okt

* Memory -> register

» Take a long time to execute, important to detect soon (fetch data
ahead)

 Store instructions -~
« Register/immediate -> memory

* Move instruction
- Between registers _ Vit STy
) /ool S /&éoZé N7 24 ’ffg?’
» x86-64 also between registers and memory
« Difficult to implement efficiently in HW

. /Mﬂyl £ //qm&%/ =7 /1 %‘///IWIIM// T g



Instruction classes

 Arithmetic and logic instructions No funny stuff like "str" * 4

ot 5 <K, >3, &! I! A! ~
* 1, %

4 /
. JumpS //7//'/6@}'/‘7//”//

* Unconditional x conditiona Tests required (==, <, ...)
* Direct x indirect x relative

\ N
° Ca”, retmﬁ \\p,&/(}, Ubfﬂf" v /}:WZJ,;M&/ 3 /171'5/{/2@/ ﬂ/éﬁ/”

. i Jodad - e
[/ fadne ol

v
\//{/9%4 s ?ﬁ M//fw/pm?/ Lol & b 20hsey Uk i bades 1),
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Higher-level code structures

if (@a<3)b =24;else c =a<<?2;

ige [a], 3

store [b], 4

jmp
load r1, [a]
shl r1, 2

store [c], r1

is is just a symbolic abstrac
assembler

(not an actual one)

28.2.2022

12



Higher-level code structures (@,

for (int i = 0; i < 5; ++i) a[i] = i;

mov r1, 0
jge r1, 5
load r2, [a]
add r2! r25 r1i Actually, the offset needs to be multiplied by
store [r2], ri sizeof(a[0]), but you got the point...

add r1, r1, 1
jmp

28.2.2022 13



. | o)
Registers s - ity ©)8

* Types Tac: fylunts o s i)
» General, integer, flog;gi/ng point, ;_ /5&: %7%/; bk ishehn Emfw & Shntn
* address, branch, flags, predicate,
 application, system,
e vector, ...

* Naming
 Direct (EAX, r01, ...) x stack (relative addressing to top of the stack)

* Aliasing

28.2.2022 14



Registers — example 32-bit x86

7 %W ot /’d/x}/yr

Oheend regitry /\,«___\

EAX
EBX
ECX
EDX
ESI

EDI

EBP
ESP

AX

AH

AL

BX

BH

BL

CX

CH

CL

DX

DH

DL

Sl

DI

BP

SP

s P CS
sy DS
(om ES
dun SS
Soyee FS
doshwhs  GS
hse /ab/rEFLAGS
sheh fify  EIP

x86-64 extends registers to 64bits \

(RAX, RBX, .
+ adds general regs. R8 - R15

)

FLAGS
P
wln” — > mfrs/ Yod }/{»//M <

”6%9’1’ I // M/

/

©
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Registers — example 1A-64

APPLICATION REGISTER SET

t
&y
or
an
ar
c-lz

reg

General registers
63 ¢

8531 | : !

832
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bankedl grlﬁ[

]
|l I I I Y|

| —

nats

Floating-point registers Predicates
81 Q

frrg
fr)
fry

fr3
fiz

fryp9

+0.0

+1.0

Processor Identifiers

cpuidy

cpuid,;

cpuid,,

63

Prg
pr

Pra ||

Prs[]
Prg[]

Plgs :

0

Application registers

63

0

Branch registers ar, KR0O
63 S w I
gl’_n ar; KR7
l, I
br 2 ar]() RSC
ary; BSP
br, arjg| BSPSTORE
Instruction Pointer 1o RN,"\T
Pl ary [ FCR
. . Lo 024 EFLAG
b t Frame Mark
C uneﬁr; 11me']u el arys o)
L CEMT aryg SSD
) ary; CFLG
Use; M(z}sk arag ESR
] mor IR
: FDR
Performance Monitor 30 T
3ata registers . ary; cCVY
pmd(, - aryg UNAT
pmd, arg[  FPSR
aryy ITC
pmd,, I
argy PFS
args LC
args EC

an3
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MIPS — simple assembler

 Execution environment

 32-bit (almost general) registers r0-r31
« r0 is always 0, writes are ignored — > % vz n 9/% i
» r31 is a link register for the instruction

* No stack
* Realized by SW

* No flags

 Slightly different instruction set (especially tests and conditional jumps)
* Program Counter (PC) register



Application Binary Interface (@@

7% A A /Aw///
 Application Binary Interface (ABI) e VAl A

 Additional specification that accompanies ISA

* Prescribes how the CPU should be used

 Important for compiler designers

« If application and a library are compiled separately, they need to be compatible
 Binary interfaces between applications

» Typical utilization (meaning) of registers

« Stack implementation and layout

* Function call conventions



. . - D)
MIPS — register aliases Wik guifly A2 ©)

m
$zero 0

$r1 $at Assembler temporary No
$r2-$r3 $v0-$v1  Return value No
$r4-$r7 $a0-$a3 Function arguments No
ot $r8-3r15  $t0-$t7  Temporaries No
2” by T $r16-$r23 $s0-$s7 Saved temporaries ~ WMM; g/qé//é Yes
Fr gy $r24-$r25 $t8-$t9  Temporaries No
hgit vy $r26-3r27 $k0-$k1 Kernel registers — DO NOT USE N/A
/ﬂ/ Zase $r28 $gp Global pointer Yes
$r29 $sp Stack pointer Oilesits” Yes
$r30 $fp Frame pointer Yes
$r31 $ra Return address Yes

28.2.2022 19



MIPS — instructions

* Arithmetic These are only symbolic placeholders, real example could
- add $rd,S$rs,$rt look like add  $r2,%r4,5r5

* R[rd] = R[rs] + R][rt]

- addi $rd,$rs,imm1 6 Immediate value, 16 bit number encoded
 R[rd] = R[rs] + signext(imm16) directly in the instruction itself

- sub $rd,$rs,Srt

Signed extension to 32bits
(to match size of the registers)

e subi $rd,$rs,imm16

28.2.2022 20



ISA comparison

MIPS
add $t1,5t1,$t0

addi $t1,$t1,1

add $t2,$t0,$t1

/
Tiigdwsns” N’ F ity el

28.2.2022

\©)

x86 7 % /” J# Cax 4= gy
add eax,ebx

add eax,1

or inC eax

mov eax,ebx
add eax,ecXx

21



MIPS — instructions ©

* Logic operations

-and $rd,$rs,Srt andi $rd,$rs,imm16
-or $rd,$rs,Srt ori  $rd,$rs,imm16
- xor $rd,$rs,$rt xori $rd,$rs,imm16
e nor $rd,$rs,ri e R[rd] = R[rs] and/or/xor zeroext
(imm16)
- No not instruction, use nor $rd,$rs,$rs
 Shifts

. Sll /slr $rd,$rs,shamt

* R[rd] = R[rs] <</ >> sha Athatio <hitt (K oo
- sra $rd,$rs,shamt rithmetic shift (keeps the sign)

28.2.2022 22




ISA comparison

MIPS
nor $t1,$t2,$t2

sll $t1,$t1,3

28.2.2022

x86
movV eax,ebx
not eax

shl eax,3

\©)
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S5 1, sy vty 2HF ool =\
- : 7 g > (e
MIPS — instructions - o’ o) (YN
g loemt S [ A ﬁ;u}éﬁ // /M‘é,
 Memory access * Moves ,¢* ¢
yla v’ o W Srd,imm16($rs) e li $rd,imm32
- R[rd] = M[R][rs] + signext32(imm16)] + R[rd] = imm32
//g/w wi' o sW Srt,imm16($rs) « Pseudo-instruction,
.+ MIRIrs] + signext32(imm16)] = R[rt] t(;arri‘s'ates to Ui and
//mo/ Dote  ® Ib $rd,|mm16($r3) | « Load upper immediate
» R[rd] = signext32(M[R[rs] + signext32 e move $I‘d $I‘S
(imm16)]) T
e Ibu $rd,imm16($rs) Rird] = Rrs]
* R[rd] = zeroext32(M[R][rs] + signext32
(imm16)])

o it/ o sb $rt,imm16($rs)
/ * M[R][rs] + signext32(imm16)] = R]rt]

28.2.2022 24



ISA comparison

MIPS

lw  $t1,1234($10)
sw  $t1,1234($t0)
b  $t1,1234($t0)
li $t1,5678
move $t1,5t0

28.2.2022
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x86
mov eax,[ebx+1234]

mov [ebx+1234],eax
mov al,[ebx+1234]
mov eax,5678
mov eax,ebx

25



MIPS — instructions

« Jumps 277
- | addr
- PC = addr
. jr $rs -~
« PC =R[rs]

- jal addr

« “Jump and link”

e PC = addr

/7
h'/

4 ////7[/ v,

28.2.2022
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ISA comparison

MIPS

label
jr Sra

label:
jal fnc

Placeholder that marks a place in the

code, the actual address is computed by a
compiler

28.2.2022

This is double

Iabel : indirection!!! Register

ebx holds address

ca" fnc where is the pointer that

is loaded and used as
target address for the

jump!

Return address

stored to stack!

27



MIPS — instructions @

 Conditional jumps , Vornest W,
e %W W/ Wectthy
- beq $rs,$rt,addr ol b 1 g o

 If R[rs] == R[rt] then PC = addr else PC = PC+4 y?};“—/k
- bne 3$rs,$rt,addr

« Analogical (not equal) — » powest

* Testing S0 o
"SIt/ situ $rd,Srs,Srt kit

« If R[rs]<R[rt] then R[rd] = 1 else R[rd] = 0

. Sltl / sltiu $rd $|’S immi16 Only lesser-than test, greater-
: ’ ). than is created by swapping
* If R[rs] < signext/zeroext(imm16) then R[rd] = 1 else R[rd operands

28.2.2022 28



ISA comparison @

MIPS x86 Universal compare
beq $t0,5t1,label cmp eax,ebx (result stored in flags)
jz label -
flags

slt $t2,5t1,$t0 cmp eax,ebx

bne $t2,$zero,label jl label

slti $t2,$t1,5 cmp eax,5

bne $t2,%zero,label jl label

28.2.2022 29



Code examples @

o Simp|e for-Ioop addi $t0, $gp, 28 # $t0 <- address of A

Iw $t1, 4($gp) # fetch N
] ] ] _ move $t2, $zero #i=0
{Or (inti=20;i<N;i+t) oy $t3, $zero, 42 # $i3 = 42
_ j cond # go to condition
Ali] = 42; body:
} sll  $t4, $t2, 2 # i*4 -> offset

add $t4, $t4, $t0 # A+i*4
sw  $t3, 0($t4) # A[i] = 42
addi $t2, $t2, 1 #1i=i+1
cond:
slt $t4, $t2, $t1  # are we there yet?
bne $t4, $zero, body # no, we're NOT done

28.2.2022 30



Code examples @
i = N*5+3;

lw  $t0, 4($gp) # fetch N W St0, 4(Sgp) # fetch N

ori $t1, $zero, 5 # 5 sll $t1, t0, 2 # N*4
mult $t0, $t0, $t1 # N*5(fake) add St1, St1, 10 # N*44N

addi $t0, $t0, 3 # n5 + 3 addi $t1, §t1, 3 # N+3
sw $t0, O($gp) # i=.. SW $t1, 0($gp) #1 = ..

Code can be optimized...

28.2.2022 .




Flags

* Only used by some ISA
e Control execution
* Check status of the last instruction

« Usual flags
» Z — zero flag x86 example
« S —sign flag ooooooooooa%%%é%o%5%%%;‘.%’%%0%03 Q

« C —carry flag

Reserved flags

System flags

Arithmetic flags



ISA consolidation (@@

W /}@/ 1414 , 7 /2 2 /wy/ww//
XBL Hjn! (18, 1wt posourl Sh I
- )} 2o //56”7 /2’@ e ;7%”/ /ﬂ;y,/é/j&‘

* Instruction set architecture
* Abstract model of CPU

» Classification
« CISC — Complex Instruction Set Computer
* RISC — Reduced Instruction Set Computer )
* VLIW — Very Long Instruction Word '-//m/%/ﬁy/ a,%fé?, 7/ # % Wﬁ
« EPIC — Explicitly Parallel Instruction Computer )

* Orthogonality Ly dohaoni oo b %7 plhs
« Accumulator

Vi1
 Load-Execute-Store M
/] (/N X[ ¢ //(ﬂﬂ/ 6&9/ k7/§//w". ..

Ty ol ek /ﬁméée/ iy oty Yot



Hardware architecture

* CPU comprise... /.y, s’ gohleh pust

» Memory controller -~ . -
12 .. i pohesh 1o/

» Core
» Registers
* Types
* Logical processor
* Hyper threading



CPU — simplified scheme

7
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L1 jo (hieh) | R U] 12 T2 | T6 13| 17
Y EU EU EU EU
Hy st L1 L1 L1 L1
L1D L1D L1D L1D
CORE 0 CORE 1 CORE 2 CORE 3
(409 L) L3/LLC
Package
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Scheme of Real CPU (Package) )
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.

P

Display <——~>
- EEENEEE

Controller <——~

S —
>
L3$ Slice L3$ Slice L3$ Slice PCle <. >
Gen9.5 <>
L3$ Slice L3$ Slice 0 L3$ Slice
=3 eDRAM <—>
@ Controller < >
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Core Core Core

~A M~
Memory < —~>
I

Controller <_—— >



Real CPU

« Scheme of one core
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u;mm/

Y

(sgQ@)) sesng weq Rommo)

/

apAdar9

Front End Instruction
Cache Tag L1 Instruction Cache
HOP Cache 32KiB 8-Way Instruction
Tag LB
16 Bytes/cycle
Branch
Predictor Instruction Fetch & PreDecode
(BPU) (16 B window)
MOP MOP MOP MOP MOP MOP
Instruction Queue
(50, 2x25 entries)
MoP MoP MoP MoP MoP
MicroCode 5-Way Decode
l?lOM omplex |[ Simple Simple Simple Simple
(MS ROM) Deooder Decoder || Decoder || Decoder || Decoder
1-4 nOPs.
4 puOPs

Decoded Stream Buffer (DSB)
(UOP Cache)
(1.5k pOPs; 8-Way)
(64 B window)

6 uOPs

5pOPs

Allocation Queue (IDQ) (128, 2x64 uOPs)

7 pOP pOP pOP pOP pOP pOP Branch Order Buffer
| Register Alias Table (RAT) | “0p (BOB) (48-entry)

Execution Engine

[CINTALU | [INTALU | [AGU | [AGU | [Storebata] [ AGU ]
[ LEA |

256biticycle

Load
=] g i o ] [z ||
E HOP HOP HOP HoP HOP HOP uoP HOP
B
[Porto | Port 1 Port 5 Port 3 Port 4 Port 7
uoP rog uoP uoP woP e

g71LS payiun
Kep-v 9196z

EUs

ayoed Z1

(56 entries)

Store Buffer & Forwarding ‘

/

s12A2/av9

Memory Subsystem

R
Load Buffer § L1 Data Cache M
(72 entries) | 2 32KiB 8-Way
§ Line Fill Buffers (LFB)
(10 entries)

©
\

32Bl/cycle
To L3
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Real CPU Die
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CPU architecture — pipeline

e Current CPU

— Vil jidy B i jicin P

©

Mz it b lobts

(7
WB

/J » 14-19 stages M ) , :
& et Vo, @ Jo f o iy e ph o st spll 20
R .
Jidm e (b deok e T b o ey sy v }/ 94/4 gl
IF D EX |MEM
|i x| IF ID | EX WB
X X | IF ID; MEM| WB
Ve >~ < | IF EX [MEM| WB
> <X ID EX MEM
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CPU architecture — superscalar
processor

e Current CPU

« 5-way, asymmetric

. 7/%/21 V’vr//j We nstie /ﬂ‘//;’oé'”“

Tk Vi W i ety
gé%/ /Mé’; 2 uy %aé[

26/%/2%24.

IF ID | EX MEM| WB
IF ID | EX MEM| WB
; IF ID | EX [MEM| WB
t IF ID | EX [MEM| WB
o IF ID | EX MEM| WB
IF ID | EX MEM| WB
IF ID | EX MEM| WB
IF ID | EX MEM| WB
IF ID | EX MEM| WB
IF ID | EX MEM| WB

28.2.2022
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CPU architecture — out-of-order @
execution

Decoder

UOPs _— 7&54//49/ M// b /':7

i

28.2.2022 41

_ Vi

Yoo

%ﬂi’h!é’ W/g&,év



Discussion



