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I v U ISA (instruction set architecture)
4 A well-defined hardware/software interface

The i c o nt rhetweéendcsoftware and hardware
A Functional definition  of operations, modes,
and storage locations supported by hardware
A Precise description of how to invoke, and
access them

No guarantees regarding
A How operations are implemented
A Which operations are fast and which are slow
and when
A Which operations take more power and which
take less

\\
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AProgrammer -visible states

A Program counter, general purpose registers,
memory, control registers

AProgrammer -visible behaviors (state transitions)
A What to do, when to do it

ifimem[ pc] ==fnasdrd r d,
OBl YLX § trantrB S g6 681 |1 5o
description of an instruction pc U pc+
gpr(rd]= gpr[rs]+ grp[rt]

AA binary encoding
LVDv odvw 58. | hduv +ehfdxvh ri VZ

o>eh fduhi xo zkdw jrhv 1qg

0ys ' Nk Xy <5>
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AUhf doo pLurqgb odz-=

A (instructions/program ) * (cycles/instruction ) * (seconds/cycle )

A CISC (Complex Instruction Set Computing ) £B X86  wv |

ALpsuryh polgvwuxfwlrqv2surjudpb zI wk ofrpsoh{b | q
A Easy for assembly -level programmers, good code density

A RISC (Reduced Instruction Set Computing ) £B MIPS/ARM/RISC -V

ALpsuryh pof]fohv2l gvwuxf wcke mdirucionsnk pdqg| vI gj oh

ALgfuhdvhv bl gvwuxfwlrqgq2surjudpb/ exw krshixoo]| ¢
A Help from smart compiler

A Perhaps improve clock cycle time (seconds/cycle)

A via aggressive implementation allowed by simpler instructions

O0ys ' kXY <6>
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A Programmability

A Easy to express programs efficiently?

A Implementability
A Easy to design high -performance implementations?

A More recently
A Easy to design low -power implementations?
A Easy to design high -reliability implementations?

A Easy to design low -cost implementations?
A Compatibility
A Easy to maintain programmability (  implementability ) as languages and programs evolves?
A x86 (IA32) generations: 8086, 286, 386, 486, Pentium, Pentium  -1l, Pentum-LLL/ Shgwl xp 7

AMIPS RISGV DUPa&a
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* Demo of assembler
— S g++-0g -c -Sfilel.cpp
* Demo of hexdump
— S g++-0Og -c filel.cpp
— S hexdump -C filel.o | more
* Demo of
objdump/disassembler
— S g++-Og -c filel.cpp
— S objdump -d filel.o

Duv GV

{

else

}

void abs(int x, int* res)

if(x < @)
*res = -x;

*res = x;

Original Code

a: 85 ff
79 @5
7 df
89 3e
c3

89 3e
c3

L= gT=T+ - T T - ]

test
jns
neg
mov
retq
mov
retq

Disassembly of section .text:

Boebooob0ooeEER0 <_ZI3absiPi>:

%edi,%edi

9 <_Z3absiPi+@x9>
*edi

%edi, (%rsi)

%edi, (%rsi)

Compiler Output
(Machine code & Assembly)
Notice how each instruction is
turned into binary (shown in hex)

Xy
GLLPN
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Add the
specified values

9 It’s an ADD

Processor

Arithmetic

* Performs the same 3-step Circuitry

process over and over again Decode

) . Circuit

— Fetch an instruction from reurtry
memory Fotch &

— Decode the instruction Instruction <

* |sitan ADD, SUB, etc.?

T~ System Bus

— Execute the instruction

* Perform the specified operation ADD
* This process is known as the g;‘ni
Instruction Cycle
Memory

0ys * Tk XYy

<9>
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* 3 Primary Components inside a processor

— ALU
— Registers
— Control Circuitry

* Connects to memory and I/O via address, data, and control
buses (bus = group of wires)

out

Processor

in1

in2

pcipl 0 |

RO-R31

Bus

7N

I Addr \

|

v

-1
j

1
]
Data '
l

A 4

X

Control I
[~

\ J

Memory

O O A W N = O

NI
C ol
& @
S &
8 -
& ~
I598

ez XY
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* Digital circuit that performs arithmetic
operations like addition and subtraction along
with logical operations (AND, OR, etc.)

Processor Memory
ADD Addr ' 0
op.
P- ] 1
ALU . 0x0123 )
out /S'\DDr in1 -
<+ UB, Data 3
0x0579 AND — 0x0456
; ' 4
OR in2
5
Control 6

ys * Sk Xy <11>



€41ENY, "viTb " &i-i T1o Register g;ae;.ok:éf

s PEKING UNIVERSITY

A Register mALU N1 Qn En ALUv 1 “H

e Recall memory is SLOW compared to a processor

* Registers provide fast, temporary storage locations A Registers available to software

within the processor instructions for use by the

programmer/compiler

Processor T A Programmer/compiler is in
pcip| | . _ _
.| Addr 0 charge of using these registers
1
ALU : :
| ADD, [ [ooi23 ) 2 as inputs (source locations)
<« SUB, 0x0456 Data 3 ] )
AND,  e— 4 and outputs (destination
OR in2
5
SR Control 6 locations)

0ys ' Nk Xy <l2=
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* Example w/o registers: F = (X+Y)— (X*Y)
— Requires an ADD instruction, MULtiply instruction, and SUBtract

Instruction
— wj/o registers

* ADD: Load X and Y from memory, store result to memory
* MUL: Load X and Y again from mem., store result to memory

* SUB: Load results from ADD and MUL and store result to memory

* 9 memory accesses

Processor
op.l'
ALU |

out ADD, in1

<« SUB,
AND, |e=—
OR in2

pcip| |

RO-Rn-1

F 3

Addr

v

F 3

Data

v

A 4

Control

Memory

D o s W N
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GONIN
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* Example w/ registers: F = (X+Y) — (X*Y)
— Load X and Y into registers
— ADD: RO + R1 and store result in R2
— MUL: RO * R1 and store result in R3
— SUB: R2 —R3 and store result in R4
— Store R4 back to memory
— 3 total memory access

Processor

rcip| | :
Addr o

Lo S R
p—l' ........................... 1
ALU | e T e !

out ADD, in1 Xar e R R
7 A - Data L eeeespenes » 3
AND, h IIIIIIIIIIIIIIIIIIIIIIIIIIIIII 4

OR in2

RO-Rn-1 < R .
Control )
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* Some bookkeeping information is needed to make the
processor operate correctly

 Example: Program Counter/Instruction Pointer (PC/IP) Reg.

— Recall that the processor must fetch instructions from memory before
decoding and executing them

— PC/IP register holds the address of the next instruction to fetch

j 1 My

t{ M " ®7—-i T 1o Register

" PC/IP

Processor
op.‘

ALU L
out ADD, in1
<+ SUB,

AND, |e—

OR in2

S

RO-Rn-1

Addr

F 3

Data

r 3

Control

v

Memory

D G B W N = O

éx"'\”"e »
TP
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AT ThKMemory A A€ ALU 9 NaH s 1 7 oy t 0 Ncbl B

 Assume 0x0201 is machine code for an ADD instruction of R2
= RO+ R1
e Control Logic will...

— select the registers (RO and R1)
— tell the ALU to add
— select the destination register (R2)

Processor 0 Memor
Control J¢ Addr 0 0201
ADD
4 1 inst. 2

IR 0201 2 inst. 3
ot ALU i1 0x0123
LT .40x0456 Data 3 inst. 4
: ADD +*" l0x0579}¢+ :

<_in > : 4 inst. 5
: RO-Rn-1 ¢ >
Ereesrerssssreessrerssneessnnneesnnenans ; Control FE

0ys * JkXy <16
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* Source operands must be in one
of the following 3 locations:

A register value (e.g. %rax)

A value in a memory location (e.g.
value at address 0x0200e8)

A constant stored in the instruction
itself (known as an ‘immediate’
value)

[e.g. ADDI $1,D0]

The S indicates the
constant/immediate

* Destination operands must be

0ys ' Nk Xy

A register

A memory location (specified by its
address)

W E memory &1 ]

400
401

Mem.

Inst.

Inst.

IDERE-]

Data

(\leye »

EN) e 7.

A 5179 =
I598%
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Data Transfer (mov instruction)
— Moves data between processor & memory (loads and saves variables between
processor and memory)
— One operand must be a processor register (can't move data from one memory
location to another)
— Specifies size via a suffix on the instruction (movb, movw, mov1l, movq)

ALU Operations

— One operand must be a processor register

— Size and operation specified by instruction (add1, orqg, andb, subw)
Control / Program Flow

— Unconditional/Conditional Branch (cmpq, jmp, je, jne, jl, jge)

— Subroutine Calls (call, ret)

0ys ' Nk Xy

Privileged / System Instructions

— Instructions that can only be used by OS or other “supervisor” software (e.g.
int to access certain OS capabilities, etc.)

ez XY

PEKING UNIVERSITY
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Al Th WHpe W Oav~"T1TmH B
. ______ Operad _________________
Instru.c tion Opcode : ModR/M SIB Displacement Immediate :
Prefixes | | _______1_____ _|\___"_ _____1_ __ __ ___ o
Prefixes 1.20r 1 by.te(lf 1 by.te(lf ' Address Immediate data
1 byte each 3byti/requ1red) required) displacement
7 65 32 0 7 6 5 32 0
Mod | Reg/Opcode R/M Scale Index Base

0ys ' Nk Xy
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* Moves data between memory and processor register

.

Size is explicitly defined by the instruction suffix (‘'mov[bwlq]’) used

Recall: Start address should be divisible by size of access
(Assume start address = A)

Processor Register

63 7 0
Byte

movb leaves upper bits unaffected
63 15 0

63

movw leaves upper bits unaffected

31 0

0000 0000

Double Word

63

movl zeros the upper bits

Quad Word

movb

movw

movl

mov(q

Memory / RAM

7654

3210

fedc

ba9gs

7654

3210

fedc

ba98

7654

3210

fedc

ba9s

7654

3210

fedc

ba98

A+4

A+4

A+4

A+4

Byte operations only
access the 1-byte at the
specified address

Word operations access
the 2-bytes starting at the
specified address

Word operations access
the 4-bytes starting at the
specified address

Word operations access
the 8-bytes starting at the
specified address

<22 >
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x64 assembly code uses sixteen 64-bit registers. Additionally, the lower bytes of some of these
registers may be accessed independently as 32-, 16- or 8-bit registers. The register names are
as follows:

8-byte register | Bytes 0-3 Bytes 0-1 Byte0
xrax Heax Hax #al
%rcx Hecx %ex %cl
%rdx H%edx %dx %dl
%rbx %ebx %bx %bl
%rsi %esi #si %sil
#rdi %edi #di %dil
xrsp %esp #sp %spl
%rbp %ebp %bp %bpl
%r8 %r8d %r8w %r8b
%ra %rad Srow %rab
%rile %ried %rl1ew %rieb
%ril %rild %rllw %rilb
%rlz %ri2d %rl2w #ri2b
%ril3 %ri3d %rl3w %ri3sb
%rld %riad %rldw %rldb
%rils %ri5d %r15w %ri5b

0ys ' Nk Xy
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Name Form Example Description
Immediate $imm movl $-500,%rax R[rax] = imm.

Register r, movl %rdx,%rax R[rax] = R[rdx]

Direct imm movl 20808,%rax R[rax] = M[2000]
Addressing

Indirect (r,) movl (%rdx),%rax R[rax] = M[R]r,]]
Addressing

Base w/ imm(r,) movl 40(%rdx),%rax R[rax] = M[R[rb]+40]

Displacement

Scaled Index

(rysry,st)

movl (%rdx,%rcx,4),%rax

Rlrax] = M[R[r,]+RI[r]"s]

Scaled Index w/
Displacement

imm{ry,ri,st)

movl 88 (%rdx,%rcx,2),%rax

R[rax] = M[80 + R[r,]+R[r]"s]

tKnown as the scale factor and can be {1,2,4, or 8}
Imm = Constant, R[x] = Content of register x, M[addr] = Content of memory @ addr.
Purple values = effective address (EA) = Actual address used to get the operand >
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[ho Register Mode

A Specifies the contents of a register as the operand

Intruc

rax

rbx

rcx

Initial val. of %rdx =

rdx

Both operands in this
example are using
Register Mode

Processor r-v (

'''''''''

----------

63 31 15 0

IBE-‘ 0000 1234 SE?BI

0000 0000 EBBBB 0200

(<15151%) EB@BEBBB 0002

FEFF ffffiffff FEEF

0000 0000 1234 5678

Memory / RAM
cc55 aa33 | Ox00208
7654 3210 | 6x00204
fedc ba98 | 6x00200

[ 2

<] .‘

| =
l8592

y) At %
\
PEKING UN IVERSITY
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M1i€ 1 Mo Immediate Mode

A Specifies the a constant stored in the instruction as the operand

0ys ' JJk XY

* Immediate is indicated with 'S' and can be specified in hex or

decimal . .
Source is immediate
mode, Destination is
Processor K-I;E{ngfEf mode
--------------- X M | RAM
Intruc MOVWE, $5, ,i Jedx emory
I_:_.I
63 31 15 0 cc55 aa33 | 9x00208
rax 0000 0000:1234 5678 7654 3210 | 0x00204
rbx | ©000 00P0:0000 0200 fedc bads’| exea20d

rcx 0000 0000 0000 0002

Initial val. of %rdx = £FFF FFEFIFFFF FEFF
rdx | fFFf FFFf FFFF 005

bﬁ
<] .‘
l8592

) e 7
PEKING

\
UN IVERSITY

<25>
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i v M1i€ 1 o Direct Addressing Mode

A Specifies a constant memory address where the true operand is located

* Address can be specified in decimal or hex

Source is using Direct

Addressing mode
Processor K.v
o, Memory / RAM
Intruc movb i, B8x20a; %dl J
g . al
63 81..... 1 1 R S » cc55 aa33 | BxpPe208
rax 000 000 1234 5678 ?ES? 3210 | 9x00204

rbx 0000 000 6P 0200

fedt ba98 | oxe0200

rcx 0000 0000 000 ©602

Initial val. of %rdx = TF6f FEFf Fff fFFF :
rdx fHff ffff ffff 55 |[®r . :

0ys * JkXy <26~
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i ™ v M1i€ 1 o Indirect Addressing Mode

A Specifies a register whose value will be used as the effective address in memory
where the true operand is located

1 /g2 Y

* Parentheses indicate indirect addressing mode

Source is using Indirect

Addressing mode
Processor K—v
RN Memory / RAM
Intruc movl :(%rbx); %edx y
ng - _._ = al
63 31 15 0 cc55 aa33 | 9xe0208
rax 0000 0000:1234 5678 7654 3210 | Ox00204
h 4
rbx Ela- 0000 0000 0000 0200 frashrsssesss goreeeerpeeed) fedc ba98 | 0x00200

rcx 0000 V0O 0000 002

Initial val. of %rdx = ffff ffff ffff ffff
rdx 0000 0000 fedc ba98 |[Ers-==resrsssrrscrsssssscsssssrnsass

0ys * JkXy <20
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A v d(%reg) YT Hy vy

* Adds a constant displacement to the value in a register and
uses the sum as the effective address of the actual operand in

memory
Source is using Base with
Processor K.. Displacement Addressing mode
Memory / RAM
Intruc movw ¢ 8(%rbx); %dx ry
¥ _'-:-- as : lllllllllllllll I;

63 31 15 0 : cc55 aa33 | 0x00208

? : B
rax | 0000 0000:1234 5678 0000 0200 : 7654 3210 | 0x60204

¥ . i

rbx | ocoee ooeo eeee @200 i +———8 "7 | fedc bad8 | 6x00200

EA= 9606 6208

rcx 000e VOO BV VB2

Initial val. of %rdx = fff ffff fFff ffff :
rdx FFFE FEFF FFFF 2333  |[rrerrareanmssmmnnsmnssnnnenfonnasmnnsnssmensnnansanent

<28 >
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Addressing Mode
ARk W

Base/Indirect with Displacement Addressing H

* Useful for access members of a struct or object

struct mystruct {

rbx

int x; (:) 0000 00O 00O 0200
Tite oo .
}.1n Y (:) 0000 0000:0000 0208
struct mystruct data[3]; (:) 9000 00O :0000 0210 data[2].y
. . ¥ data[2].x
int main() 0000 0200 datal
{ N 4 ata[1].y
for(i=0; i<3; i++){ (@ Ea- 0000 0204 data[1].x
data[i].x = 1; : eeeeeenees| datalO
data[i].y = 2; ata[0].y
} data[0].x
} C Code
movq $0x0200, %rbx
Loop 3 times {
@@@movl $1, (%rbx)
C) movl $2, 4(%rbx)
add 8, %rbx
Assembly | , a 38,

M 17 € 1 Mo Base/lndirect with Displacement

A

Memory / RAM
0066 002 | Ox00214
0000 0001 | Bx00219
606 6002 | 6x88206cC
0000 0001 | ©x00208
0006 0002 | Ox00204
0000 0001 | Ox00200

CIEIPN »
NETES

PEKING UNIVERSITY
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M 1i€ 1 Mo Scaled Index Addressing Mode
o Form: (%regl,%reg2,s) [s=1, 2, 4, or 8]

* Usestheresult of %regl + %reg2*s as the effective address of
the actual operand in memory

Source is using Scaled Index
Processor r. Addressing mode

Memory / RAM
Intruc | movl{%rbx,%rcx,4).: %edx deeennnasasnene, Y
' : v
63 81 15 0 :| | cc55 aa33 | ox00208
rax 0000 0000:1234 5678 0000 0200 | i | 76543210 | 0x00204
v : :
s> +0000 0008 | fedc:ba98 | ©x00200
rbx 0000 0000 0000 0200  fpu===- : : :
: EA= 0000 0208 =r--* :
rcx 0000 0000 0000 0002  |-»(D)
nitial val. of %rdx = ffff ffff £+ +fff :
rdx 0000 9000 cc55 aa33 e T e e T e RIS« = o o o o o = o -

U NP
AL
o ?
S )
< 7
- >
I598%

ezt ¥

PEKING UNIVERSITY
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M 1i€ 1 Mo Scaled Index Addressing Mode

Scaled Index Addressing Mode

H ' A

* Useful for accessing array elements

rbx

int data[6];

0000 0000 0000 0200

rcx

int main()
{ for(int i=0; i<6; i++){
data[i] = 1i;
// *(startAddr+4*i) = i;
}
} C Code

Array of:

* chars/bytes => Use s=1

* shorts/words => Use s=2
ints/floats/dwords => Use s=4

* long longs/doubles/qwords => Use S=8J

M /| RAM
(1) | 00ee 0000 0000 0000 ormony
(2 odoe 0000:0000 0001
@ eéee 999959@99 0002 data[5] 0000 0BS5S 0x00214
: data[4] | 0900 0004 | 0x00210
N data[3] | @000 0003 | Ox0020ec
i 0000 0200
@ T 0 o data[2] | @000 0002 | 0x00208
EA- 0000 0200 : data[1] | 0000 0001 | ©x00204
2 +eeee 9292 “% data[0] | 0900 0000 | Ox00200
EA= popA 0204
mov( $0x0200, %rbx
mov1 $0, %rcx
Loop 6 times {
movl %rcx, (%rbx,%rcx,4)
addl $1, %rcx
p ’ Assembly

ez XY

PEKING UNIVERSITY
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M 17 € 1 Mo Scaled Index w/ Displacement

1
Addressing Mode
A R Scaleu Displacement o vy = d(%regl,%reg2,s) [s=1, 2, 4, or §]

0ys * JJk XY

* Usestheresult of d + %regl + %reg2*s as the effective
address of the actual operand in memory

Intruc

rax

rbx

rcx

Initial val. of %rdx =

rdx

Source is using Scaled Index w/
Processor K. Displacement Addressing mode

.....................

63 31 15

0

0000 090651234 5678

0000 0200

h

3

0000 0000 0000 0200

> :
+0000 0008 | :

EA=

0000 020b

0000 0000 00O 0002

FEFF FFFF FFFF FFFF

FFFF FFFF FRFF Fcc

< TNT |‘ )
o 0 agg"t}'ﬁ?
: 5 579 =
>’ PEKING UNIVERSITY

Memory / RAM

cch5 aa33
d

7654 3210

éedc baos

0x00208
0x00204
0x00200

<32>
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Z AH AFr v Addressing Mode suW\ &

Processor Registers

0000 00O 0O ©200

0000 0BVEO 0000 0003

movqg (%rbx), %rax

movl -4(%rbx), %eax

movb (%rbx,%rcx), %al

movw (%rbx,%rcx,2), %ax
movsbl -16(%rbx,%rcx,4), %eax

movw %CX, 0xe@(%rbx,%rcx,2)

yis

Memory / RAM

cdef 89ab

7654 3210

rbx feed face
rcx dead beef
cdef 89ab 7654 3210
0000 000P foed face
0000 0000 foed fa7e
0000 0000 foed cdef
0000 000P ffff ffce
0PeO 00L0

PeB3 00L0

éx"N"’e »
TP

PEKING UNIVERSITY

0x00204
0x00200
@x001fc
Ox001f8

rax

rax

rax

rax

rax

0x002e8
Ox002e4

<33>
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C operator Assembly Notes
+ add[b,w,1,q] srcl,src2/dst src2/dst += srcl
sub[b,w,1,q] srcil,src2/dst src2/dst -= srcl
& and[b,w,1,q] srcl,src2/dst src2/dst &= srcl
| or[b,w,1,q]  srcl,src2/dst src2/dst |= srcl
A xor[b,w,1,q] srcl,src2/dst src2/dst ~= srcl
-~ not[b,w,1,q] src/dst src/dst = ~src/dst
neg[b,w,1,q] src/dst src/dst = (~src/dst) + 1
++ inc[b,w,1,q] src/dst src/dst += 1
-- dec[b,w,1,q] src/dst src/dst -= 1
* (signed) imul[b,w,1,q] srcl,src2/dst src2/dst *= srcl
<< (signed) sal cnt, src/dst src/dst = src/dst << cnt
<< (unsigned) shl c¢nt, src/dst src/dst = src/dst << cnt
>> (signed) sar cnt, src/dst src/dst = src/dst >> cnt
>> (unsigned) shrcnt, src/dst src/dst = src/dst >> cnt
==, <, > <=, >=, = cmp[b,w,1,q] srcl, src2 cmp performs: src2 —src
(src2 7 src) test[b,w,1,q] srcl, src2 test performs: src1 & src2

0ys * JkXy <34
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Memory / RAM
7654 3210 | 0x00204

ofef ffee | exoee200

Initial Conditions

. . . . Processor Registers | THff ffff 1234 5678 rdx
* Performs arithmetic/logic operation on the = Iem — I
ccC aa rax
iven size of data
6 _— — addl $0x12300, %eax | 0000 0000 cc34 cds5 |  rax
* Restriction: Both operands cannot be memory
r N — addq %rdx, %rax | £FFF FFFF de69 23cd |  rax
e Format =
Orma _____________ { Work from right->left->right : — andw @XZ@@, %aX | FHff ffff de69 2300 | rax
- add[b,w,1,q]Isrc2, srcl/dstimmsmmmmommnes b ox203. %al reer seee aeeo 2007
— o e rax
— Example 1: addq %rbx, %rax (%rax += %rbx) or X2¥3, 744
— 9 FFFF FFFF d
— Example 2: subq %rbx, %rax (%rax -= %rbx) subw $14, %ax | |
— addl $0x12345, 0x204 7655 5555 | 6x00204
efef ffoe | oxee2ee

0ys * JkXy DRl
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// data = %edi £1:
// val = %esi

// i = %edx movl (%esi), %eax

int fi1(int data[], int* val, int i) addl (%edi,%edx,4), %eax
{

int sum = *val;
sum += data[i];

return sum; ret
}
Original Code Compiler Output
struct Data { f1:
char c;
int d; addb $1, (%edi)
}s subl %esi, 4(%edi)
// ptr = %edi
// x = %esi ret
int fi(struct Data* ptr, int x)
{
ptr->c++;
ptr->d -= x;
}
Original Code Compiler Output

<36 >



If(condition 0)
XXXXX
XXXXX
XXXXX
XXXXX

else
XXXXX
XXXXX

0ys ' Nk Xy

if case. H B myz for

while™ & B’

Nhpged H dIvgk g

while(condition 1)
XXXXX
XXXXX
XXXXX
XXXXX

Address

0048937F7
004837TFC
00493801
00493806
00493808

Instruction
MCW ERX, 200
MOY EDX, 50

ADD E&X, 67F0
MCW ECX, 450AB3
JHME 004397000

;Pretend there i=s a lot of code inbetween here.

00497000
00497001
00497007

DEC EDX

CTNTy »
S @ A}
ez X ¥

PEKING UNIVERSITY

Jump to address 497000

MOV DWORD [45E&CC],EDX ithen continue the code.

MOV EAX,EDX

<37 >
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vy Y RISCI b

H i ™ o RISC-V
Agd e YR beilh MV
31:25 24:20 19:15 14:12 11:7 6:0
funct? rs2 | rs1 |funct3 | rd op
MMy g rs1 |funct3 rd op
MMy 45 rs2 | rs1 |funct3 | immyg op
MMy 2 105 rs2 | rs1 |funct3 [immy4 4| Op
IMmMs34-10 rd op
imm20,1n:1,11,19;12 rd op
fs3 |funct2| fs2 | fs1 |funct3 fd op
Shits  2bits 5bits S5bits 3bits 5 bits 7 bits

R-Type - imm:
LType i
S-Type « Address:

« [Address]:
B-Type . BTA:
U-Type .  ITA:
J_Type « label:

« STignExt:

R4'Type . ZerokExt:

« CSI":

Figure B.1 RISC-V 32-bit instruction formats

0ys ' Nk Xy

(\leye »

EN) e 7.

A 5179 =
I598%

PEKING UNIVERSITY

signed immediate in imm ;9

5-bit unsigned immediate in immy,,

20 upper bits of a 32-bit immediate, in imm;;.;,
memory address: rs1 + SignExt(imm;; )

data at memory location Address

branch target address: PC + SignExt({imm.;, 1'b0})
jump target address: PC + SignExt({immsg.;, 1'b0})
text indicating instruction address

value sign-extended to 32 bits

value zero-extended to 32 bits

control and status register

<39 >
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Al ™ WhHeal Mcac~T1

28 types of CPU instructions each of which are 32

A 1-type (Instruction)

A Jtype (Jump)

A R-type (Register)

KOpcode
A 6-bit operation code
A There are 3 different register
specifiers:

A RD - 5-bit destination register
A RS - 5-bit source register
A RT - 5-bit target register

6ys * kXY

Ty “ RISCI ™

-bit aligned words.

eL\‘N']"'?« } \g
INIELE S
I359%

PEKING UNIVERSITY

opcode

rs

rt

rd

shamt

funct

31 26 25

21 20

16

15 11 10

6

5

opcode

rs

rt

immediate

31 26 25

21 20

16 15

opcode

address

31 26 25

<40 >
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Al DM&E& HHE -°Y da vuvi qdUr@a”Y instruction/cycle & CPIB

| add

L »
ANEZES
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icroprocessor
| nor

fetch decode ALU mem writeback

[ C_)O OOO%

-

2

noop
add
nor

add

0ys ' Nk Xy <48
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Av Yy + W[ DpM

0y

* Nk Xy

3

Execute as many instructions at the same time as possible.
e Pipelining: 12-20+ cycles

e Multiple pipelines

Pentium:

e 2 pipelines, 5 cycles each (10 instructions “in flight”)

Pentium Pro/Il/IlI

e 3 pipelines (kinda), 12 cycles each (kinda)

* Instructions can execute out of their original program order

Pentium IV

e 4 pipelines, 20 cycles deep

* Prescott: 4 pipelines, 31 cycles deep (could be clocked up to 8 GHz with
special cooling)

Core i7 (Nehalem)
4 pipelines, 16 cycles deep

<44 >
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ABN [ DM o Fetch Decode Execute Memory  Writeback
Fetch Decode Execute Memory
M
u
X
1 +
+
-1 PC Inst Register f
mem file
- M u Data
U memory
:Signextendl' X

6ys * kXY
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Writeback

=%/

0-2

|15—15
h

= =

18

< 45 >
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APCO K1 MMemory AV

O Design a datapath that can fetch an instruction from
memory every cycle.
* Use PCtoindex memory to read instruction
* Increment the PC (assume no branches for now)

O Write everything needed to complete execution to the
pipeline register (IF/ID)
* The next stage will read this pipeline register.
* Note that pipeline register must be edge-triggered

Instruction
memory

en

e

COI »
o 0 a (T~ J' .‘}7
5 579 =

1598 PEKING UNIVERSITY

Yrhe jmpM (

Rest of pipelined datapath

IF / ID Pipeline register
20

<46 >
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A—0l I register Kregister AA A NU voe

3 w\V b ®E'Yrs A x opcode regA/Data regB/DestReg

O Design a datapath that reads the IF/ID pipeline register,
decodes instruction and reads register file (specified by
regA and regB of instruction bits).

* Decode is easy, just pass on the opcode and let later stages figure
out their own control signals for the instruction.

Dest : :
Rttt Register File

O Write everything needed to complete execution to the
pipeline register (ID/EX)
* Pass on the offset field and both destination register specifiers (or
simply pass on the whole instruction!).

Contents|| Contents
Of regB || Of regA
Rest of pipelined datapath

Stage 1: Fetch datapath

* Including PC+1 even though decode didn’t use it.

IF / ID Pipeline register ID / EX

6ys * Sk XY < 47>
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e N o Executel 9"?)’?

A v ALUY 1 g N N1 QwHH ki N PCe

3 Design a datapath that performs the proper ALU operation
for the instruction specified and the values present in the
ID/EX pipeline register.

* The inputs are the contents of regA and either the contents of
regB or the offset field on the instruction.
e Also, calculate PC+1+offset in case this is a branch.

Decode datapath [Y

3 Write everything needed to complete execution to the
pipeline register (EX/Mem)
* ALU result, contents of regB and PC+1+offset
* Instruction bits for opcode and destReg specifiers

<
* Result from comparison of regA and regB contents <

Stage 2

<48 >
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AmALU1 Q& register A 1 QE doMemory & & K Memory

This goes back to the MUX
before the PCin stage 1
MUX control

for PC input

O Design a datapath that performs the proper memory
operation for the instruction specified and the values
present in the EX/Mem pipeline register.

* ALU result contains address for Id and st instructions.

¢ Opcode bits control memory R/W and enable signals.

O Write everything needed to complete execution to the
pipeline register (Mem/WB)
e ALUresult and MemData
* Instruction bits for opcode and destReg specifiers

Stage 3: Execute datapat1
Rest of pipelined datapath

Mem/WB

6ys * Sk XY <49 >
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N o Writeback U | G50 5.5
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AALU N1 Q& DataMemory A “ 1 'Q #hdestReg

3 Design a datapath that completes the execution of this
instruction, writing to the register file if required.

Write MemData to destReg for Id instruction

Write ALU result to destReg for add or nand instructions.

Opcode bits also control register write enable signal.

=
=2
<< Q
o

Read Data

This goes back to data

=
e
©
=8
©
i)
(1]
=]
-
(=]
£
Q
=
<
a
(=T+]
S
(7, ]

bits 0-2

This goes back to the
estination register specitier

Mem/WB bits 16-18

register write enable

0ys * JkXy <0



SN[ DM e H

As

add
nor

add
SW

D Mhi

1 2 3
45 6
2 4 20
2 5 5
3 7 10
Nk Xy

e

~

| Thy 5N [ DM s

; reg3=regl+reg2

; regb=regdnorregb
; reg 4= Mem[reg2+20]
; regS=reg2+regs

; Mem[reg3+10] =reg 7

=

PC

Inst
mem

NT
GONIN
<, P
S &
.’f
I598

ez XY

PEKING UNIVERSITY

target
PC+1 PC+1 ]
rofj O "
aq:
- | resa] M =] AL L] S
= R2 It
2 [[ees) vala X — | u
1 £ H o AL X
g' = L result =
=] _E RS valB M U Data
ob R6
U
o R7 X memary data
offset dest
valB
Bits 0-2 — — —
Bits 16-18 37 dest dest dest
Bits 22-24
op op op
IF/ID ID/EX EX/Mem Mem/WB
<51>
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As

add
nor

add
SW

~

Smhi 1 M 5N [ DM s

1 2 3 ;reg3=regl+reg2

4 5 ; rege=regdnorreg5
2 4 20 ; regd= Mem[reg2+20]
2 5 5 s regS=reg2+reg5

3 7 10 ; Mem[reg3+10] =reg7
Nk Xy

NI
AL
& @
~ Y2
.’T
592

ezt ¥

PEKING UNIVERSITY

M
u
¥
- 0
u u — P
roj O
Rl E _l] -
r2] 9 0 M
= R3j12 L A u
PC Inst o I K X
e[| 2 ]| = 2 J e 0
— |z L 0 I m u Data
a0 R6 41 U memory
&= gr7|22 X data
0 N dest
0
Bits 0-2 .hl
Bits 16-18 y 1] (] 0
Bits 22-24
oo o0 oo
IF/ID ID/EX EX/Mem Mem/WB
?
D 0 xtO P



SN[ DMuH A

As

add
nor

add
SW

D Mhi

12 3 ;
45 6
2 4 20 ;
2 55
3 7 10 ;
Nk Xy

~

| Thy 5N [ DM s

y reg3=regl+reg?

regb=regdnorreg5
reg 4 = Mem[reg2+20]

; regS=reg2+regs

Mem([reg3+10] =reg 7

-1 PC Inst
add123

ez XY

PEKING UNIVERSITY

add 1 2 3
nor :,i j 4;;]
L] . - 2 -1
Time 1l -Fetch:add 123 w3 &2
sw 3 7 10
0
1 0
rof O
r1] 36 0
E_ rz] 9 0
— raj 12 0 A
= F o
o || =P a8 L 0 0
=~ -b‘g o 0 M U Data
o Re 41 u memory
&= gy 22 X data
0 dest
0
Bits 0-2
Bits 16-18 |V 0 0 0
Bits 22-24
o0 [o]s] (s]a]s
IF/ID ID/EX EX/Mem Mem/WB
<53>
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As

add
nor

add
SW

D Mhi

12 3 ;
45 6
2 4 20 ;
2 55
3 7 10 ;
Nk Xy

~

| Thy 5N [ DM s

y reg3=regl+reg?

regb=regdnorreg5
reg 4 = Mem[reg2+20]

; regS=reg2+regs

Mem([reg3+10] =reg 7

CLEL> »
/ \
N e 7.5 ¥

PEKING UNIVERSITY

FARAE

nor -ll :-? E:
Time 2 - Fetch: nor456 w3 4020
sw_ 3 7 10
M
u
X
+ o I-
2 1
rof O
' r1] 36 0
= rz| 9 v 0
S 2 r3j12 -
-1 PC inst H * F o= A
mem || g Pl Y- j L L L
< -’E L 9 M U Data
o reldl ] / memory
e gy 22 X data
3 dest
0
Bits 0-2
Bits 16-18 37 3 0 0
Bits 22-24
add oo oop
IF/ID ID/EX EX/Mem Mem/WB
nor456 add 123
<54 >
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As

add
nor

add
SW

~

Smhi 1 M 5N [ DM s

1 2 3 ;reg3=regl+reg2

4 5 ; rege=regdnorreg5
2 4 20 ; regd= Mem[reg2+20]
2 5 5 s regS=reg2+reg5

3 7 10 ; Mem[reg3+10] =reg7
Nk Xy

PC Inst
lw 2420

L »
ANEZES

PEKING UNIVERSITY

add 1 2 3
. nor -11 5 1;;
Time 3 - Fetch: lw 2 4 20 w3 220
sw 3 7 10
3
1 2 B
23 2
rof O
A r1] 36 0
=3 c r2] 9 36 0
5] o 12 18
& | plE =18 . 45 B
5] T
S ||l ]z “|2 7 M Data
B0 R6 41 U memory
= grif22 X data
6 dest
9
Bits 0-2
3
Bits 16-18 E.I 6 3 0
Bits 22-24
nor add oo
IF/ID ID/EX EX/Mem Mem/WB
nor456 add 123
<55 >
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add
nor

add
SW

~

Smhi 1 M 5N [ DM s

1 2 3 ;reg3=regl+reg2

4 5 ; rege=regdnorreg5
2 4 20 ; regd= Mem[reg2+20]
2 5 5 s regS=reg2+reg5

3 7 10 ; Mem[reg3+10] =reg7
Nk Xy

L »
ANEZES

PEKING UNIVERSITY

adda 1 z J
nor -1l 5 2:
Time 4 - Fetch:add 255 w3 4220
sw 3 7 10
M
u
X
3]
> 8
4 3
rof O
2 r1] 36 0
E_ a rz] 9 18 a5
-1 PC Inst : - v 22 >
mem w -P;; Ral18 v 24 I35 0
O | N ey 18 M Data
o Re 41 u memory
e gy 22 X data
20 dest
7
Bits 0-2 3
Bits 16-18 B 4 £ B 3
Bits 22-24
I nor add
IF;"ID IDfEK E){,’Mem Mem[WB
add 255 lw 2420 nhor456 add123
< 56 >
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As

add
nor

add
SW

D Mhi
1 2 3 ;
4 5 6 ;
2 4 20 ;
2 5 5 ;
3 7 10 ;
Nk Xy

~

| Thy 5N [ DM s

y reg3=regl+reg?

regb=regdnorreg5
reg 4 = Mem[reg2+20]

; regS=reg2+regs

Mem([reg3+10] =reg 7

L »
ANEZES

PEKING UNIVERSITY

nor 4 5 0
Time 5 - Fetch:sw3 710 w3 220
sw 3 7 10
M
u
X
20
2 + 23
5 4
rofj O
2 r1| 36 0 45
2 c rz] 9 9 -24
9
-1 PC Inst “ H 2 Rs-
~ -p|= r18 29 0
mem = E
S || |z ¥ 7 M Data
& R6 41 U memory
= grif22 20l x data
5 dest
18
Bits 0-2 a
Bits 16-18 }:' 5 1 4 6
Bits 22-24
add Iw nor
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 lw 2420 nord 56 add
<57 >
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A8 S5mhi 1 T 5N [ DM s

Time 6 — no more instructions in 4 4 g”
add 2 § £
sw_ 3 7 10
M
u
X
5
add 1 2 3 ;reg3=regl+reg2 a + A
nor 4 5 ; rege=regdnorreg5 - >
lw 2 4 20 ; regd= Mem[reg2+20] .| =|z8 0 2
add 2 5 5 ;reg5=reg2+reg5 1 LS = & 2
45
SW 3 7 10 ; Mem[reg3+10] =reg7 -1 pc Inst | ' v "
=iz "} 22 M Data
) REH U memory
€ grf22 X data
10 dest
7
Bits 0-2 a 6
Bits 16-18 Eﬁ 7 B2 5 4
Bits 22-24
SW add Iw
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 lw 24 20 nor

0ys ' Nk Xy =98>
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A8 S5mhi 1 T 5N [ DM s

hor 35 G
Time 7 — no more instructions w3 32020
sw_ 3 7 10
M
u
X
add 1 2 3 ;reg3=regl+reg2 B
nor 4 5 ; regb6=regdnorreg>5 ~To
Iw 2 4 20 ; regd= Mem[reg2+20] 36 0
add 2 5 5 ;regS=reg2+reg5 Rzl 9 45 16
ra] 45
SW 3 7 10 ; Mem[reg3+10] =reg7 -1 pc Inst | - o 99
mem -P.E ::! 55 16 0
=] 5 M Data
& Re 24 U memory
e gr]22 10| x data
dest
22
Bits 0-2 5 s
Bits 16-18 \:-" - 7 5
Bits 22-24
sw add
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 Ilw

0ys ' Nk Xy <997



SN[ DM H " A NI RS

PEKING UNIVERSITY

A8 S5mhi 1 T 5N [ DM s

add 1 L 3
nor :,l 5 2:
Time 8 — no more instructions w3 220
sw 3 7 10
M
u
X
+
add 1 2 3 ;reg3=regl+reg2
nor 4 5 ; rege=regdnorreg5 rol O
Iw 2 4 20 ; regd= Mem[reg2+20] r1136 - 16
add 2 5 5 ;regS=reg2+reg5 :i:s
. - -1 PC Inst P x [
SW 3 7 10 ; Mem[reg3+10] =reg 7 o _P.E raf99 = - 0
=P RE'- M Data
8 Rref-24] U memory
e grj22 X data
22 dest
Bits0-2 Py 5
Bits 16-18 | U 7
Bits 22-24
sw
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add

0ys ' Nk Xy <00-
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add
nor

add
SW

~
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1 2 3 ;reg3=regl+reg2

4 5 ; rege=regdnorreg5
2 4 20 ; regd= Mem[reg2+20]
2 5 5 s regS=reg2+reg5

3 7 10 ; Mem[reg3+10] =reg7
Nk Xy

Time 9 — no more instructions

L »
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I\l

N

M
u
X
PC Inst
mem

¢
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rof O
ri|36
Rz 9
r2j 45
- o
>l |99
—’»E rsfle M Data
B0 Ré -24 U memory
e prj22 X data
dest
Bits 0-2 h‘l
Bits 16-18 U
Bits 22-24 )
IF/ID ID/EX EX/Mem Mem/WB
sSwW
<61>
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Time: 1 2 3 4 5 6 7 8 9
add | fetch | decode |execute |memory |writeback
add 1 2 3 ;reg3=regl+reg2
nor 4 5 6 ;regb=regdnorregb
Iw 2 4 20 ; reg4d= Mem[reg2+20] nor fetch | decode | execute fmemory |writeback
add 2 5 5 ;regS=reg2+reg5
sw 3 7 10 ; Mem[reg3+10] =reg7 Iw fetch | decode |execute |memory Jwriteback
add fetch | decode | execute [memory |writeback
SW fetch decode | execute [memory |writeback
0ys ' Nk Xy <62>
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MeSN[ DMHAENRK W W

A Data hazards : since register reads occur in stage 2 and register writes occur in stage 5

It is possible to read the wrong value if it is about to be written.

A Control hazards : A branch instruction may change the PC, but not until stage 4. What

do we fetch before that?

A Exceptions: Sometimes we need to pause execution, switch to another task (maybe the

Rv,/ dgqg wkhqg uhvxph h{hfxwlrqgqe krz wr zh pdn
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1o Data Hazards

A RAW

0ys ' Nk Xy

o Read After Write A0

CTNTy »
£z )\ A}
ez X ¥

PEKING UNIVERSITY

Recall: registers add 1 2 E
are read /sourced
In the “decode” stage nor g Q
RAW Dependency
time

| | | | | | >

add fetch decode execute memory writeback
«—  Hazard
nor fetch decode execute memory writeback

If not careful, nor will read a stale value of register 3

<65 >
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A RAW o Read After Write A0
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add

1 2 3
hor 3 4 5

time

-

add fetch decode execute memory writeback

nor fetch decode* decode* dée execute
Mo " n|xLl:t4y e Pipeline Stallg
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10 Data Hazards UNEIF SR

A RAW o Read After Write A0

add 1 2 3

nhor 3 ?5
7

3610

sw(Z 12

i A W N R
Q
Q.
o
D

| n | x Detect and Forward
STRNISS <67>



