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ISA (instruction set architecture)
A well-defined hardware/software interface

The “contract” between software and hardware
* Functional definition of operations, modes,
and storage locations supported by hardware
* Precise description of how to invoke, and
access them

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

<4 >
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« Programmer-visible states

« Program counter, general purpose registers,

memory, control registers

« Programmer-visible behaviors (state transitions)

« What to do, when to do it

Example “register-transfer-level”
description of an instruction

A binary encoding

G »
~ \") D
e 7 X ¥

PEKING UNIVERSITY

if imem[pc]=="add rd, rs, rt”
then
pc < pc+1
gprrd]=gpr[rs]+grp[rt]

ISAs last 25+ years (because of SW cost)...

i}
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...be careful what goes in
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e Recall “lron” law:
* (instructions/program) * (cycles/instruction) * (seconds/cycle)
« CISC (Complex Instruction Set Computing) fIUNIX86FrSHIESEE

« Improve ‘instructions/program” with “complex” instructions

« Easy for assembly-level programmers, good code density

» RISC (Reduced Instruction Set Computing) §ll#MIPS/ARM/RISC-V
« Improve “cycles/instruction” with many single-cycle instructions

* Increases “instruction/program” , but hopefully not as much
« Help from smart compiler

« Perhaps improve clock cycle time (seconds/cycle)

« via aggressive implementation allowed by simpler instructions

BIEEH REHE
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 Easy to express programs efficiently?

« Implementability
« Easy to design high-performance implementations?
« More recently
« Easy to design low-power implementations?
« Easy to design high-reliability implementations?
« Easy to design low-cost implementations?
« Compatibility
« Easy to maintain programmability (implementability) as languages and programs evolves?
« x86 (IA32) generations: 8086, 286, 386, 486, Pentium, Pentium-II, Pentium-Ill, Pentium4, ...
« MIPS, RISC-V, ARM...

BIEEH REHE <7>
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void abs(int x, int* res)
¢ if(x < @)
e Demo of assembler res = ox
— S g++-0g -c-Sfilel.cpp , et
* Demo of hexdump Original Code

— S g++-0Og -c filel.cpp
— S hexdump -C filel.o | more

Disassembly of section .text:

0000020000000000 <_Z3absiPi>:
a: 85 ff test Xedi,¥edi

o Demo of 2: 7985 jns 9 <_Z3absiPi+@x9>
4: 7 df neg  %edi
H . 6: 89 3e mov %edi, (%rsi)
objdump/disassembler & @ reta
9: 89 3e mov %edi, (%rsi)
b: c3 retq

— S g++-0g -c filel.cpp
— S objdump -d filel.o

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

i}

BEBH FFaHE <8>
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* Performs the same 3-step
process over and over again

— Fetch an instruction from
memory

— Decode the instruction
* |sitan ADD, SUB, etc.?

— Execute the instruction
* Perform the specified operation
* This process is known as the
Instruction Cycle

i}
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Add the
specified values

9 It’s an ADD

Processor
Arithmetic
Circuitry
Decode
Circuitry
A
Fetch
Instruction <

T~ System Bus

ADD

SUB

CMP

Memory

<9>



(BB RE RIS Ot S e 503

PEKING UNIVERSITY
- B3RS EHL. SEEE

* 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)

Bus
Processor 7D Memory
pcipl 0 | 1% >
0
Op. A 4 ' ‘ 1
ALU o | .
out ADD, in1 4_l
<+« SUB, Data , 3
AND, fe— | 4
OR in2 ’
S 5
RO-R31 <_‘Control I 6
-’

i}
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* Digital circuit that performs arithmetic

operations like addition and subtraction along

with logical operations (AND, OR, etc.)

Processor
ADD
op. l'
ALU
<+ SUB,
0x0579 AND,
OR

in1

in2

0x0123

0x0456

Addr

Data

Control

FIEBH FEAHE

Memory
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e Recall memory is SLOW compared to a processor

* Registers provide fast, temporary storage locations
within the processor

Processor
LU o
out ADD, in1
<« SUB,
AND, |le=—
OR in2

pcip| |

0x0123
0x0456

RO-Rn-1

Addr

Data

Bl FEAFE

Control

Memory

D g s W N = O
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Registers available to software
instructions for use by the
programmer/compiler
Programmer/compiler is in
charge of using these registers
as inputs (source locations)
and outputs (destination

locations)

<12 >
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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 Memor
pcip| | , y
Addr 0 X
op.
p‘ 1 Y
ALU | ,
out ADD, in1 ¢ g
<+« SUB, Data 3 F
AND, |e=— 4
OR in2
< > 5
Control 6

i}

,EL',H*EEE %@#@ <13 >
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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
op.l'

ALU |
out ADD, in1
<+« SUB,

AND, |e=—

OR in2

pcip| | ,
Addr .0
.............................. 1
Xam PEPPETIL s > 2
Yt Data L eeeespeees » 3
............... 4
RO-Rn-1 < > S
Control 6

i}
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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

éx"'\”"e »
TP

PEKING UNIVERSITY

Processor Memor
o | : y
Addr 0
op.‘ ]
ALU | )
outt ADD, in1 <
<+« SUB, Data 3
AND, le— A
OR in2
RO-Rn-1 < > 5
Control 6

i}
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 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
N .. B 0x0123
LT .40x0456 Data 3 inst. 4

ADD +*" lox0579]%- :

<_in > : 4 inst. 5
: RO-Rn-1 ¢ >
T - Control -

i}

,EL',H*EEE %gﬁ:@ <16 >
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« FUETJLATFilEEregister, EFEmemoryskigaSAER

* Source operands must be in one
of the following 3 locations:
— Aregister value (e.g. %rax)

Proc. Mem.
— Avalue in a memory location (e.g. A . 400
value at address 0x0200e8) — T Tlaon oo
— A constant stored in the instruction = D <
itself (known as an ‘immediate’ ALU —
value)

[e.g. ADDI $1,D0]

— The S indicates the
constant/immediate

* Destination operands must be
— Aregister
— A memory location (specified by its
address)

BIEEH REHE <17 >
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- X86, MIPS, ARM, RISC-V

CISC Intel. AMD fé :ﬁ;ﬁg Intel. AMD
s e Intel, IBM. ¥
MIPS RISC MIPS BIER ﬁEfC*F*r . Oracle.
B, 7% Toshiba
(RIhEE. {RRkA.  3ER. A,
ARM A ARM ERTREIAE =
TEFHR., BB e s
_ _ A\ M aﬁgéﬁj(?—\ *—1—
RISC-V RISC RISC-VEES H, %%rétg F AR
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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)
* Privileged / System Instructions

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

FIEEHR #5HE <20 >
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. ______ Operad _________________
II}?:;?;T;EH Opcode || ModR/M SIB Displacement Immediate :
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

Bl FEAFE
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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

movw leaves upper bits unaffected

63 31 0
0000 0000 Double Word
movl zeros the upper bits
63 0

Quad Word

i}

FIEEH FREHE

C

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

CONT
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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:
Name Form Example Description
8-byte register | Bytes 0-3 Bytes 0-1 Byte0 _ -
%rax %eax %ax %al Immediate $imm movl $-500,%rax R[ra)(] = imm.
*rcx Hecx Hex #cl i
%rdx %edx %dx %d1 Register s movl %rdx,%rax R[rax] = R[rdx]
%rbx Hebx b x %b1 - -
%rsi %esi %si %sil Direct imm movl 2000,%rax R[rax] = M[2000]
%rdi %edi %di %dil Addregsing
xrsp %esp #sp %spl -
%rbp %ebp %bp %bpl Indirect (r.) movl (%rdx),%rax R[rax] = M[R]r,]]
%rg %rad %r8w %r8b Addresging
%r9 %rad %row %rab -
%r10 %r10d %r10w  %r10b Base w/ imm(ry) movl 48(%rdx),%rax R[rax] = M[R][r,]+40]
%rll %rlld %rllw %rllb Di5p|acemer|t
%riz #%ri2d %ri2w %ri2b
%r13 %r13d %13w  %r13b Scaled Index (PosPsssT) movl (%rdx,%rcx,4),%rax Rlrax] = M[R[r,]+RI[r]*s]
%rid %rldd %rildw %ridb
%r15 %rl5d %rl5w  %rlsb Scaled Index w/ | imm(re,ri,st) | movl 8e(%rdx,%rcx,2),%rax | Rlrax] = M[8O + R[r,]+R[r]*s]
Displacement

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.

B FZFaHE Purple values = effective address (EA) = Actual address used to get the operand >

\Y
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Specifies the contents of a register as the operand

y) At %
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Both operands in this
example are using

Register Mode
PI‘OCESSOI‘K-(
"""""" Memory / RAM
Intruc movq * _%r*a}(w %r‘dx y
& .15 0 cc55 aa33 | Ox00208

rax Iae 0000 1234 SE?BI 7654 3210 | 9x00204
fedc ba98 | ox00260

rbx 0000 0000 EBBBB 0200

rcx (<15151%) BB@BEBBB 0002

Initial val. f %rdx = FFFf FFFF FFFF FFFF
rdx | ©000 0000 1234 5678

FIEEHR #5HE <24 >
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==
10N

Specifies the a constant stored in the instruction as the operand

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

decimal . .
Source is immediate
mode, Destination is
Processor K-I;EFISIEF mode
e e : M | RAM
Intruc movws, $5, % %dx : emory
4.-:- a =

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

i}

BER FREHE
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- 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
Processorf.v
et M / RAM
Intruc movb i, B8x20a; %dl emory
rg . al
63 81..... 1 1 R S » cc55 aa33 | BxpPe208
rax 0080 0o 1234 5678 ?5551- 3210 | 9x08204
rbx | 0000 0000 VBP0 0200 S| 900260
rcx PPEe PEBD PBEe 0PB2
Initial val. of %rdx = ffff ffff ffff ffff :
rdx FFFF FFFF FFFF FF55 [@sfrrmmmmmmmmmmnmmnmnnmnnns ;

i}

,EE*EEE %gﬁ:@ <206 >
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- Specifies a register whose value will be used as the effective address in memory
where the true operand is located

RMUTIEET

* Parentheses indicate indirect addressing mode

Source is using Indirect

Addressing mode
PI‘OCESSDI‘K’
RN Memory / RAM
Intruc movl :(%rbx); %edx y
I.-.-__._.-'
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

i}

,ELE,'*EEE %gﬁ:@ <27 >
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 RAd(%reg)FigEibiL

* 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

FIEEHR #5HE <28 >
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Addressing Mode

- AtAEEBase/Indirect with Displacement AddressingSEiFZEf
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* Useful for access members of a struct or object

struct mystruct { rbx
int x; (1) coce 0oee ooee 6200 Memory / RAM
int y; (:) :
b 6000 0000 :0000 0208
struct mystruct data[3]; | (4) eeee eoen:ecse 0210 data[2].y | e6ee 6002 | ©x00214
¥ data[2].x | 9008 0801 | 0x00210
int main
{ v +eeea 8262 data[1].y | @666 8802 | 6xee20c
for(i=0; i<3; i++){ (@ EA- oeo0 0204 data[1].x | @98e @001 | ©x00208
data[i].x = 1; :
data[i].y = 2; -+» data[0].y | 9666 0002 | 6x00204
} data[0].x | 6600 0001 | ©xP0200
} C Code

movq $0x0200, %rbx
Loop 3 times {

DGE@ mov1 $1, (%rbx)
@ movl $2, 4(%rbx)

Assembly ; addq $8, %rbx

BEBH FFaHE <29 >
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- Hlit#gsC: Form: (%reg1,%reg2,s) [s = 1, 2, 4, or 8]

Scaled Index Addressing Mode

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

Intruc

rax

rbx

rcx

Initial val. of %rdx =

rdx

i}

FIEEH FREHE

C

Source is using Scaled Index
Processor r. Addressing mode

.....................
-

63 31 15 0

0000 0906%1234 5678

0000 0200

h

0000 0000 00O 0200

______ s=> +0000 0008 | :
EA= 0000 0208

0000 0000 00O 0002

FFFF FFFF FFFF FFFF

0000 0000 cc55 aa33

Memory / RAM

lcc55 aa33_

7654:3210

fedcibags

0x00208
9x00204
0x00200

U NP
CLILN
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I598%
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* 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

ESERNDIE1 - (BHigS: Scaled Index Addressing Mode

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

FIEEH FREHE

M /| RAM
(1) | 00ee 0000 0000 0000 ormony
(2 odoe 0000:0000 0001
@ eéee 999959999 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 9293 “% 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

- N:./e
S %
< )
< o
ol S
> ~)

I598%
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BSEMNS XK1 - (E1ifES: Scaled Index w/ Displacement NEZ T
Addressing Mode -

- £ ScalefliDisplacement: bt = d(%reg1,%reg2,s) [s = 1, 2, 4, or 8]

Y’ PEKING UNIVERSITY

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

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

..................... M /| RAM
Intruc movbz‘,;’{g%r‘bx,%r‘cx,_ﬁl 5 %dl | ? .mory
T - .--- — | : ;
63 31 15 0 : cc55 aa33 | 0x00208
rax 0000 0000:1234 5678 0000 0200 | :| | 7g54 3210 | 0x00204
- 3 2 .
FTOIL .
rbx 0000 0000 0000 0200 e i . t0e00 oees | i | fedc bads | 0x00200
: 0000 020b :
rcx 0000 0000 0000 0002  (»(D)
Initial val. of %rdx = fFFf FFFF FFFF FFFF :
rdx ffff ffff Ffff ffcc ARy S ;

i}

,EL',H*EEE %@#@ <32>
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. SRR GBS MAddressing Mode3t4R:

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, Oxed(%rbx,%rcx,2)

FIEBH FEAHE

ESEMNTHR1 - (ERiES: Addressing ModeZfl

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

0x00204
0x00200
@x001fc
Ox001f8

rax

rax

rax

rax

rax

0x002e8
Ox002e4

TN

G 2
Posity
TARE ez z j?
N 9
HANE
> ~ ‘

I598%
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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

EE*EEEE %gﬁ:@ <34 >
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* Performs arithmetic/logic operation on the
given size of data

* Restriction: Both operands cannot be memory
* Format (mmmm————————

—————————————

—-Exanwﬂe]. addg %rbx, %rax (/rax += %rbx)
— Example 2: subq %rbx, %rax (%rax -= %rbx)

FIEBH FEAHE

Initial Conditions

— addl $0x12300, %eax
— addq %rdx, %rax

— andw 0x200, %ax

— orb 0x203, %al

— subw $14, %ax

— addl $0x12345, 0x204

S PEKING UN IVERSITY

Memory / RAM
7654 3210

ofef ffoe

Processor Registers | ffff ffff 1234 5678 |

|6869 0eBe cc33 3355|

| 6000 0000 cc34 cdss |

| £FFF FFFF de69 23cd |

| £FFF FFFF de69 2300 |

| £FFf FFFF de69 230f |

| £FFF FFFF de69 2301 |

7655 5555
efef ffoo

0x00204
©x00200

rdx

rax
rax
rax
rax
rax
rax

0x00204
©x00200

<35>
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- MTRIESESERESRA—MUBNmEIE
// data = %edi f1:
// 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

%ﬂﬁ?ﬁgEﬂ §E2§;¥€Q <36 >

~



JESER%3 - BEliES NEER

- i <Sitbhbbiix

&FFif, caseFlifigEalLARfor, whileFEHEAFEH
BEERED FTUNER T RN H

|f(COnd|t|On O) Address Instruction

004937FT7 MOV EAX, 200

XXXXX Wh||e(Cond|t|on 1) 004937FC MOV EDX, 50
XXXXX s Bl o

XX XXX IXXXXX 00493808 JMP 00497000

XXXXX ;Pretend there i=s a lot of code inbetween here. Jump to address 497000
XXXXX
XXXXX 00457000 DEC EDX

00497001 MOV DWORD [45E6CC],EDX ithE‘l'l continue the code.

XXXXX 00497007 MOV EAX,EDX

else
XXXXX
XXXXX

i}

,EE*QEE %@#@ < 37>
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BOMRE

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 5bits 3 bits 5 bits 7 bits

FIEEH FREHE

BSEE: RISC-V—HHBIAIRISCIES
- Z2THE, ¥ BT,

R-Type e imm:

o UTmm:
I-Type e Upimm:
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

(\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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- IESKERRE, XS (HEHIES)

3 types of CPU instructions each of which are 32-bit aligned words.

« |-type (Instruction)
« J-type (Jump)

« R-type (Register) R opcode rs rt rd shamt | funct
31 26 25 21 20 16 15 11 10 6 5 0
*Opcode
bi _ g | opcode rs rt immediate

* 6-bit operation code 31 26 25 21 20 16 15 0

« There are 3 different register

9 opcode address

specifiers: 31 26 25 0

« RD - 5-bit destination register
« RS - 5-bit source register

« RT - 5-bit target register

BIEBEHR FEHE <40 >
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[BIE: {+ARHRKESRS

- MKEGRIZETHN - IRETHEHNBAFER (IRSinstruction/cycle, CPI)

| add

(D »
TP

s PEKING UNIVERSITY

icroprocessor

| nor

fetch decode ALU mem writeback

[ C_)O OOO%

-

2

nor

add

noop
add

i}

,EL',H*EEE %@#@ <43 >
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d Execute as many instructions at the same time as possible.

éx"'\”"e »
TP

PEKING UNIVERSITY

e Pipelining: 12-20+ cycles

e Multiple pipelines
d  Pentium:

e 2 pipelines, 5 cycles each (10 instructions “in flight”)
ad  Pentium Pro/II/ll

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

* Instructions can execute out of their original program order
d Pentium IV

e 4 pipelines, 20 cycles deep

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

d Corei7 (Nehalem)
4 pipelines, 16 cycles deep

i}

350 E EE %gﬁ:@ <44 >
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. SIRiRIKEEIRIT: Fetch, Decode, Execute, Memory, Writeback

Fetch Decode Execute Memory Writeback
M
U
X
1 +
+
Py
A U
-1 PC Inst = gl Register L X
fil
mem _ lie iy U e /

u memory
X

: Sign extend I'

0-2

|15—15
18

BEBEH F5HE — — — — <45 >
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- PCEHIMESMemory BiZERAG AL

FAFEHPCAXTIEFNIES (jmps)

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

Rest of pipelined datapath

en

-I— IF / ID Pipeline register
20

FIEEHR #5HE <46 >
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- [RiEIESAIregisterpregisterfEB$iEENE R FAERIE

BRIZEEEREINIESTET,: 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

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

IF / ID Pipeline register ID / EX

BISEH REFHE <47>
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SB=%%: Execute:
- FIBALUHIINZRIT S8R HEM T—MNESHIPCE

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

FAA

IS E EE %@#@ <48 >

i}

C



%g&: Memory;§1$ iI: I?EISNG l;NIVERSITY
- 15 ALU?E%_‘_Ereg|ster1*E!2E%T')\Memory, M MemoryiE

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.

£q
ae
C Y=
(e l=]

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

FIEEHR #5HE <49 >



SERh%: Writebacki®{E AR SR
- ALUitH %Rk Data MemoryiER ISR SO destReg

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.

Alu
Result

Read Data

This goes back to data

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

bits 0-2

This goes back to the
estination register specitier

Mem/WB bits 16-18

register write enable
h

i}

,EL',H*EEE %@#@ <50>
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5S4 7K ZerISERREH]

- RIRETLUUTESESRR

add
nor

add
SW

(TR S T N R S,

~l U B U0~

20

10

BIEEH REHE

; reg3=regl+reg2

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

; Mem[reg3+10] =reg 7

K& Lk

=

PC

Inst
mem

NT
GONIN
S Q)
S @

8 -
& ~
I598

Je 7 ) ¥

PEKING UNIVERSITY

4

target
PC+1 PC+1]™ ]
rofj O "
aq:
- | resa] M =] AL L] S
= R2 It
2 [[ess) vala X — | u
= n i ALU X
E‘. = R L result i
=] _E RS valB M U Data
o 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>



Sy e D ER e NEER
- IBIRIBITI FIESES RS

i
u
x
= 0
= u u -
add 1 2 3 ;reg3=regl+reg2 ol 0
nor 4 5 ; rege=regdnorreg5 r1| 36 0 -
Iw 2 4 20 ; regd= Mem[reg2+20] R2f 9 B 0 'lj'
add 2 5 5 s reg5S=reg2+reg5s 4 o inst M § I L 12 A J
2 [| - ~[zs j o 0
SW 3 7 10 ; Mem[reg3+10] =reg7 mem T E
— * E R ﬂ | B | M u D-ﬂta
2 "o U memory
= Ry 22 — ¥ data
o dest
0
Bits 0-2
Bits 16-18 ?' 0 0 0
Bits 22-24
oo oo oo
IF/ID ID/EX EX/Mem Mem/WB

B FZFaHE ?‘}Jté‘){k%ﬁ tO <52>
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- (RRIETUTESESRRKE L

add
nor

add
SW

==

i}

(FVRN T N SO

~l U B U0~

20

10

BIEEH REHE

C

; reg3=regl+reg2

; regb=regdnorregb
; 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 2-{]
Time 1l -Fetch:add 123 w3 &2
sw 3 7 10
0
1 0
roj O
k1|36 0
E_ rz] 9 0
= rajl12 0 A
|-= o
o || =P a8 L 0 0
=~ -b‘g i 0 M U Data
o Re 41 u memory
&= gy 22 X data
0 dest
0
Bits 0-2
Bits 16-18 | ¢ 0 0 0
Bits 22-24
oo 00 oop
IF/ID ID/EX EX/Mem Mem/WB
<h3>
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add
nor

add
SW

==

i}

(TR S T N R S,

~l U B U0~

20

10

BIEEH REHE

C

CLEL> »
/ \
N e 7.5 ¥

PEKING UNIVERSITY

FARAE

nor j :-T‘ El
Time 2 - Fetch: nor456 w3 4020
sw 3 7 10
M
u
X
: reg3=regl+reg?2 _gi o
2 1
; regb=regdnorregb o
; reg 4= Mem[reg2+20] 1 r1| 36 0
0
; reg5=reg2+reg5 o 2] ® 192 36 \/
I~ R3,
M 3+10] = 7 -1 PC Inst H * H o A
em[reg ] =reg . | _....; raf18 j L 0 0
< e i 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
< b4 >
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add
nor

add
SW

==

i}

(TR S T N R S,

~l U B U0~

20

10

BIEEH REHE

C

; reg3=regl+reg2

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

; Mem[reg3+10] =reg 7

PC Inst
lw 2420

L »
ANEZES

PEKING UNIVERSITY

add 1 2 3
. nor -11 5 'EI
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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- (RRIETUTESESRRKE L

add
nor

add
SW

==

i}

(FVRN T N SO

~l U B U0~

20

10

BIEEH REHE

C

; reg3=regl+reg2

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

; Mem[reg3+10] =reg 7

L »
ANEZES

PEKING UNIVERSITY

adda 1 z J
nor :,l 5 5‘;
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 wn -P;; Rajls 2 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
IFf'ID IDfE}( EXfMEm MemeB
add 255 lw 2420 nhor456 add123
<bhpg >



SERim K ERISLRRSE B NP TS
- BIRIETI FIESTES RS

nor 4 S5 6
Time 5 - Fetch:sw3 710 w3 220
sw 3 7 10
M
u
X
20
add 1 2 3 ;reg3=regl+reg2 I 2 3 * 23
nor 4 5 ; rege=regdnorreg5 rol O
lw 2 4 20 ; regd= Mem[reg2+20] 2 r1]36 0 By 45
add 2 5 5 ;regS=reg2+reg5 £ 5 :iﬁ 9 >
w
sw 3 7 10 ; Mem[reg3+10] =reg7 -] PC "t S —plE ~fas 29 0
meim = ;
S || |z ¥ 7 M Data
& R6 41 U memory
= grif22 20l x data
5 dest
18
Bits 0-2
4 6 3
Bits 16-18 ?-h 5 4 6
Bits 22-24
add lw nor
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add 255 w2420 nor456 add
BREEB FE5HE < 57>



SERim K ERISLRRSE B NP TS
- BIRIETI FIESTES RS

Time 6 — no more instructions i 4 4 ﬁ”
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 = cl 2
ra] 45
SW 3 7 10 ; Mem[reg3+10] =reg7 PC Inst -P'"_: N 16 |5 -
mem = 7
=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 2420 nor

i}

BEBH FFaHE <58 >
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SERim K ERISLRRSE B NP TS
- BIRIETI FIESTES RS

nor 4 5 6
Time 7 — no more instructions w3 ¢ 20
sw 3 7 10
M
u
X
10
add 1 2 3 ;reg3=regl+reg2 5 + 15 [~
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
R3] 45
SW 3 7 10 ; Mem[reg3+10] =reg7 -1 pc Inst | - o 99
mem -P.E M! 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

i}

BIEEH F#FEHE <59 >
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SRk e RISLRRSRB)
- (RRIETUTESESRRKE L

add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
BREEB FE5HE

; reg3=regl+reg2

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

; Mem[reg3+10] =reg 7

E =i

PC

mem

Inst P

NT
AL
S A
< &

< o
! <)

T59%

ez XY
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add 1 2 3
L] L] L] 110.1. i 5 g’
Time 8 — no more instructions w3 220
sw 3 7 10
+
rof O
ri| 36 16
rz2] 9 55
| o ™ 45
g il = =1 2 0
_._E RE'- M Data
8 Rref-24] U memory
e grj22 X data
22 dest
Bits02 My 5
Bits 16-18 ;J 7
Bits 22-24
swW
IF/ID ID/EX EX/Mem Mem/WB
sw3710 add
<60 >



5S4 7K ZerISERREH]

- BRETLUTH

add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
BREEB FE5HE

y reg3=regl+reg?

; regb=regdnorregb
; reg 4= Mem[reg2+20]
rregS=reg2+reg5

; Mem[reg3+10] =reg 7

L »
ANEZES

Time 9 — no more instructions

PEKING UNIVERSITY

M
u
X
|'>)
rof O
ri|36
Rz 9
PC Inst H x o o =
mem -’h; g
iz P2 M Data
B0 Ré -24 U memory
e prj22 X data
dest
Bits 0-2 \'"'I
Bits 16-18 U
Bits 22-24 )
IF/ID ID/EX EX/Mem Mem/WB
sSwW

<61>
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add 1 2 3
nor 4 5 6
lw 2 4 20
add 2 5 5
SW 3 7 10
BREEB FE5HE

; reg3=regl+reg2

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

; Mem[reg3+10] =reg 7

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

ez XY
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Time: 1 2 3 4 5 6 7 8 9
add | fetch | decode |execute |memory |writeback
nor fetch | decode | execute fmemory |writeback
Iw fetch | decode | execute |memory Jwriteback
add fetch | decode | execute [memory |writeback
SW fetch decode | execute [memory |writeback

<p2>
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RIERSRA K e nl REfFTEAT AlIRR?
- 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.

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

do we fetch before that?

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

OS), and then resume execution... how to we make sure we resume at the right spot

1

,%,af E EE %‘ﬁ#@ <064 >
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- RAW[aJEi: Read After WriteZiiEihse

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

i}

,EL',H*EEE %gﬁ:@ < 65>
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|a)8%1: Data Hazards
- RAW[@gi: Read After WriteZ{iiE hzs

CIEIPN »
~ ) A}
NEF T

PEKING UNIVERSITY

add
nor

[TV
AN
v W

time

-

add fetch decode execute memory writeback

nor fetch decode* decode* dée execute

BIERARRINE . IR/ (Pipeline Stall)

i}

,EL',H*EEE %@#@ < 66 >
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|a)8%1: Data Hazards

- RAW[aJEi: Read After WriteZiiEihse

add 1 2 3

nm'3§Z%
7

[ N e S I L N
0 )
S Q.

o

o)

[

+ target
PC+1 PC+1

(;ﬁﬂtm

PEKING UNIVERSITY

ALU

REG
file

IF/
ID

FIEBH FEAHE

result

roj O
eq?
E. regA R1
R2
41 regB
Inst ] R3 valA A
1°¢ 15 Q@ ALU
mem|l & = R4
= - L result
[
= 5 valB M U
g e U
& gy

Data
memory

Imdata

dest

op op

IF/ ID/ EX/
ID EX Mem

ID/
EX

MR RTMZE: Detect and Forward

op

Mem/
WB

data

dest

<67 >



[AJ8E1: Data Hazards NP
- RAW|n)8ii: Read After WriteZ{iE hz

Time: 1 P 3 4 H b 7 8 g9 10 1 12 13
add1?2 IF ID EX. ME WB
1. add 123 \
5 nor 3 &ZE) nor 3 4 IF ID EX \ME WB
3. add 6
4. 36 10 add6 37 IF 1D EX ME WB
5. SW {2 12
w3610 IF ID EX ME . WB
swb212 F ID* 1D EX ME WB

IR Detect and Forward
o HERIRTNE . Detect and Forwar o



|aJ8%R1: Data Hazards IANEIF LS
- Detect and ForwardZZfl Cycle 3R
-
add123 //r3=r1+12 il I — -
r1| 14
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« False or Name dependencies

— WAW — Write after Write
R1=R2+R3
R1=R4+R5

— WAR - Write after Read
R2=R1+R3
R1=R4+R5
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