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1 Chapter 1

1.1 performance

elapse time 2T

cpu time fRZ /O FE R ZRAIATE

clock cycle time BF$H/EIHR

clock rate Bty

ERARD, W ISA HEE, N #inst {8E
power of cpu P=C x V:x F

amdahl's 1aw Timproved = fmroiieced + Tunaffected

improvement factor

MIPS: BB HIE<SH

1.2 great ideas

design for moore's law

use abstraction to simplify design
make the common case fast
performance via parallelism
performance via pipelining
performance via prediction
hierarchy of memories
dependability via redundancy

2 Chapter 2 Instructions
2.1 15O
-—.——-——

- funet? funct3 opcode
n i[11:0] rsi funct3 rd opcode
n functé i[5:0] rsl funct3 rd opcode
i[11:5] rs2 rel funct3 i[4:0] opcode
i[12, 10:5] rs2 rel funct3  i[4:1, 11] opcode
i[20, 10:1, 11, 19:12] rd opcode
i[31:12] rd opcode
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Functé/7

add rd, rs1, rs2 rd = rsl + rs2 0110011 0000000
aub Subtract sub rd, rsl, rs2 rd =rsl - rs2 R 0110011 OOO 0100000
addi Add imm addi rd, rs1, -20 rd =rsl + (-20) I 0010011 000 n.a.
slt Set if less than slt rd, rs1, rs2 rd=rsl <rs2?21:0 R 0110011 010 0000000
sltu slt, unsigned sltu rd, rsl, rs2 rd=rsl <rs2?21:0 R 0110011 011 0000000
slti slt, imm slti rd, rs1, imm rd=rsl<imm?1:0 | 0010011 010 n.a.
sltiu slt, imm & unsignhed sltiu rd, rsl, imm rd=rsl<imm?1:0 | 0010011 011 n.a.
Arithmetic mul mul, lower 64 of result mul rd, rsl, rs2 rd = rsl * rs2 (lower 64) R - - -
mulh mul, upper 64 of result mulh rd, rsl, rs2 rd = (rsl * rs2) >> 64 R - - -
mulhu mulh, unsgn * unsgn mulhu rd, rsl, rs2 rd = (rsl * rs2) >> 64 R - - -
mulhsu mulh, sgn * unsgn mulhsu rd, rsl, rs2 rd = (rsl * rs2) >> 64 R - - -
div divide div rd, rsl, rs2 rd =rsl /rs2 R - - -
divu divide unsigned divu rd, rsl, rs2 rd =rsl /rs2 R - - -
rem remainder rem rd, rsl, rs2 rd = rsl % rs2 R - - -
remu remainder unsigned remu rd, rsl, rs2 rd = rsl % rs2 R - - -
ld Load dword ld rd, 40(rs1) rd = [rsl + 40] | 0000011 011 n.a.
sd Store dword sd rs2, 40(rsl) [rsl + 40] = rs2 s 0100011 011 n.a.
lw Load word - - | 0000011 010 n.a.
lwu Load unsgn word = - I 0000011 110 n.a.
sw Store word - - S 0100011 010 n.a.
lh Load half word - - | 0000011 001 n.a.
Data transfer  lhu Load unsgn hword - - I 0000011 101 n.a.
sh Store hword - - S 0100011 001 n.a.
lb Load byte - - I 0000011 000 n.a.
lbu Load unsgn byte - - I 0000011 100 n.a.
sb Store byte - - S 0100011 000 n.a.
lui Load upper imm lui rd, 0x12345 rd = 0x12345000 U 0110111 n.a. n.a.
auipc Add upper imm to PC auipc rd, 0x12345 rd = PC + 0x12345000 U 0010111 n.a. n.a.
and And and rd, rsl, rs2 rd = rsl & rs2 R 0110011 111 0000000
or Or or rd, rsl, rs2 rd = rsl | rs2 R 0110011 110 0000000
Logical xor Exclusive or xor rd, rsl, rs2 rd = rsl A rs2 R 0110011 100 0000000
andi And imm andi rd, rs1, imm rd = rsl & imm | 0010011 111 n.a.
ori Or imm ori rd, rsl, imm rd = rsl | imm | 0010011 110 n.a.
xori Xor imm xori, rd, rsl, imm rd = rsl ~ imm | 0010011 100 n.a.
sll shift left logical sll rd, rsl, rs2 rd = rsl << rs2 R 0110011 001 0000000
srl shift right logical srl rd, rs1, rs2 rd = rsl >> rs2 (zExt) R 0110011 101 0000000
Shift sra shr arithmetic sra rd, rsl, rs2 rd = rsl >> rs2 (sExt) R 0110011 101 0100000
slli shl logical imm slli rd, rs1, imm rd = rsl << imm | 0010011 001 000000
srli shr logical imm srli rd, rs1, imm rd = rsl1 >> imm (zExt) | 0010011 101 000000
srai shr arith imm srai rd, rs1, imm rd = rsl >> imm (sExt) | 0010011 101 010000
beq branch if equal beq rs1, rs2, offset if (rsl==rs2) PC+=offset SB 1100011 000 n.a.
bne branch if not equal bne rsl, rs2, offset if (rsll=rs2) PC+=offset SB 1100011 001 n.a.
Conditional blt br if less than blt rs1, rs2, offset if (rsl<rs2) PC+=offset SB 1100011 100 n.a.
Branch bge br if greater or eq bge rs1, rs2, offset if (rsl>=rs2) PC+=offset SB 1100011 101 n.a.
bltu blt, unsigned bltu rsl, rs2, offset if (rsl<rs2) PC+=offset SB 1100011 110 n.a.
bgeu bge, unsigned bgeu rs1, rs2, offset  if (rsl>=rs2) PC+=offset SB 1100011 111 n.a.
Unconditional  jal jump and link jal rd, offset rd=PC+4; PC+—offset uJ 1101111 n.a. n.a.
Branch jalr jump and link reg jalr rd, 100(rs1) rd=PC+4; PC=rs1+100 I 1100111 000 n.a.
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XEKEARAY, MNREBIETHEXIESSEEFRANGERE, EETLIC—TE—MESEMA type
HEICR— EERM opcode?

lr.d/lr.w load reserved 1lr.d rd, (rsl)

M (rs1) J0#EE] rd

FERE EREE—™ reservation #RIC
sc.d/sc.w store conditional sc.d rd, rs2, (rsl)

@& reservation TRICEABBEN, WRBEMAE rs2 BHEBAN (rs1), HiRicE rd=0

again:
lr.d x10, (x20)
sc.d x11, (x20),
bne x11, x0, again # branch again if store failed
addi x23, x10, ©

addi x12, x0, 1
again:
lr.d x10, (x20) # read lock
bne x10, x0, again # W& T i, MPFM) sd x0, 0(x20) AT, MAFBRELFATAN L
sc.d x11, (x20), x12 # attempt to store
bne x11, x0, again

2.1.1 hN& 32-bit 3ZBP&Y



32-bit Constants

O Example 2.19 Loading a 32-bit constant

m The 32-bit constant:
0000 0000 0011 1101 0000 7001 0000 0000 (976*163+ 2304=4000000),,

m RISC YV code:

lui  s3,976

# 976 decimal = 0000 0000 0011 1101 0000 binary

0000 0000 0000 0000

0000 0000 0000 0000 | 0000 0000 0011 1101 0000 I6IIeReIeIeIoREIEIe]0)

(The value of s3 afterward is: 0000 0000 0011 1101 0000 0000 0000 0000)
addi s3,s3,2304 # 2304 decimal =1001 0000 0000 binary

1111111111111

111 111111111111 1111 | 1111 1111 1111 1111 1111 LeleiFelelelerelelole

The value of s3 afterward is: SEFR#MB{E2304 become -1792 / sign extended

0000 0000 0000 0000

0000 0000 0000 0000 | 0000 0000 0011 1100 111 1| felekFelelolorelelolor| X

S3 + 2304 become S3 - 1792 ¢

0000 0000 0000 0000

0000 0000 0000 0000 | 0000 0000 0011 1101 0000 Kelokrelelelorelololok ]~/

2.2 Ffzsa

8 + 4096 (2712) FLUBIEX/NalRE, FrLARLEDbit 12 + 1

81 XEFLRMEMAIZENHAIHIE!

Register | ABI Name | Description Saver
x0 Zero Hard-wired zero —

x1 ra Return address Caller
x2 sp Stack pointer Callee
x3 gp Global pointer —

x4 tp Thread pointer —

x5 t0 Temporary/alternate link register | Caller
x6-7 t1-2 Temporaries Caller
x8 s0/fp Saved register/frame pointer Callee
x9 sl Saved register Callee
x10-11 | a0-1 Function arguments/return values | Caller
x12-17 | a2-7 Function arguments Caller
x18-27 | s2-11 Saved registers Callee
x28-31 | t3-6 Temporaries Caller
f0-7 ft0-7 FP temporaries Caller
£8-9 fs0-1 FP saved registers Callee
£10-11 | fa0-1 FP arguments/return values Caller
£12-17 | fa2-7 FP arguments Caller
£18-27 | fs2-11 FP saved registers Callee
f28-31 | ft8-11 FP temporaries CsSDN @||r{zaller:
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ra fEHNRERISE—LHERP

s REIFFRERRER

fact:
addi sp, sp, -16 # HXIFF, sp SR MPIHEALIN 16 bytes = 128 bits
sd ra, 8(sp) # fr4rikMmlMbdl, FAZHAHXF+F] 64 {7 double word

sd a0, 0(sp) # fRY"SH, M THIA

L1:

addi te, a0, -1

bge t0, zero, L1 # W AZMF, B3 L1

addi a@, zero, 1
addi sp, sp, 16 # HiEtR Pl
jalr zero, 0(ra) # k[l

addi a0, a0, -1
jal ra, fact # B

add tl, a0, zero # a® NiAHIRFAE

1d a0, 0(sp)
1d ra, 8(sp) # WMEZSH
add sp, sp, 16 # Hitk T4y



mul a0, a0, tl
jalr zero, 0(ra) # k[

2.3 Memory layout
2 EEE—TFRkT >

Stack allocation before, during and after
procedure call

High address

$fp —> $fp —>»

$sp —» $sp —»

$fp —> Saved argument
registers (if any)

Saved return address

Saved saved
registers (if any)

Local arrays and
structures (if any)

$sp ——

Low address

Memory Layout

O Text: program code

O Static data: global variables
® e.g., static variables in C, constant arrays and strings
= x3 (global pointer) initialized to address allowing = offsets
into this segment

SP — 0000 003f ffff fffOpe, e

O Dynamic data: heap :

m E.g., malloc in C, new in Java

O Stack: automatic storage T
O Storage class of C variables Dynamie data
. Static data
® automaitic 0000 oooo@oo 0000, ,,
m static e
PC— 0000 0000 0040 0000,
Reserved

0

little endians: least significant digit BYiteiit/)y, 540 123u5678h -> 78 56 3u 12
fp: tinfEst
sp: #RIUEET

3 Chapter 3 Arithmetics
3.1 &iFlR=

unsigned
signed



sign-magnitude
2's complement

#f5, BIanin bias = -128

3.2 Add, Sub
AN EAME
overflow

DRGNS L'
2 GENIE LG

3.3 Mul

| CO 03 Arithmetic for Computer > 4 Multiplication

Multiplier V3 Logic Diagram

| Multiplicand

R

N

64-bit ALU

-

L Ve
¢
Broduct Shift right ( Control

Write |-= test

‘ ' 129 bits 1‘

3.4 Div

| CO 03 Arithmetic for Computer > 5 Division




Modified Division

O Reduction of Divisor and ALU width by half
O Shifting of the remainder
O Saving 1 iteration

O Remainder register keeps quotient No quotient register required

Divisor

ﬁ 164 bits
N\

64-bit ALU

~-—p

Shift right
Remainder Shift left
Write

128 bits

O One cycle per partial-remainder subtraction
O Looks a lot like a multiplier!
= Same hardware can be used for both

N t.e o » A

3.5 Floating point

IEEE 754 sign | exp | frac
32-bit: sign 1 | exp 8 | frac 23
64-bit: sign 1 | exp 11 | frac 52
infinity: exp = 111...1, frac = 000...0 FLHHMHIER
nan: exp = 111...1, frac != 000...0 illegal or undefined result
rounding guard (frac[-1]) | round (frac[-2]) | sticky (frac[-3])
sticky &7~ round FEHIZEIRE 1, H1RE 1 PA sticky FiE 1
round to nearest even f5EZ 0.5ulp

Sign | Exponent Fraction Sign | Exponent Fraction

Y Y \
N Compare
exponents
Y

Exponent
difference >
Yy v Y v Yy v

Co 1 D)= »Co 1) I—»(o 1)

Y

Shift smaller

Control »-| Shift right number right
AA v
A4
Y
0o 1

J

EAL/ . g -
Y J
0 1
Increment or > : i
decrement Shift left or right Normalize } -
I
»-| Rounding hardware Round } -

\ Y

Sign | Exponent Fraction




4 Chapter 4 CPU
4.1 Single cycle cpu

Truth tables & Circuitry of main Controller

EER

Instruction [6-0]

= Instruction [19-15]
ead
1 *| address
Instruction [24-20]
Instruction

[31-0)

rite
Instruction Instruction [11-7] I ™ register
memory L

-

Instruction [31-0]

L TP\ t
Instruction |OPCode ALUSrcB “M“E”T;ég”: V%reiwigé II\:::(; Vn\nlfirt: Branch |Jump '%I;:J Aol;&"
R-format | 0110011 0 00 1 0 0 0 0 1 0
Ld(I-Type) | 0000011 1 01 1 1 0 0 0 0 0
sd(S-Type) | 0100011 1 X 0 0 1 0 0 0 0
bea(SB-Type) 1100111 0 X 0 0 0 1 0 0 1
Jal(UJ-Type) | 1101111 X 10 1 0 0 0 1 X X

O @B

ESEH4A
datapath #2/ZERY unit
S —ERE<ST B, {557 datapath?

4.2 Pipelined cpu

Pipeline with Exceptions

EX.Flush

IF.Flush

ID.Flush

/ Hazard \
detection |
unit /

ID/EX

@
/ \77 F | 0> EX/MEM
—| @ ()| e
Control M M »(\WB
- O s k|| =y
x SCAUSE x
ok \/ D— 0_'L/ L»| EX SEPC | 0+ M wB[—e

M
ALU > u
x

Data |

memory |

xc =2

=

Registers o
Ly
1C090000 >+ pc L] Instruction L ||
memory R

!

r.( xc= )(( =)




Datapath with Hazard Detection

PCWrite

H.

(ID/EX.Rd ==
or (ID/EX.Rd

Instruction
memory

a

4.2.1.1 EX hazard

EX/MEM.ReglWrite

and (EX/MEM.Rd !'= 0)

and (EX/MEM.Rd == ID/EX.Rsl)
) ForwardA = 10

MEM/WB .RegWrite
and (MEM/WB.Rd != 0) // A% wWB

and not (
EX/MEM.ReglWirite
and (EX/MEM.Rd !'= 0) // L—%484H% wB

and (EX/MEM.Rd
) // F—%4B4AFHEM}T EX hazard forwarding

and (MEM/WB.Rd == ID/EX.Rsl)
) ForwardA = 01

ID/EX.MemRead

) stall the pipeline

/R EEBRK BB
4.2.1 Data Hazard

4.2.1.3 Stall load use

IF/DWrite

——

/ Hazard \
detection

ID/EX.MemRead

S

\

{Control

| Instruction

ID/EX
" ’—’WB EX/MEM
u M we LI\fEMNVB
X —
\\// 0 L,EX L M WB[—
M
M
u
X
Registers /
AForwardA 1 M
e ALUM u
M Data —| X
: memory
ForwardB
IF/ID.RegisterRs1
IF/ID.RegisterRs2
IF/ID.RegisterRd Rd
Rs2 \ unit

4.2.1.2 Mem hazard load use

ID/EX.Rs1)

IF/ID.Rs1)

ID/IF.Rs2)

load use: stall + mem forwarding

4.2.2 Branch Hazard




branch FILIERIZ ID, (BREMAAF4E— bubble
dynamic prediction: 1/2-bit predictor
branch target buffer, #17%l branch FHRIETRNIZEREZ] target #1147, REHBITE pc

4.2.3 Exceptions

PC -> SPEC (Supervisor Exception Program Counter)
ERROR CODE —-> SCAUSE (Supervisor Exception Cause Register)
Bk#EZ handler
if restartalbe: {Z1F{51R, FHR[EIFE] SPEC
else &RIF, MHRFRFR LIRER
PC BUIEHFRE B—1 Mux JHTIERR

4.16 In this exercise, we examine how pipelining affects the clock cycle time of the
processor. Problems in this exercise assume that individual stages of the datapath
have the following latencies:

250ps 350ps 150ps 300ps 200ps

Also, assume that instructions executed by the processor are broken down as

follows:
ALU/ Logic Jump/Branch | Load | Store |
45% 20% 20% 15%

4.16.1 [5] <$4.5> What is the clock cycle time in a pipelined and non-pipelined
processor?

4.16.2 [10] <§4.5> What is the total latency of an 1d instruction in a pipelined
and non-pipelined processor?

4.16.3 [10] <$4.5> If we can split one stage of the pipelined datapath into two
new stages, each with half the latency of the original stage, which stage would you
split and what is the new clock cycle time of the processor?

4.16.4 [10] <§4.5> Assuming there are no stalls or hazards, what is the utilization
of the data memory?

4.16.5 [10] <§4.5> Assuming there are no stalls or hazards, what is the utilization
of the write-register port of the “Registers” unit?

5 Memory Hierarchy

EFIE

disk access time +E75={jl

JURpER)

JL#h cache 97451
direct mapped

fully associative
set asso

5.1 Write
write miss IR BIrAERFE

write around: E3Z5Z] mem

write allocate: 5gNZE! cache BHITIEENS

IERERISHEME write strategy
write through: 225 A% mem
-> [EJRR: write stall -> {§HH write buffer fi#ix



write back &

5.2 Perf

AMAT = hit time + miss time = hit time + miss rate * miss penalty
CPU Time = CPU exe. clock cycles + mem-stall clock cycles

610

throughput & response time

(average) disk access time
(average) seek time
rotational latency EI55&4E
transfer time: EEEXF{EHI—™ sector
disk controller: $=H#i283EIR



