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Instruction Execution

PC — instruction memory, fetch instruction

Register numbers — register file, read
registers

Depending on instruction class

B Use ALU to calculate
[0 Arithmetic result
[0 Memory address for load/store
[0 Branch target address

B Access data memory for load/store
B PC « target address or PC + 4




Abstract / Simplified View

R ‘
data

—
=—piaddress instruction regls:eerg;;iters >A|_u—.->address
register # data
instruction memor —
memory register # y
pldata

[0 Two types of functional units:
B elements that operate on data values (combinational)
B elements that contain state (sequential)




Abstract / Simplified View

PC

L N

B Use multiplexers

—
: : register #
—pladdress instruction registers - LU|—@=»{address
register # = data
instruction : memory —
memory register #
= pldata
Cannot just join wires together




Recall:
Logic Design Basics

Information encoded in binary

B Low voltage = 0, High voltage =1

B One wire per bit

B Multi-bit data encoded on multi-wire buses
Combinational element

B Operate on data

B Output is a function of input

State (sequential) elements

B Store information




Recall:

Combinational Elements

AND-gate
B Y=A&B

A_
B—}Y

Multiplexer
B Y=S"?I1

[0 M
u Y
Il

S

: 10

Adder
B Y=A+B
A—»}
>+ Y
5 —
ALU
m Y =FA, B)
A —
SALU— Y
5 —

F



Sequential Elements

Register: stores data in a circuit

B Uses a clock signal to determine when to
update the stored value

B Edge-triggered: update when Clk
changes from O to 1

Clk =
D —» —> Q
D L X L X |
Clk —b
Q




Sequential Elements

Register with write control

B Only updates on clock edge when write
control input is 1

B Used when stored value is required later

Clk | =
Write \1 L,
= =5
Write— D : :
Clk
Q




Clocking Methodology

Combinational logic transforms data
during clock cycles

B Between clock edges

B Input from state elements, output to
state element

B [Longest delay determines clock period

State combinational state state binati |
element . element combinationa
1 logic > element logic

clock cycIeJ | |
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Register File

built using D flip-flops

read register

number 1 read
: data 1
read register
number 2
register file
write
register read

write data 2

data write

11



Register File

read register
number 1

read register
number 2

register 0

register 1

register n-2

register n-1 |911T

-+

( xcz MW( xcz )

- read datal

-» read data2
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Register File

[0 Note: we still use the real clock to determine when to write

write
—H e
1 | register 0
»1D
register — n-to-2" Cre <ter 1
number decoder Jo 9
N-1j——
g =
— C
register n-2
D
cC ;
register register n-
data g 1%
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Instruction Fetch

instruction
address

instruction > —

instruction
memory

PC

add

sum
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Instruction Fetch

instruction
address

instruction

instruction
memory

add

sum
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R-Format Instructions

el il

read
register 1
read
read data 1
register 2
Write registers
register read
data 2
write
|data
RegWrite

ALU
result

4\|\ALU operation

I
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R-Format Instructions

4\l\ALU operation

read
register 1 read
data 1
read
instruction register 2

1o registers ALUL
WH _e result
register read

. data 2
write
data

RegWrite
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Load/Store Instructions

MemWrite

—>laddress read —
data

data sign
memory extend
write
'.data
MemRead
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Load/Store Instructions

instruction

read

register 1

read

register 2

write
register

write
data

registers

read

4\l\ALU operation

data 1

read
data 2

16

RegWrite

\

sign
extend

MemWrite

S
ALU
——pladdress read|
result data
data
memory
write
Hdata
MemRead
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Branch Instructions

4\l\ALU operation

read
register 1

read ALU

data 1
read

register 2 ~ero branch

control logic

instruction

: registers
write g

register

read
data 2

write
data

PC+4 —p| add

branch
> sum _>target

16 RegWrite

\
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Composing the Elements

First-cut data path does an
instruction in one clock cycle

B Each datapath element can only do one
function at a time

B Hence, we need separate instruction and
data memories

Use multiplexers where alternate data

sources are used for different

instructions

21



Building the Datapath

instruction

ﬁ
Zero

ALU

| ALU operation
ALU

=

RegWriteI

7

22




Building the Datapath

| ALU operation
ALU

: zero|=» MemWrite MemtoReg

instruction

ALU
result address  read
data
data
rite memory
data

ALUSrc MemRead 23



Building the Datapath

PC

4

....lread

address

instruction

instruction

memory

read
register 1

read read
register 2 g4ata 1
writeregisters
register read

: data 2
wWrite

—
Zero

ALU
result

data

RegWriteI

sign
extend

| ALU operation
ALU

MemWrite

MemtoReg

ALUSrc

read
data
data
write memory
data

address

MemRead 24



Building the Datapath

PC

4

...,lread

address

instruction

instruction

memory

read
register 1

read read
register 2 g4ata 1

writeregisters

register read

: data 2
wWrite

data

&

RegWriteI

<’

ALUSrc

Zero

ALU
result

PCSrc

| ALU operation
ALU

MemWrite

MemtoReg

read
data
data
write memory
data

address

MemRead 25



Building the Datapath

PC

&

4
....lread
address
instruction " o
instruction ALU
—lICMOLY_ result

-

PCSrc

| ALU operation
ALU

MemWrite MemtoReg

ALUSrc

address read
data

data
rite memory
data

MemRead
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Control

[0 Selecting the operations to perform (ALU, r/w)
[0 Controlling the flow of data (multiplexor inputs)

0 Information comes from the 32 bits of instruction

add $8, $17, $18

000000

10001

10010

01000

00000

100000

op

rs

rt

rd

shamt

funct

[0 ALU's operation based on instruction type and

function code

27



ALU Control

0 what should the ALU do with this instruction
lw $1, 100(%$2)

35 2 1 100

op rs rt 16 bit number

0 ALU control input

0000 AND
0001 OR
0010 add

0110 subtract
0111 set-on-less—-than
1100 NOR




ALU Control

must describe hardware to compute
4-bit ALU control input

B given instruction type
00 = Iw, sw ALUOD

01 = beCI’ >C0mputed from
10 = arithmetic instruction type
B function code for arithmetic

describe it using a truth table (can
turn into gates):
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ALU Control

instruction | ALUOp | Funct desired ALU control

opcode field ALU action input
LW 00 XXXXXX | add 0010
SW 00 XXXXXX | add 0010
Branch equal 01 XXXXXX | subtract 0110
R-type 10 100000 |add 0010
R-type 10 100010 |subtract 0110
R-type 10 100100 |and 0000
R-type 10 100101 |or 0001
R-type 10 101010 |set on less than 0111
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ALU Control

ALUOp

Funct field

ALUOp1 |ALUOp2

F5

F4

F3 | F2

F1

FO

operation

0010

0110

0010

0110

0000

0001

0
X
1
1
1
1
1

XX [IX|IX|X |~ |O

XXX |[X|IX]|X|X

XXX |[X|IX]|X|X

= Ol |O| X | X

X
X
0
0
1
1
0

HI OO |O]|X|X

Olr|lO|lO0O|lO|X|X

0111
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The Main Control Unit

R-type

Load/
Store

Branch

Control signals derived from instruction

0 rs rt rd shamt funct
31:26 25:21 20:16 15*11 10:6 5:0
35 or 43 rs rt address
31:26 25:21 20:16\ 15:0
4 rs rt \ address
31:26  25:21  20:16 \ 15:0 \
opcode | | always read, write for sign-
read except R-type extend
for load and load and aglgl




Building the Control

[25-21] Jread
’register 1
read
20-16] |...4 data 1
instruction register2
[31-0] write  Fegisters
register read
data 2
[15_11] write atd
|[data
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Datapath With Control

Add

Instruction [31-26]

Read
address

Instruction
[31-0]

Instruction
memory

Instruction [25—-21]
[

RegDst
Branch

Y

T

ALU

Add result

/

\ MemRead

Y

MemtoReg

» Control ALUOp

MemWrite

| ALUSrc

RegWrite

| Read

Instruction [20—16]

~ | register 1 Rgeag
| Read data 1

1

Instruction [15-11]
[ . >

“xc=C

Instruction [15-0]

o Write

register 2

Write Read
register data 2

data Registers

Zero
ALU 5y

»(0

result

“xe=2

Address data

Write
data

Read

Data
memory|

ALU

Oxc=—

Instruction [5-0]

controt
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R-Type Instruction

Add

Read
address

Instruction
[31-0]

Instruction
memory

i

Instruction [31-26]

Instruction [25—-21
[

]

| Read

RegDst
Branch

MemRead

xec= ©

MemtoReg

» Control ALUOpD

MemWrite

/ ALUSrc

RegWrite

Instruction [20—16]

~ | register 1 peaqg

Instruction [15—11]
L -

0
M
u
X

1

Instruction [15-0]

o Write

Fead data 1
register 2

Write Read
register data?2

data Registers

Zero
ALU ALU
result

ALU

Oxc=

Instruction [5-0]

controt
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Load Instruction

> »{0
[ ] M
Add u
X
4 — 1
RegDst
Branch
\ MemRead
Instruction [31-26] MemtoReg
» Control ALUOpD
MemWrite
| ALUSrc
RegWrite
Instruction [25-21] Read
Read L 4 > i
.| PC address register 1 Read
Instruction [20-16] data 1
Instruction || 0 ALU zero
s M| wiie resuit [ Address R0 —f
Instruction g register M M
memory ||e¢ 1 u X
| Write 1"
data Registers Data
memory
Instruction [15-0 16 ian- | 32 |
(15-0] Sign ALU I
extend

controt
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Branch-on-Equal Instruction

4 —| Add

RegDst /

Branch
\ MemRead

/

Instruction [31-26] MemtoReg
» Control ALUOD

MemWrite
| ALUSrc

RegWrite
Instruction [25-21] R
| pc lé»| REad * > re%?ger1
address Read
Instruction [20-16] Read data 1
. > .
Instruction _I register 2
[31=0] Read 0
Instruction data 2 M M
memory ||e¢ g g
®
I Registers

Instruction [15-0]

ALU

controt




Implementing Jumps

3 op address
31-26 25-0

26 . 28 jump address[31-0]
instruction [25-0]

PC+4[31-28]
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Datapath With Jumps Added

Instruction [25-0] Shift

Jump address [31-0]

hN

Instruction-[15=0]

{extend]

W=t 17PN |

left 2/
26 28 | pC + 4[31-28] (o) Lof
Add . #\ 1
X
ALU
= Add result 0
RegDst —
Jump /
\_Branch
\ MemRead
Instruction [31-26] MemtoReg
»| Control ALUOp
MemWrite
| ALUSrc
RegWrite
Instruction [25=21]
o| Read I . Ea%?sdteﬂ
address Read .
Instruction [20=16] Read data 1
Instruction mI 5 | register 2 ALUZGVO
[31__0] M1 Write Read ~(0 rédgjljt = Address Rdea%g 1
Instruction | || siciion [15-11] & || register  data 2 M M
memory 1 _ g g
| e | :
egisters : Data
> g\gt';e memory

Instruction [5=0]

CUTILNOt
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Control

instruc- | Reg | ALU | Mem | Reg | Mem | Mem | Branch | ALU | ALU

tion Dst | Src | to | Write| Read | Write Opl | Op2
Reg

R-format | 1 0 0 1 0 0 0 1 0

lw 0 1 1 1 1 0 0 0 0

SW X 1 X 0 0 1 0 0 0

beg X 0 X 0 0 0 1 0 1
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Control

inputs

signal
Op5

R-format
0

Iw

)
=

o
(]
Na]

Op4

Op3

Op2

Opl1

OpO0

outputs

RegDst

ALUSrc

MemtoReg

RegWrite

MemRead

MemWrite

Branch

ALUOp1

ALUOPO

OO oo OoO ol ol ool o o

OO0 OO F P Ol O O Ol

Olo|lo|l— ool X R Xkl ol Rk ol —

ROl OlO|O| X[ O] X | O|o|+ olo|o
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F (5-0)

Control

Simple combinational logic (truth tables)

Inputs

Op5

Op4

Op3

Op2

Op1

F3

Op0

ALUOpO

000

&

OO

L

beq

Outputs

00
ALUOp1 L
R-format
*~—
>

F2

F1

A\
Papb

D

)

RegDst

ALUSrc

)

MemtoReg
RegWrite

MemRead

MemWrite

Branch
42 ALUOp1

ALUOp2



Performance Issues

Longest delay determines clock period
B Critical path: load instruction

B Instruction memory — register file - ALU —
data memory — register file

Not feasible to vary period for different
instructions

Violates design principle
B Making the common case fast

We will improve performance by pipelining
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Performance of
Single-Cycle Machines

Instruction Instruction | Register ALU Data | Register Total
class fetch read operation | access write time
(le%ad word 200 ps | 100 ps | 200 ps | 200 ps| 100 ps | 800 ps
Store Word 200 ps | 100 ps | 200 ps | 200 ps 700 ps
(E;E?sﬂmg,or,sm 200 ps | 100 ps | 200 ps 100 ps | 600 ps
Branch 200 ps | 100 ps | 200 ps 500 ps

(beq)
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Pipelining Analogy

Pipelined laundry: overlapping execution
O ParaIIellsm |mproves performance

6 PM 7 11 2 AM

Tine — o o o o o |

Task Four loads:
» o=l
: B0=l B Speedup
= IEI.E. = 8/3.5 = 2.3
D @
Non-stop:

B Speedup
= 2n/(0.5n+1.5) = 4
= number of stages

92



MIPS Pipeline

Five stages, one step per stage
1.
2.
3.

IF: Instruction fetch from memory
ID: Instruction decode & register read

EX: Execute operation or calculate
address

. MEM: Access memory operand
. WB: Write result back to register

93



Recall:

Single Cycle Implementation

PC

4

...,l read

address

instruction

instruction

memory

read
register 1
read read
register 2 4ata 1
wrikegisters
register read
write ZEEE
data

ALU

sign
extend

Zero

ALU
result

yd

@

S

-.'Pladdress read
data
data
write memory
»l data
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Toward Pipeline Implementation

PC

4

....l read

address

instruction

instruction

memory

data

instruction
register

read
register 1

read
register 2

wrikggisters

register

write

read
data 2

memory
data
register

sign
extend

address read
data

data
write memory

data

95




Step 1:
Instruction Fetch

O

O

use PC to get instruction and put it in the Instruction
Register.

increment the PC by 4 and put the result back in the
PC.

can be described succinctly using RTL "Register-
Transfer Language”

IR = Memory[PC];
PC = PC + 4;

Can we figure out the values of the control signals?
What is the advantage of updating the PC now?
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Step 2:
Instruction Decode & Register Fetch

[0 read registers rs and rt in case we need them

[0 compute the branch address in case the instruction is
a branch

[0 RTL:

A = Reg[IR[25-21]];
B = Reg[IR[20-16]];
ALUOut = PC + (signh-extend(IR[15-0]) << 2);

[0 We aren't setting any control lines based on the
instruction type

B we are busy "decoding" it in our control logic

97



Step 3: Execution Step
(instruction dependent)

L
O

ALU is performing one of three functions, based on
instruction type

Memory Reference:
ALUOuUt = A + sign-extend(IR[15-0]);

R-type:
ALUOut = A op B;

Branch:
if (A==B) PC = ALUOuUt;

Jump:
PC = PC[31-28] || (IR[25-0] << 2)
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Step 4.
Memory-Access

[0 Loads and stores access memory

MDR = Memory[ALUOut];
or
Memory[ALUOut] = B;
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Step 5: Write-back Step
(R-Type or Loads)

[0 Loads access memory

Reg[IR[20-16]]= MDR:

[0 R-type instructions finish

Reg[IR[15-11]] = ALUOuUt:
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Summary

step R-type rI:f:l::a%rZe branch jump
1 IR=Memory[PC]
PC=PC+4
A=Reg[IR[25-21]]
2 B=Reg[IR[20-16]]
ALUOut=PC+(sign-extend(IR[15-0])<<2)
_ ALUOut=A+sign-extend if (A==B) PC=PC[31-28]]||
3 | ALUOut=AopB (IR[15-07]) PC=ALUOut | (IR[25-0]<<2)
Iw:MDR=Memory[ALUOut]
4 or
sw:Memory[ALUOut]=B
5 | ReglIR[15-11]]= | | .Reg[IR[20-16]]=MDR

ALUOut

101




Non-Pipelining

Improve performance by increasing
instruction throughput

Program Time
execution

order

instruction Data
Iw $1, 100($0) n f;: chl Reg ALU access Reg
instruction
Iw $2, 200($0) < 800 ps fetch Reg ‘ ALU ‘
Iw $3, 300($0) * 800 ps
Ideal speedup is number of stages in the

Y pipeline.
Do we achieve this?

102



Pipelining

Program Time
execution
order
instruction Data
Iw $1, 100($0) fetch Reg ALU access Reg
instruction Data
lw $2, 200($0) “ 5509 ps ps fetch Reg ALU access Reg
instruction Data
AL R
Iw $3, 300($0) W fetch Reg b access €g
e —F) P —Y 77—
200 ps 200 ps 200 ps 200 ps 200 ps
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Pipeline Speedup

If all stages are balanced
H j.e., all take the same time

B Time between instructions; ejined
= Time between iInstructions,,,npipelined
Number of stages

If not balanced, speedup is less

Speedup due to increased throughput

B Latency (time for each instruction) does
not decrease

104



Hazards

Situations that prevent starting the next
instruction in the next cycle

Structure hazards
B A required resource is busy

Data hazard

B Need to wait for previous instruction to
complete its data read/write

Control hazard

B Deciding on control action depends on
previous instruction

105



Structure Hazards

Conflict for use of a resource

In MIPS pipeline with a single memory
B load/store requires data access

B Instruction fetch would have to stall for that
cycle
[0 Would cause a pipeline “bubble”
Hence, pipelined datapaths require
separate instruction/data memories

B Or separate instruction/data caches
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Data Hazards

An instruction depends on completion
of data access by a previous instruction
B add $s0, $t0, $t1

B sub $t2, $s0, $t3

Solution
B Stalling
B Forwarding (a.k.a Bypassing)

107



Graphically Representing Pipelines

Time I2

4 6
| | |

shading on right half means “READ”
shading on left half means “WRITE”

white background means “NOT USED”

dotted line means always “NO READ”
and “‘NO WRITE” on ID and WB

8 10
>
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Stalling

Program __ 2 4 6 8 10
execution1'Me I I I I >
order

bubble bubble bubble bubble <bubble; !
¥ 4
bubble bubble bubble bubble

10




Forwarding

Program . 2 4 6 8 10
execution 11/me I I I I —
order

add $50, $t0, $t1 E_D
R [ -1y e N
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Load-Use Data Hazard

Program __ P 4 6 10
execution 1'Me I I I —
order

oo [l -ﬁ e
sub $t2, $s0, $t3 E—D: ID -h

WB :
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Load-Use Data Hazard

Program . 2 4 6 8 10
execution 11/me I I I I —
order

lw $s0, 20($t1) E_D
: 10 -ﬁ mem

sub $t2, $s0, $t3

112



Load-Use Data Hazard

Program . 2 4 6 8 10
execution 1'Me I I I I —

order

lw $s0, 20($t1) E_D
: 10 -= ﬂ

v
sub $t2, $s0, $t3
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Code Scheduling to Avoid Stalls

O Try and avoid stalls! e.g., reorder these instructions:

lw $t0, 0 (sStl)
1w $t2, 4(Stl)
sw S$St2, 0(Stl)
sw $St0, 4(sStl)

[0 Add a “branch delay slot”
B the next instruction after a branch is always executed
B rely on compiler to “fill” the slot with something useful

[0 Superscalar: start more than one instruction in the
same cycle
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Code Scheduling to Avoid Stalls

lw $t0, O($t1)
lw $t2, 4(%$t1)
SW $t2, 0($t1)
SW $t0, 4($t1)

reorder

lw $t0, O($t1)
lw $t2, 4(%$t1)
SW $t0, 4($t1)
SW $t2, 0($t1)

# reg $t1 has the address of v[k]
# reg $t0 (temp) = v[Kk]

# reg $t2 = v[k+1]

# v[k] = reg $t2

# v[k+1] = reg $t0 (temp)

# reg $t1 has the address of v[Kk]
# reg $t0 (temp) = v[K]

# reg $t2 = v[k+1]

# v[k+1] = reg $t0 (temp)

# v[k] = reg $t2
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Control Hazards

Branch determines flow of control

B Fetching next instruction depends on
branch outcome

B Pipeline cannot always fetch correct
instruction

0 Still working on ID stage of branch
In MIPS pipeline

B Need to compare registers and compute
target early in the pipeline

B Add hardware to do it in ID stage
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Solutions of Control Hazards

stall
B certainly works, but is slow
predict

B does not slow down the pipeline when
you are correct, otherwise redo

delayed decision = delayed branch
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Stall on Branch

Program Time
execution

order

instruction Data
add $4, $5, $6 fetch Reg ALU access Reg
instruction Data
beq $1, $2, 40 W fetch Reg ALY access
bubble bubble ‘ bubble
a0 instruction

or ’ 7 <

v 400 ps 1 fetch

118



Branch Prediction

Longer pipeli

nes cannot readily

determine branch outcome early
B Stall penalty becomes unacceptable

B Only stall if

B Can predict

In MIPS pipeli

Predict outcome of branch

prediction is wrong
INE

branches not taken

B Fetch instruction after branch, with no delay
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Predict - branch will be untaken

Program Time
execution
:d:d:: $5, $6 ins:;:;t‘ion Reg ALU a[c):ete:s Reg
beq $1, $2, 40 W ins:::sltion Reg ALU aIZCazzs Reg
Iw $3, 300($0) ‘W ins:;::::;ion Reg ALU alzt?:gs Reg
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Predict - failed

Program Time
execution
order
instruction Data
add $4, $5, $6 fetch Reg ALU access Reg
instruction Re Data
beq $1,$2,40 590 ps '| fetch 9 access

———> or $7I $81 $9

bubble

d
<

400 ps

1

instruction

fetch

bubble ‘ bubble
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Delayed Branch

Program Time
execution
order
instruction Data
beq $1, $2, 40 fetch Reg ALU access Reg
instruction Data
add $4, $5, $6 4—’200 pS fetch Reg ALU access Reg
instruction Re ALU Data Re
or $7,$8, $9 W fetch g access g

delayed branch slot
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More-Realistic Branch Prediction

Static branch prediction
B Based on typical branch behavior

B Example: loop and if-statement branches
0 Predict backward branches taken
[0 Predict forward branches not taken

Dynamic branch prediction
B Hardware measures actual branch behavior
[0 e.g., record recent history of each branch

B Assume future behavior will continue the
trend

0 When wrong, stall while re-fetching, and update
history

123



Recall:

Single Cycle Implementation

PC

4

...,l read

address

instruction

instruction

memory

read
register 1
read read
register 2 4ata 1
wrikegisters
register read
write ZEEE
data

ALU

sign
extend

Zero

ALU
result

yd

@

S

-.'Pladdress read
data
data
write memory
»l data
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Pipelined Datapath

IF: instruction fetch IItD: instruction decode/ EX: execute/address |
calculation

register file read

>l pC

instruction

instruction

"[ data

read
register 1
read read
register 2 data 1
wrikggisters
register read
write data s

memory i

Zero

ALU

result]’

o

MEM: memory

access
WB:
; ‘write
i : back
:» 1
@*faddress  read
data |
data |:
write memory

1P| data

What do we neec:l to add to

actually split the datapa:th into stages?fz:s



Pipeline registers

PC

IF/

ID

ID/EX

EX/M

EM MEM/WB

read :
add register
4 read read |,
register 2 4ata 1 >
] read wrkegisters
address register read R -->|address read
. . . data 2 data
INStruction ! |- write
data data
instruction writamemory
memory | ] @ +»] data
>
Can you find a problem even if there are no dependencies? 126

What instructions can we execute to manifest the problem?




Pipeline Operation

Cycle-by-cycle flow of instructions

through the pipelined datapath

B "Single-clock-cycle” pipeline diagram
[0 Shows pipeline usage in a single cycle
[0 Highlight resources used

B c.f. "'multi-clock-cycle” diagram

0 Graph of operation over time
We will look at “single-clock-cycle”
diagrams for load & store
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Original Pipelined Datapath

IF/ID

ID/EX

Add

4 —

- Address

u PC

Instruction
memory

Instruction

:

Shift
left 2

EX/MEM

Read
register 1 Read
data 1
Read
= |register2
Registers a4
Write data 2|
" | register
Write
data
16\ Sign-
" extend

32

Address
Data
memory

Write
data

Read
data

MEM/WB
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IF for Load, Store, ...

Iw

Instruction fetch

SAdd

Y

Address

Instruction
memory

Instruction

'

Read
register 1

Read

register 2

Registers pgaq

Write
register
Write
data

Read

Shift
left 2

data 1

data 2

Sign-
extend

Add
result

MEM/WB

A

EX/MEM
——

_ Read

> @ Address data
Data
memory

_ o | Write

- © | data
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lw

Instruction decode

ID for Load, Store, ...

>Add

IF/ID

ID/EX

Address

Instruction
memory

Instruction

Shift
left 2

g Add
result

Read
register 1 Read
data 1
Read
register 2
Registers poaq
Write data 2
register
. Write
data
16 Sign- 32
> oxtend

EX/MEM

MEM/WB

Address
Data
memory
Write
data

Read
data
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EX for Load

| " |
| Execution |
IF/ID ID/EX EX/MEM MEM/WB
——
Add > > »
4 AddAdd -
Shift result
left 2
Read
PC Address B »| Rea Read R

= register 1 data 1 >

g = ata

=g Head Zero—> >

Instruction < register 2 ALU a1y Read
Regist » >
memary B Write e erSRead - »( 0 result >| Address data [
register data 2 t‘ Data
—-| Write o memory
data >\ 1
Write
> »| data
15\3 [ Sign- 32 — >
| extend

T e =
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MEM for Load

| [\ |
| Memory !
IF/ID ID/EX EX/MEM MEM/MWB
Add
4 Add ::’ﬁ -
Shift resu
left 2
== 0

M c

u PC Address _% Read

X 2 = | register 1 Read

. B data 1
=, Read
Instruction - register2 > g
memory > i Registers Read - Addrase Reac -
Write data 2 B G
register s
Vi memory
data
= o | Write
- ~ | data
16 =
LY —
A}
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WB for Load

Wrong
register
number

g Add
result

IF/D ID/EX
> Add
4 —
Shift
left 2
—p-{ 0
M c
u Address ‘% Read
x S register 1 Re
- B data 1
— = Read
Instruction f ier% isters
memory : eg Read
Write data 2
\ regisfer
Write
data
16 i
L . | Sign- 32 —_—
| extend

-

rite back

EX/MEM MEMWE

> [

_ Read

> -@—»| Address data [ 0

M

Data 4
memory 1‘

_ o | Write

- ~ | data
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Corrected Datapath for Load

Y

Add

Address

Instruction
memory

IF/ID

ID/EX

Instruction

il

Read
register 1

Read
register 2
Registers

Write
register
Write
data

Read
data 1

Read
data 2

Shift
left 2

EX/MEM
=
| Address
Data
memory
Write
data

Read
data

MEM/WB
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EX for Store

| - |
I Execution |
IF/ID ID/EX EX/MEM MEM/WB
Add > -
4 Add#dd
Shift result
left 2
0

M

u PC | Address c Read Read

X = register 1 ea >

! = Read cata 1 Zero - -

Instruction s register 2 ALU ALy Ada Read | |
—e Regist - = > —o— ress
memory o | Write egisters 4 > > %ﬂ result data
register data 2 0 Data
—> Write o 1x memory
data
| Write
™| data
1? | Sign- 32 _— >
T 1 extend
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MEM for Store

| v I
| Memory !
IF/ID ID/EX EX/MEM MEM/WB
Add >
‘= oo S
Shift resu
left 2
= 0
M c
u PC Address _% Read
x 2 = | register 1 Read >
] B data 1
=, Read > -
Instruction . register2 fon
memory = _ Registers pgag > > @ Address data

Write data 2 > .

register =

Yt memory

data

= o | Write
-~ "~ | data
16 . -
S— Sign- 32 - >
| extend
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WB for Store

> Add

IF/ID

ID/EX

Address

Instruction
memory

Instruction

Read
register 1

Read

register 2
Registers

Write
register
Write
data

Read
data 1

Read
data 2

Shift
left 2

Sign-
extend

g Add
result

EX/MEM

sw
W

rite-back

MEM/WB

$ i

Address
Data
memory
Write
data

Read
data
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Corrected Datapath

- single-clock-cycle pipeline diagram

PC

IF/ID ID/EX EX/MEM MEM/WB
> @ :
read =
add register
4 read read |,
register 2 4ata 1 >
] read wrikegisters
address register read >lddress  read
. . : data 2 » data
Instruction f=p write
data data
instruction writanemory
memory | I @ +=pl data
<
|| > >| | b_-l
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Multi-Cycle Pipeline Diagram

Program Time (in clock cycles)

execution CC1 CC2 CC3 CC4 CC5 CCeé6
order — — T ]

e EH AR
wone EHEEE R
|

[0 Can help with answering questions like:
B how many cycles does it take to execute this code?
B what is the ALU doing during cycle 4?
B use this representation to help understand datapaths
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Single-Cycle Pipeline Diagram

add §14, $5, $6

lw $13, 24 ($1)

add $12, $3, $4

sub $11, $2, $3

| Iw $10, 20($1) |

State of pipeline in a given cycle

Instruction fetch Instruction decode | Execution | Memory | Write-back |
IF/ID ID/EX EX/MEM MEM/WB
Add -
s st
Shift
left 2
== ()
M
u PC | Address Read
X 5 register 1 Read >
L\ 1 = data 1
= . | Read Zero -
B > °
Instruction £ register2 ALU
Registers ALU Read
memory T | wiite 9 g:gdz > OM result Address data

register u Data

Write X memol

data 4 1 ry

Write
data
16\ sign- | 32
extend —



Pipelined Control

I PCSrc
RegWrite
I
Branch
zero» :
ALUSTrc MemWrite MemtoReg
| I I
M
>
U >
RegDs MemRead
g ALU ALUOp 141
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Pipelined Control

We have 5 stages.

What needs to be controlled in each stage?
B Instruction Fetch and PC Increment

B Instruction Decode / Register Fetch

B Execution

B Memory Stage

B Write Back

How would control be handled in an
automobile plant?

B a fancy control center telling everyone what to do?
B should we use a finite state machine?
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Pipelined Control

Pass control signals along just like the data

Execution/Address
calculation

Memory access stage

stage control

: control lines lines
stage control lines
Reg | ALU | ALU | ALU Branch Mem | Mem | Reg | Memto
Dst | Opl | Op0O | Src Read | Write | Write Reg
R-format 1 1 0 0 0 0 0 1 0
lw 0 0 0 1 0 1 0 1 1
SW X 0 0 1 0 0 1 0 X
beq X 0 1 0) 1 0 0 0 X

143




Pipelined Control

Control signals derived from instruction
B As in single-cycle implementation

B L

control > M »\W B

instruction

—IEX

Vv
=
Vv
Vv

»
»
»
»
»
»

IF/ID ID/EX EX/MEM MEM/WB
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Pipelined Control

RegDst

ID/EX
WB LEX/MEM
Control M | MEM/WB
EX WB [—
IF/ID
Add > \
4 Ad A0
Shift resul Branch
2 left 2
s ALUSrc ]
o
g —
0 x 2
M = g
u PC Address s Read = o
x £ register 1 Read g =
L1 3 data 1 = S
g o F{eadl = ZeroHH—> =
Instruction = = | register ALU 51y R
—— . — ead | |
memory wiite TOISOS Roag | s resuit Address data [T °
™ register data 2 M M
9 u Data u
| Write x memor X
data o1 Y 1
Write
~ | data
Instruction
(15-0] 16 sign- | 32 6
A
@ - v control MemRead
Instruction
[20-16]
0
M >
Instruction u
[15-11] x




Example

lw
sub
and

or
add

$10, 20(%1)
$11, $2, $3
$12, $4, $5
$13, $6, $7
$14, $8, $9
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IF: lw $10, 20($1)

PC

ID: before<1>

EX: before<2>

MEM: before<3>

000

1
1
1
1
1
|
1
1
1
EX/M
1
|
|
1
!

El

M

WB: before<4>

MEM/WB

Address

Instruction
memeory

Clock 1

Read
register 1

Read
register 2

Instruction

Write
register

Write
data

Registers Read

Read

)

data 1

data 2

Instruction
[15D0]

Sign

(Hx=go>
h4

ALU Ay

}mt

Instruction
[20D16]

extend

Instruction
[15D11]

A

Address

Write
data

Data
memory

Read
data

Hx=go

Ox,:gH
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IF: sub $11, $2, $3

PC

ID: lw $10, 20($1)

EX: before<1>

MEM: before<2>

Address

Instruction
memeory

Clock 2

> Add it
Shift
left 2

|
I
I
I
I
|

EX/I\:II
|
|
I
|

WB: before<3>

ALU Ay

h4

}un

EM MEM/WB
|
|
|
l
|
T
1
{
Read
»| Address data —>1 1
Data M
u
memoty X
Write 0
- ~| data

. &3 Read
S register 1 Read | $1
o
3
5 X Read data 1
£ register 2
~ Reglsters Regd [ $X 5
o Write data 2 -
register M
u
Write X
| data 1
Instruction
20 | [1580] sign 20
extend - g
Instruction
10 | [20D16] 10 5
M
Instruction u
X | [15P11] X 1"

148



| | 1 |
IF: and $12, $4, $5 'ID: sub $11, $2, $3 'EX: Iw $10, ... ' MEM: before<1> ' WB: before<2>
| | | |
| | | I
I I i |
| | i |
D |EX EX/I\IIIEM MEM/WB
10 11 | |
> WB 1 I
1 |
|| - [
T
M WB :
1o | I
1100
» EX 20 M
1
Add
>Add result -
Shift
left 2
ALUSrc
=12 Read
PC Address .% register 1 Read | $2 $1
% 3 Read el L
= register 2
Instruction L " Registers Read $3 P > AU a1y
memory o] Write data 2 g result »| Address Read L 1
register m o data M
m ata
__| Write X memory ,':
data 1 o
Write
— ~| data
Instruction >
X | [1580] sign X 20
~| extend g
Instruction
x | [20p16] X 0 s
M
Instruction o >
11 | [15D11] 11 1"
CIOCk 3 T —: RegDst _{_ :
I | | |
T 1 i 1
| L L |
I I ] I
I I I I
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IF: or $13, $6, $7

PC

| | l |
'ID: and $12, $4, $5 'EX: sub $11, ... 'MEM: Iw $10, ... ' WB: before<1>
| | i |
| | | I
i i i |
| | \ |
lD_.EX EX/I\IIIEM MEM/WB
10 10 : :
> WB | |
1 ]
| —— |
11 :
A Control M WB |
: g b L
1100
: »| EX go mH N°
== | - |
>Atld >
Add
4= / >M‘i result
Shift
left 2
ALUSre
=14 > Read
Address .% register 1 Read | $4 $2
% 5 Read ek
= register 2
Instruction Rogistors Read | $5 $3| >ALU A,_Ul
memory »| Write data 2 9 result > Address g (1
register m data M
u Data u
| Write X memory X
data 1 0
Write
- ~| data
Instruction >
X 150 i X
L . > Sign > ALY MemRead
extend control
Instruction
X | [20D16] X - —
- p
M 10
Instruction 0 =
12 | [15D11] 12 11 1"
SlookA——- T e + +
] ] I ]
| ! ; :
| ] | ]
I I I I
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IF: add $14, $8, $9

pPC

ID: or $13, $6, $7

EX:and $12, ...

MEM: sub $11, ...

WB: Iw $10, . ..

._.._.._.._.._Z._.._._.._.._.._.._.._.._.

ID, IEX EX/MEM MEM/WB
10 10 |
> WB 1
— R }
C— B '
‘ Control M WB !
| 1100 : : L T
\ EX (1)0 M we|1
—— [ | [ [ |
>Add >
Add
4 > >Md result =
2
% Shifit
o) left 2
&= ALUSrc
c 6 Reqd P
Address 2 register 1 Read | $6 $4 c
=1 =)
§ 7 Regz@ gt , data 1 g
£ register =
"‘:;"m":"’“ — " Registers Roaq | $7 $5 | >ALU o P
ry Write data 2 0 result Address Read 1
register M data M
0 Data y
| Write X memory .
data 1 0
Write
- data
Instruction
x | [1580] Sign X
~|extend g
Instruction
X [20D16] X :
M 11 10
Instruction u
13 | [15P11] 13 12 1"
Clock 5 L L L L
! ! RegDst ! !
I I | |
T " " "
1 1 | |
I | | |
1 I I I
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IF: after<1>

pPC

| I | |
iID: add $14, $8, $9 iEX: or $13, ... EMEM: and $12, ... EWB: sub $11, ..
{ | | |
| | | |
! : ! !
| | | |
0 ID, IEX EX/I\[/IEM MEM/WB
™ 10 [ l1o | ‘
u > WB | |
X | |
— e l
. CE— o |
] y Control M WB |
\ 1 L_l_
\ | I—>_ 1
1100 —
\ of Ex 22 M we|o
R ; 0
>Add
- Add
4 / >Md result =
2
% Shift
o left 2
= ALUSFc
5 8 »| Read 0
Address B register 1 Read | $8 $6 o
% 9 Read data 1 *g
£ register 2 =
Instruction Registers $9 $7| ALy
memory 11 i Read 0 (AL Read
Write data 2 result Address > 1
register M Data data M
u
: u
| Write X memory =
data 1 8
Write
. data
Instruction
x | [1500] Sign X
extend
Instruction
X [20D16] X B
M 12 11
Instruction o
14 | [15P11] 14 13 1"
Clock 6 ! _: RegDst T —}—
I I | |
i : '. '.
I | | |
1 I I I
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|[F: after<2>

ID: after<1>

EX: add $14, ...

MEM: or $13, ...

WB: and $12, ..

: 1
‘ \
! |
! |
! |
! |
: 1
: ;
/{ ID/E( EX/I\{/IEM MEM:/WB
! 10 ! |
‘ WB ! |
| —— I
! | |
> 10 T
ooo [ e :
—1 — L—I 1
EX M we|o
0
}
24— >“"ll result
2
% Shift
3 left 2
-3 ALUSrc
5 »| Read &
pe Address g register 1 Read $8 ?:9
5 Read data 1 %
= register 2 =
'“:;:c:"’“ 12 ~ Reglsters R $9| ~ > ALU alu
ry Write data 2 0 result » Address Read |, 1
register M D. oete M
" ata u
Write x memory
| data |1 c;(
Write
- ~| data
Instruction >
[15D0] Sign
~\extend g
Instruction
[20D16]
13 12
Instruction
[15D11]
Clock 7 — BB '
I ' I
I ; I
T . '
I ' I
I : I
I ! :
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I[F: after<3>

ID: after<2>

EX: after<1>

MEM: add $14, ...

WB: or $13, ...

ID/EX EX/MEM MEM/WB
! |
! |
! |
! |
9 I
000 ED .
WB :
N L
M wB| 0
= \
! >“"ll resuft
2
% Shit
@ left 2
o«
5 »| Read “
PC Address § register 1 dr‘;eag R §
2 »| Read ata :
Instruction = register 2 3
memory 13 _ Registers Req . (0 ALU ALy o =
»| Write data 2 result Address 1
register M data M
u Data 4
Write x memory
) data |1 (;(
Write
= data
Instruction
[1580] Sign
“|extend . =
Instruction
[20D18]
0
M 14 13
Instruction u
[15D11] ;_(
Clock 8 == == - :
I ! ! |
T , ' '
| ' , .
I . 1 |
1 ! ! |
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1 | 1 |
IF: after<4> 1 ID: after<3> | EX: after<2> | MEM: after<1> 'WB: add $14, .
1 ] 1 ]
| | | |
| | | I
1 | 1 |
} i 'i i
ID, IEX EX/I\l/IEM MEN!/WB
| |
| |
l ]
v |
000 |
1
mEs
WB| 0
Add
4 >Adll result =
2
% Shift
@ left 2
-3
c Read W
PC Address B register 1 Read S
L =)
% Read data 1 g
= register 2 =
'“:;:1":"‘“ — " Registers Roaq >ALU ALU
ry Write data 2 = >0 result > Address Read | 1
register M data M
u == Data "
Write x memory
| data {1 c;(
Write
- ~| data
Instruction >
[15D0] Sign
extend
Instruction
[20D18]
> >0
M 14
Instruction u
[15D11] 1"
Clock 9 == == == ==
I | | |
T " " "
i | | |
I | 1 |
1 I 1 I
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Data Hazards
In ALU Instructions

Problem with starting next instruction
before first is finished

B dependencies that “go backward in time” are
data hazards

How about the following example?

sub $2, $1, $3

and $12 $2, $5
or $13, $6, $2
add $14, $2, $2
sw $15, 100($2)
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Dependencies

Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 CC6 CC7 CcCs8
$2 10 10 10 10 10/-20 -20 -20 -20
Program
execution
order

sub $2, $1, 9

and $12, $2, $5

"
L]

or $13, $6, $2

add $14, $2, $2

vsw $15, 100($2)
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Stalling

Have compiler guarantee no hazards
Where do we insert the “nops” ?

sub $2, $1, $3
nop
nop
and $12, $2, $5
or $13, $6, $2
add $14, $2, $2
sw $15, 100($2)

Problem: this really slows us down!
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Forwarding

Use temporary results, don’t wait for
them to be written

B register file forwarding to handle
read/write to same register

B ALU forwarding
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Forwardin

Time (in clock cycles
CC6 CC7 CcCs8
$2 10 10 10 10 10/-20 -20 -20 -20
EX/MEM X X X -20 X X X X
MEM/WB X X X X -20 X X X
Program
execution
order

sub $2, $1, 3

and $12, $2, $5

e

or $13, $6, $2

add $14, $2, $2

vsw $15, 100($2)

"
n
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Forwarding Unit — EX Hazard

if (EX/MEM.RegWrite
and (EX/MEM.RegisterRd+0)
and (EX/MEM.RegisterRd=ID/EX.RegisterRs)

then ForwardA=10

if (EX/MEM.RegWrite
and (EX/MEM.RegisterRd+0)
and (EX/MEM.RegisterRd=ID/EX.RegisterRt)

then ForwardB=10
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Forwarding Unit - MEM Hazard

if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd+0)

and (EX/MEM.RegisterRd+ID/EX.RegisterRs)
and (MEM/WB.RegisterRd=ID/EX.RegisterRs))
then ForwardA=01

if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd+0)

and (EX/MEM.RegisterRd+ID/EX.RegisterRt)
and (MEM/WB.RegisterRd=ID/EX.RegisterRt))
then ForwardB=01
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Control Values

mux control

source

explanation

ForwardA=00 | ID/EX 1st ALU operand comes from the register file

ForwardA=10 | EX/MEM 1st ALU operand is forwarded from the prior
ALU result

ForwardA=01 | MEM/WB 1st ALU operand is forwarded from data
memory or an earlier ALU result

ForwardB=00 | ID/EX 2nd ALU operand comes from the register file

= 2nd ALU operand is forwarded from the prior
ForwardB=10 | EX/MEM ALU result
ForwardB=01 | MEM/WB 2nd ALU operand is forwarded from data

memory or an earlier ALU result
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Forwarding Paths

Instruction
memory

IF/ID

——— Control ’_T

WB

EX/MEM

EX

[ Instruction

Registers

A

ALU}— —ro—

MEM/WB

WB

Data
memory

IF/ID.RegisterRs Rs
IF/ID.RegisterRt | [Rt
IF/ID.RegisterRt Rt
IF/ID.RegisterRd _|  |Rd

\

Y

Y

[
|

EX/MEM.RegisterRd

MEM/WB.RegisterRd
L 4

xc=
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Example

sub  $2, $1, $3
and $4, $2, $5
or $4, $4, $2
add $9, $4, $2
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before<2>

before<1>

sub $2, $1, $3

and $4, $2, $5

or $4, $4, $2

ID/EX
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before<1>

and $4, $2, $5

ID/EX

add $9, $4, $2

IF/ID

S [
. [21]
llllll =1 = HHHHHUY
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A i ;
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£
Ar
Q
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- m
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Instruction
memory

Clock 4
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or $4, $4, $2

ID/EX

add $9, $4, $2

after<1>

IF/ID

2 ST
< m
IIIIIIII = = AREN N ARRQNAAY
(i}
2
©
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£
A
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s - Al
= m
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=
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=3 x S 3% Tl_ m S 3 u
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< N (o2}
- R
:
b
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=
@ A 4
y N
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uononisul
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Instruction
memory

i)

Clock 5
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add $9, $4, $2

ID/EX

after<1>

after<2>

s ol gy
< 2]
IIIIIIII m = Huppipp
s » ﬁ A
2
©
£
A
(=
s -
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=S4 s IN IN| | B} RyEas juN
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=
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= 3% Muxu mMuxu
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& L4
oo sy
:
b
)
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A a A 3
A <
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a
llllllllll _W IR Ry R AR AR ARARESAREE

=

Instruction

memory

i)

Clock 6
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Can't always forward

l oad word can still cause a hazard:

B an instruction tries to read a register
following a load instruction that writes to
the same register.

'hus, we need a hazard detection
unit to “stall” the load instruction
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Load-Use Data Hazard

Time (in clock cxcles)
Program CC1 C CC3

execution
order

Iw $2, 20($1)

and $4, $2, $5

or $8, $2, $6

add $9, $4, $2

 / sit $1, $6, $7

IM

C

red

Elg

CC7

CcCs8 CCo9

o
e

&
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Stalling

Time (in clock cycles)
1 CC X

Program
execution
order

Iw $2, 20($1)

and $4, $2, $5

or $8, $2, $6

add $9, $4, $2

 / sit $1, $6, $7

IM

CC6

CC7 CcCs8 CCo

ek s
)

we can stall the pipeline by keeping an instruction in the same stage
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Load-Use Hazard Detection

Stall by letting an instruction that won't
write anything go forward

if (ID/JEX.MemRead

and ((ID/EX.RegisterRt=IF/ID.RegisterRs)
or (ID/EX.RegisterRt=IF/ID.RegisterRt)))
then stall the pipeline
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How to Stall the Pipeline

Force control values in ID/EX register
to O

B EX, MEM and WB do nop (no-operation)

Prevent update of PC and IF/ID register
B Using instruction is decoded again
B Following instruction is fetched again

B 1-cycle stall allows MEM to read data for lw
[0 Can subsequently forward to EX stage
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Datapath with Hazard

PCWrite

H_,

Instruction
memory

Detection

- unit /
_8 A
% ID/EX
n m PE Bl EX/MEM
»(Control =~ u M = WB MEM/WB
X L
IF\FID U (6] EX > M WB_
N
> > > M
>~ U >
5 - X
5 Registers p—y
E { - >
E e ALU
1 - M Data >
> = u > memory
X
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Example

lw $2, 20(%$1)
and $4, $2, $5
or $4, $4, $2
add $9, $4, $2
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Example

lw
stall
and

or
add

$2, 20($1)

$4, $2, $5
$4, 54, $2
$9, $4, $2
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Stalls and Performance

Stalls reduce performance

B But are required to get correct results
Compiler can arrange code to avoid
hazards and stalls

B Requires knowledge of the pipeline
structure
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Branch Hazards

When we decide to branch, other
instructions are in the pipeline!
We are predicting “branch not taken”

B need to add hardware for flushing
instructions if we are wrong
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Example of Branch Hazards

36
40
44
48
52
56

/2

sub $10, $4, $8
beg $1, $3, 7

and $12, $2, $5
or %$13, $2, $6
add $14, $4, $2
slt $15, $6, $7

lw  $4, 50($7)

# PC-relative
# branch to
# 40+4+7*%4
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Branch Hazards

Time (in cloc
Program cc1i

execution

order IM

40 beq $1, $3, 7

44 and $12, $2, $5

48 or $13, $6, $2

52 add $14, $2, $2

v

Y 721w $4, 50($7)

k cycles)
C X CC3

CCé6 CC7

CcCs8 CCo9

Res

"

g
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Reducing Branch Delay

ID stage
B Target address adder
B Register comparator

12

sub
beqg
and
or

add
slt

1w

Move hardware to ¢

$10,
S1,

s12,
$13,
s14,
$15,

S4,

Example: branch taken

36:
40 :
44
48 :
52:
56:

S4, S8
$3, 7
S2, S5
S2, $6
S4, 52
S6, S7

50 (57)

etermine outcome to
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Example: Branch Taken
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Data Hazards for Branches

ALU instruction

If a comparison register is a
destination of 2nd or 3rd preceding

add $1, $2, $3 IF

|

ID

EX

MEM

WB

add $4, $5, $6

beq $1, $4, target

IF

ID

EX

-\ _
e
AN

WB

IF

ID

s

MEM

WB

- \ -

IF

ID\

EX

MEM

wB

Can resolve using forwarding
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Data Hazards for Branches

If @ comparison register is a destination
of preceding ALU instruction or 2nd
preceding load instruction

B Need 1 stall cycle

Tw $1, addr IF H ID EX _MEM_ WB

add $4, $5, $6 = I = _\\IEMl_ WB

beq stalled IF _ ID _ O _O

beq $1, $4, target _ 1D\ _ EX _MEM|:| WB
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Data Hazards for Branches

If @ comparison register is a destination
of immediately preceding load
instruction

B Need 2 stall cycles

Tw $1, addr IF H ID EX _MEM_ WB

beq stalled IF _ ID O _ O

beq stalled _ ID O O

beq $1, $0, target _ D' _ EX _MEM|:| WB
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Dynamic Branch Prediction

In deeper and superscalar pipelines,
branch penalty is more significant

Use dynamic prediction

B Branch prediction buffer (aka branch history
table)

B Indexed by recent branch instruction
addresses

B Stores outcome (taken/not taken)

B To execute a branch
[0 Check table, expect the same outcome
[0 Start fetching from fall-through or target
OO0 If wrong, flush pipeline and flip prediction
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1-Bit Predictor: Shortcoming

Inner loop branches mlspredlcted

twicel outer:
inner: :
Beq vy ., d0Ner|—
Beq .y .., outer
B Mispredict as taken on last iteration of
inner loop

B Then mispredict as not taken on first
iteration of inner loop next time around
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1-Bit Predictor: Shortcoming

Predict taken

Not taken
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Loops and Prediction

Consider a loop branch that branches
O times in a row, then is not taken
once. What is the prediction accuracy
for this branch, assuming the
prediction bit for this branch remains
in the 1-bit prediction buffer?

Answer: 80%, WHY?
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2-Bit Predictor

Only change prediction on two
successive mispredictions

Not taken>
) (edict ta@
Taken
Ta ken[ lNot taken
Not taken>
@t not@ redict not take
<
Taken

Predict taken

Not taken o5



Calculating the Branch Target

Even with predictor, still need to
calculate the target address

B 1-cycle penalty for a taken branch

Branch target buffer
B Cache of target addresses

B Indexed by PC when instruction fetched

[0 If hit and instruction is branch predicted
taken, can fetch target immediately
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Scheduling the Branch Delay Slot

add $s1, $s2, $s3

if $s2 = 0 thenh—

Delay slot
4—

sub $t4, $t5, $t6—

add $s1, $s2, $s3
if $s1 = 0 then—

Delay slot

add $s1, $s2, $s3
if $s1 = 0 thenh—

Delay slot

sub $t4, $t5, $t6

A

if $s2 = 0 then—

add $s1, $s2, $s3

44—

add $s1, $s2, $s3

if $s1 = 0 then—

sub $t4, $t5, $t6

add $s1, $s2, $s3
if $s1 = 0 then—

sub $t4, $t5, $t6

from before

from target

from fall througga0



Comparing Performance
of Several Control Schemes

assume the operation times:

B memory units: 200ps
B ALU and adders: 100ps
B register file: 50ps

clock cycle time of
single-cycle datapath
B 200+50+100+200+50=600ps
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Comparing Performance
of Several Control Schemes

[0 the clock cycles of pipelined design: assume the

B |oads: 1 or?2 instruction mix:
[0 1 for no load-use dependence B |oads: 25%

O 2 for load-use dependence _ o
0 average = 1.5 B stores: 10%

B stores: 1 m ALU: 52%
B ALU instructions: 1 B branches: 11%
B branches: 1 or2 B jumps: 2%

[0 1 for predicted correctly
[0 2 for not predicted correctly
[0 average = 1.25

® jumps: 2

[0 average CPI of pipelined design
B 0.25x1.5+4+0.1x1+0.52x1+0.11x1.25+0.02x2=1.17
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Comparing Performance
of Several Control Schemes

average instruction time of

single-cycle datapath
B 600ps

pipelined design
B 200x1.17=234ps
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Exceptions and Interrupts

“Unexpected” events requiring change
in flow of control

B Different ISAs use the terms differently

Exception

B Arises within the CPU
[0 e.g., undefined opcode, overflow, syscall, ...

Interrupt
B From an external I/O controller

Dealing with them without sacrificing
performance is hard
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Handling Exceptions

In MIPS, exceptions managed by a
System Control Coprocessor (CPO)

Save PC of offending (or interrupted)
iInstruction
B In MIPS: Exception Program Counter (EPC)

Save indication of the problem
B In MIPS: Cause register

B We'll assume 1-bit
[0 O for undefined opcode, 1 for overflow

Jump to handler at 8000 00180
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An Alternate Mechanism

Vectored Interrupts
B Handler address determined by the cause

Example:

B Undefined opcode: C000 0000
B Overflow: C000 0020
_ . C000 0040

Instructions either
B Deal with the interrupt, or
B Jump to real handler
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Handler Actions

Read cause, and transfer to relevant
nandler

Determine action required

If restartable

B Take corrective action

B use EPC to return to program
Otherwise

B Terminate program

B Report error using EPC, cause, ...
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Exceptions in a Pipeline

Another form of control hazard

Consider overflow on add in EX stage
add $1, $2, $1

Prevent $1 from being clobbered
Complete previous instructions

Flush add and subsequent instructions
Set Cause and EPC register values
Transfer control to handler

Similar to mispredicted branch
B Use much of the same hardware
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Pipeline with Exceptions
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Exception Properties

Restartable exceptions
B Pipeline can flush the instruction

B Handler executes, then returns to the
Instruction

[0 Refetched and executed from scratch
PC saved in EPC register
B Identifies causing instruction

B Actually PC + 4 is saved
[0 Handler must adjust
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Exception Example

40 sub
44 and
48 or
4C add
50 slt
54 1w
Handler
80000180
80000184

s11,
$12,
$13,
S1,

$15,
sl6,

SW
SW

Exception on add in

$2, $4
$2, 85
$2, S6
$2, S1
S6, S7
50 (87)

$25, 1000(s0)
$26, 1004 ($S0)
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Exception Example

IF.Flush
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EX.Flush

ID.Flush
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Exception Example
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IF.Flush ! : i i
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Multiple Exceptions

Pipelining overlaps multiple instructions
B Could have multiple exceptions at once
Simple approach: deal with exception
from earliest instruction

B Flush subsequent instructions

B "Precise” exceptions

In complex pipelines
B Multiple instructions issued per cycle

B Out-of-order completion
B Maintaining precise exceptions is difficult!
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Imprecise Exceptions

Just stop pipeline and save state
B Including exception cause(s)

Let the handler work out
B Which instruction(s) had exceptions
B Which to complete or flush

[0 May require "manual” completion

Simplifies hardware, but more complex
handler software

Not feasible for complex multiple-issue
out-of-order pipelines
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