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FLOATING-POINT OPERATIONS

Floating point units perform more complex operation S
than integer ones.

Therefore, to force them to perform their job in a single
clock cycle, the designer should

 either use a very slow clock, or
* make these units very complex.

As a popular alternative, floating point units gene rally
require more than one clock cycle to complete.

The EX stage is composed of different functional un its,
and is repeated as many times, as the instruction
requires.



Extension for FP

EX

Integer unit 2

EX

FPR/integer &
rmultiply

EX

FP addar

EX

FRAnteger
divider

Latency and Initiation Interval

* Latency

e It is the number of cycles that should Ilast
between an instruction that produces a result
and an instruction that uses the same result.

* Initiation interval

e It is the number of cycles that must elapse
between issuing two operations of the same
type to the same unit.



Functional Unit
Integer ALU

Data Memory

FP add

FP/integer multiply
FP/integer divide

Example

Latency Initiation Interval
0 1
1 1
3 1
6 1
24 25

Pipelined FP units

Infeger unit

i

FRinteger multiply




Example

MULTD IF ID M1M2 M3 M4 M5 M6 M7 MEM WB
ADDD IF/ID A1 A2 A3 A4 MEM

LD

SD

I ID EX MEM WB
/ID ) N

Stagesrequiring Stageswhere a data
adata available is made available

Hazards

Due to the different structure of the EX stage, haz ards
may become more frequent.



Structural hazards

Structural hazards can occur:

e because of the unpipelined divide unit, several
instructions could need it at the same time

* because the instructions have varying running
times, the number of register writes required in a
cycle can be larger than 1.

Contemporary register writes
Clock cycle number /\
Instruction 1 2 3 4 5 6 7 8 9 10 /11
MUL.D FO,F4,F6 IF ID Ml M2 M3 M4 M5 M6 M7 MEMI WB
IF ID EX MEM WB
IF ID EX MEM WB
ADD.D F2,F4,F6 IF D Al A2 A3 A4 MEM| WB
IF ID EX MEM WB
IF D EX MEM WB |
L.D F2,0(R2) IF D EX MEM |\ WB
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Solutions

» Adding other write ports (normally too expensive)
« Forcing a structural hazard:

reservation register), or

or WB stage.

* instructions are stalled in the ID stage (using a

* instructions are stalled before entering the MEM
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Because of longer latency of operations, stalls for data
hazards may stall the pipeline for longer periods.

Example
Clock cycle number
Instruction 1 2 3 4 5 6 i/ 8 9 0 11 12 13 14 15 16 17
L.D  F4,0(R2) IF ID EX MEM WB
MUL.D FO,F4,F6 IF ID stall Ml M2 M3 M4 M5 M6 M7 MEM WB
ADD.D F2,FO0,F8 IF stall ID stall stall stall stall stall stall Al A2 A3 A4 MEM
S.D  F2,0(R2) IF  stall stall stall stall stall stall ID EX stall stall stal MEM
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More frequent data hazard

Because of longer latency of operation ata

hazards may stall the pipeline for longer

RAW hazard

Example

Clock cycle number
Instruction 1 2 3 4 5 6 7 8 \

L.D  F4,0(R2) IF ID EX MEM WB

MUL.D FO,F4,F6 IF ID stal MI M2 M3 M4 MS M6 M7 MEMV WB

ADD.D F2,FO0,F8 IF stall ID stall stall stall stall stall stall Al A2 A3 A4 MEM

S.D  F2,0(R2) IF  stall stall stall stall stall stall ID EX stall stall stal MEM
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New data hazards

Instructions no longer reach WB in order: therefore , hew
kinds of data hazards are now possible.

Example
Clock cycle number
Instruction 1 2 3 4 5 6 7 8 9 10 11
MUL.D FO,F4,F6 IF 1D M1 M2 M3 M4 M5 M6 M7 MEM WB
IF D EX MEM WB
. IF ID EX MEM WB
ADD.D F2,F4,F6 IF 1D Al A2 A3 A4 MEM WB
IF 1D EX MEM WB
IF D EX MEM WB

L.D F2,0(R2) IF ID EX MEM WB



NeW data h L. Dcould writein F2
before ADD. D

Instructions no longer reach WB i
kinds of data hazards are now pos

Example
Clock cycle number
Instruction 1 2 3 4 5 6 7 8 9 \ 11
MUL.D FO,F4,F6 IF D M M2 M3 M4 M5 M6 M7 M | WB
IF ID EX MEM WB \ |

IF ID EX MEM WB
ADD.D F2,F4,F6 IF D Al A2 A3 Ad MEM \ \WB

IF ID EX MEM WB \
IF ID EX MEM WB \
L.D F2,0(R2) IF ID EX MEM WB

New data hazards

Instructions no longer reach WB in orde
kinds of data hazards are now possible.

WAW hazard
Example

Clock cycle numb,

Instruction 1 2 3 4 5 6 7 l/é\ /A\

MUL.D FO,F4,F6 IF ID M M2 M3 M4 M5 1p N7 MEM WB
IF ID EX MEM WB
IF ID EX MEM WB

ADD.D F2,F4,F6 IF 1D Al A2 A3 A4 MEM WB
IF 1D EX MEM WB
IF 1D EX MEM WB

L.D F2,0(R2) IF ID EX MEM WB



Solution

Before issuing an instruction to the EX stage, chec k
whether it is going to write on the same register o f an
instruction still in the EX stage.

In this case, stall the former instruction.
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Summary

If hazard detection is always performed in the ID s  tage,
three checks have to be performed:

» structural hazards (involving the divide unit and the

write port)
* RAW data hazards: check whether some source
register is listed among the destination registers of

pending instructions, and whether this register wil I
not be available at the right moment

« WAW data hazards: check whether the instruction
currently in ID has the same destination register o f
any instruction in Al,...,A4, D, M1, ..., M7.
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Imprecise exceptions

Guaranteeing precise exceptions is more complex wit h
multiple cycle instructions.

Example
DV.D FO, F2, F4

ADD.D F10, F10, F8
SUB.D F12, F12, F14

Instructions ADD. D and SUB. D complete before DI V.D
(out-of-order completion). If an exception arises during
SUB. D, an imprecise exception occurs.

Solutions

» Accepting imprecise exceptions

* Providing a fast, but imprecise operating mode, and
a slow, but precise one (only one FP instruction is
executed at a time)

» Buffering the results of each instruction until all the
previously issued instructions have been
completed

» Forcing the FP units to early determine whether an
instruction can cause an exception, and issuing
further instructions only when the previous ones
are guaranteed not to cause an exception.



THE MIPS R4000 PIPELINE

The MIPS R-4000 processor is a 64-bit microprocesso r
whose instruction set is similar to the MIPS64 one.

The R-4000 uses a deeper pipeline (8 stages) to acc ount
for slower cache access and higher clock frequency:

e memory accesses are decomposed in several
stages.
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The 8-stage pipeline

IF : IS : RF : EX : DF : Ds : TC : WB

EData memowé

Reg ||

Instéuction memonj

Reg

First part of instruction
fetch
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The 8-stage pipeline
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IS

RF

Instiuction memony

Reg ||

EX : DF

DS

TC

WB

Data memor\,ré

Reg

Second part of

instruction fetch

The 8-stage pipeline
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IS

RF

EX : DF

DS

TC

WB

Instiuction memony

Reg ||

EData memor\,ré

Reg

register fetch;
hazard checking

I nstruction decode;




The 8-stage pipeline

IF : IS : RF : EX : DF : Ds : TC : WB

EData memowé Reg

Instiuction memony Reg |i

Execution (effective address
calculation, ALU operation,
branch target computation,
condition evaluation)
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The 8-stage pipeline

IF : IS : RF : EX : DF : Ds : TC : WB

Reg |i i Data memory | ! Reg

Instiuction memony

First part of data fetch
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The 8-stage pipeline

IF : IS : RF : EX : DF : Ds : TC : WB

EData memor\,ré

Instéuction memonj Reg |

Second part of data

fetch
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The 8-stage pipeline
IF 1S RF EX DF Ds TC WB
Instriur.:tion memor'_\;i ] Reg EData memOWE Reg

Last part of data fetch
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The 8-stage pipeline

F IS

RF

DF

DS

TC

WB

Instiuction memony

Reg ||

EData memor\,ré

Reg

Write-back for loads
and register-register
operations
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Both instruction and
data memory accesses
arepipelined: a new
instruction can start on
every clock cycle.

DF DS\/ TC ;. WB

EData memor\,ré Reg

The 8-sta

Reg ||

Instiuction memony
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Characteristics

« More forwarding is required
 Increased load delay (2 cycles)
* Increased branch delay (3 cycles).
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Load delay

Time (in clock cycles)

cct . cCc2 ;. CC3 . CC5 . CCes cc7 . CCs . CC9 . cCC10 ; CC1

CC4
on e e W

Instruction 1 Instruction memory ‘ I?ata memory .

Data memory ;
ADDDR2,R1 ‘ Instriction memory 'ﬁ-g Data memory | Reg

Instruction 2




Thedataisavailable at theend

of DS. Activating the forwarding |ay

logic, it is passed to the ADDD
instruction.

6 cc7 . CCs . CC9 . cCC10 ; CC1

Da’ta memory
[

LD R1

Instruction memory

e s : ‘
Instruction 1 | ; | : I?ata memory
> ‘ | :
<€ :
3 ! : i
L
Instruction 2 ‘ g Data memory
1<
e} } 3 /
-
ADDDR2,R1 | ‘ Instruction memoty Data memory | Reg
Time (in clock cycles)

CC1 Ccc2 CC3 CcC4 ., CC5 CC6 CcCc7 CCs8 CC9o CC10 : cCc11

Data memory
Data memory

BEQZ

Instruction 1

Instruction 2

Instruction 3

Target Data memory "




Instruction 1

Instruction 2

Instruction 3

Target
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Condition evaluation is

performed during EX. [@NCh delay

CcC4 ., CC5 CC6 CcCc7 CCs8 CC9o CcC10 : cCc11

-g y Data memory
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e The FP unit is composed of three functional units: divider,

multiplier, adder
< the FP unit can be thought as composed of 8 differe  nt stages:

stage functional unit description

A adder Mantissa ADD stage
D divider divide

E multiplier exception test

M multiplier multiplier |

N multiplier multiplier Il

R adder rounding

S adder operand shift

U unpack numbers



FP operations

FP instruction Latency Initiation interval Pipe stages
Add, subtract 4 3 U S+AA+R,R+S
Multiply 8 4 UE+M,M,M,M,N,N+A R
Divide 36 35 U, AR, D" D+A,D+R, D+ A, D+R,AR
Square root 12 111 U,E, (A+R)!® A R
Negate 2 1 U, S
Absolute value 2 | U,S
FP compare 3 2 UAR
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Latency isreduced by
1if thedestination isa I
storeinstruction. Operatlons
A4

FP instruction Latency Initiation interval Pipe stages

Add, subtract 4 3 U S+AA+R,R+S

Multiply 8 4 UE+M,MMMN,N+AR

Divide 36 35 U, AR, D" D+A,D+R, D+ A, D+R,AR

Square root 12 111 U,E, (A+R)!® A R

Negate 2 1 U, S

Absolute value 2 | U,S

FP compare 3 2 UAR
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Performance

Base

Load stalls
Branch stalls

FP result stalls

FP structural stalls

OoEE0ON

Pipeline CPI

SPEC92 benchmark
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For integer programs
branch delays are the most
important contributorsto

total CPI.

ormance

Base

Load stalls
Branch stalls

FP result stalls

FP structural stalls

OoEE0ON

Pipeline CPI

SPEC92 benchmark
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For FP programsresult

stalls arethe most
important contributorsto ormance

total CPI.
M Base
O Load stalls
B Branch stalls
B FP result stalls
O FP structural stalls
2.50
2.00

Pipeline CPI  1.50

SPEC92 benchmark
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Total CPI varies between
1.2 and 2.8, depending on
the program.

ormance

Base

Load stalls
Branch stalls

FP result stalls

FP structural stalls

OoEE0ON

Pipeline CPI

SPEC92 benchmark

42



