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3.5 Instruction-Level Parallelism:
QNcep AN C q‘!‘

3.5.1 fe /K £ 1t Ae ) L 2%
o ELULEEE: 45/MAR/KERHICPI
CPlunpipelined

A ASpeedup=

CPlIpipelined

CIDlpipelined
= Ideal pipeline CPI+ pipelined stall cycles per
instruction

=1+ Structual stalls + RAW stalls + WAR stalls
+ WAW stalls + Control stalls
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Technique Reduces section

Forwarding and bypassing Potential data hazard stalls / A2 \
Delayed branches and simple branch scheduling — Control hazard stalls / A2 \
Basic dynamic scheduling (scoreboarding) Data hazard stalls from true dependences A8 AT
Dynamic scheduling with renaming Data hazard stalls and stalls from antidependencgs 3.2 24
and output dependences
Dynamic branch prediction Control stalls 34 2.3
|ssuing multiple mstructions per cycle Ideal CPI 3.6 2.7.2.8
Speculation Data hazard and control hazard stalls 35 2.6
Dynamic memory disambiguation Data hazard stalls with memory 32,37 (|| 2445
Loop unrolling Control hazard stalls 4.1 2.2
Basic compiler pipeline scheduling Data hazard stalls A2 4L || A222
Compiler dependence analysis [deal CP1, data hazard stalls 44 G.2,
Software pipelining, trace scheduling [deal CPI, data hazard stalls \ 43 o
Compiler speculation [deal CPI, data, control stalls \4.4 / G4,
S
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3.5.2 Instruction-Level Parallelism

e Basic Block ILP is quite small
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471 (loop-level parallelrism--LLP).
[#5] for (i=1; 1<=1000; i=i+1;)

x[i] = x[i] +y[i];
Ioop Vﬂ?‘“\ﬂﬁ B %ﬁkﬁ—fﬁa i3
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3.5.3 Data Dependence and Hazards

—. True Data Dependence:

Instr;is data dependent on Instr;
Instr; tries to read operand before Instr;writes it

( I: add rl,r2,r3
J

sub r4,rl,r3

or Instr; is data dependent on Instry which is dependent on
Instr;

e Caused by a "True Dependence” (compiler term)

o If dependence caused a hazard in the pipeline,
called a Read After Write (RAW) hazard
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® when 2 Instructions use same register or memory location,

called a name, but no flow of data between the instructions
associated with that name;

e Anti-dependence
Instr; writes operand He/ore Instrrreads it

I: sub r4,r1,r3
J: add rl,r2,r3
K: mul ré6,rl,r7

called an "anti-dependence” by compiler writers.
This results from reuse of the name "r1"

If anti-dependence caused a hazard in the pipeline, called a Write
After Read (WAR) hazard
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Output dependence
Instr; writes operand before Instr;writes it.

I: sub rl,r4,r3
J: add rl,r2,r3
K: mul r6,rl,r7

Called an "output dependence” by compiler writers
This also results from the reuse of nhame "r1"

If out-dependence caused a hazard in the pipeline,
called a Write After Write (WAW) hazard
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[nstruction skream

[nstruction B [nstruction A

RAW( Read after write) true dependence
Instruction A writes Rx, instruction B reads Rx

WAW(Write after write) output dependence, NAME DEP
Instruction A writes Rx, instruction B writes Rx

WAR( Write after read) anti-denpendence NAME DEP
Instruction A reads Rx, instruction B writes Rx
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3.6 Overcoming Data Hazards with Dynamic
Scheduling ( 4™:2. 4)

e 3.6.1 Key idea:
Allow instructions behind stall to proceed

DIVD FO,F2,F4
ADDDF10,FO,F8
SUBDF12,F8,F14

e Enables out-of-order execution
and allows out-of-order completion

e Will distinguish when an instruction begins executic
and when it completes execution between 2 times, the
Instruction is /n execution

e In a dynamically scheduled C,:)ipe!ine, all instructions
nass through issue stage in order (in-order issue)
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Advantages of Dynamic Scheduling

¢ Handles cases when dependences unknown
at compile time

(e.g., because they may involve a memory
reference)

e It simplifies the compiler

e Allows code that compiled for one pipeline
to run efficiently on a different pipeline

e Hardware speculation, a technique with
significant performance advantages, that
builds on dynamic scheduling

2014/11/9
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Dynamic Scheduling Step

e Simple pipeline has 1 stage to check both
structural and data hazards: Instruction
Decode (ID), also called Instruction Issue

e Split the ID pipe stage of simple 5-stage
pipeline into 2 stages:

e Issue—Decode instructions, check for
structural hazards

o Read operands—Wait until no data hazards,
then read operands
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3.6.2 Dynamic Scheduling with a
Scoreboard

e Scoreboarding
Named after CDC6600 scoreboard
Allowing instructions to execute out of order

when there are sufficient resources and no
data dependences.

In-order issue
Out-of order completion
Executing an instruction as early as possible
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Basic structure of a pipelined processor with a
scoreboard




The pipeline stages with scoreboard

e The Five stages: IF, ID, EX, MEM, WB

IF: the same for all instructions

ID: split into two stages: issue and read
operands

EX: no change

MEM: omitted for only concentrating on the FP
operations

WB: no change
e So, the stages are:
(IF), IS, RO, EX,(MEM) WB.
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Pipeline stage description

e Issue: ainstruction is issued when
The functional unit is avarlable and
No other active instruction has the same destination register.
Avoid strutural hazard and WAW hazard

e Read Operands (RO)
The read operation is delayed until the operands are available.

This means that no previously issued but ncompleted instruction has
the operand as its destination.

This resolves RAW hazards dynamically

e Execution (EX)
Notify the scoreboard when completed so the functional unit can be
reused,

e Worite result (WB)

The scoreboard checks for WAR hazards and stalls the completing
instruction if necessary.
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The scoreboard algorithm

e Scoreboard-takes full responsibility for instruction
issue and execution
Create the dependence records
Decide when to fetch the operand
Decide when to enter execution
Decide when the result can be written into the register file

e Three data structure

Instruction status:
e which of the four steps the instruction is in

Functional unit status: buzy,op,Fi, Fj,Fk,Qj,Qk Rj Rk
Register result status:
e which functional unit will write that register
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Instruction status

Instruction [ssue Head operands Execution complete Write result
LD FS, 34 (R2) W v v
LD F2,45 (R3) v v v
MULTD FO,F2,F4 \
SUBD  FB,F&,F2 \
DIVD  F10,FO,Fé& W
AT0D Fe,Fa,F2
Functional unit status
MName Busy Op Fi Fj Fk Qj Qk Bj Rk
Integer Yes [Load F2 3 Mo
Mult] Yes Mt Fo F2 F4 Integer Mo Yes
Mult2 N
Add Yes =sub F& Fo F2 Integer Yes Mo
Divide Yes v Flo Fi Fo& Mlult | Mo Yes
Register result status
i 2 4 6 I's F10 Fiz2 F30
FLJ Mlult ] [Integer Avdd Divide
2014/11/9 21




Three Parts of the Scoreboard

0 Instruction status—which of 4 steps the instruction is in

® Functional unit status—Indicates the state of the functional unit (FU). 9 fields
for each functional unit
Jusy—Indicates whether the unit is busy or not
Op—Operation to perform in the unit (e.qg., + or -)
~i—Destination register
~|, Fk—Source-register numbers
Q), Qk—Functional units producing source registers Fj, Fk
], Rk—Flags indicating when Fj, Fk are ready

© Register result status—Indicates which functional unit will write each
register, if any. Blank when no pending instructions will write that register

~o _____________________________________JSg
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- N
Detailed Scoreboard Pipeline Control

Instruction : - -
status Wait until Bookkeeping
Busy(FU)« yes; Op(FU)« op;
Fi(FU)e— "D"; Fj(FU)e "S1’;
Issue ar:.'ldu;g';fgs{ljt(‘l%}} Fk(FU)< 'S2': Qj<— Result(‘S1'):
Qk« Result('S2'); Rj« not Qj;
Rk« not Qk; Result(’'D’)« FU;
Read - - : Y= OV =
operands Rj and Rk Rj«< No; Rk« No;Qj=0:Qk=0
Execution Functional unit
complete cdone
Write {[EJJE 11: ]}:Eg?‘é} 7f(if Qj(f)=FU then Rj(f)« Yes);
result {FI-({ ) #Fi(FU) or 7f(if Qk(f)=FU then Rj(f)« Yes);
Rk( f )=No)) Result(Fi(FU))«— O; Busy(FU)« No

D R
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{F\’Jj(f) - NO
F(f) = F(FU)
R(f) # NO

{Fj(f) # F.(FU)
R(f) = NO

{ﬁ@#Fﬁw)
R(f) # NO

R () =NO
F(f) = F(FU)
R (f) # NO
{ F((f) # Fi(FU)
R (f) = NO
F((f) # Fi(FU)
R (f) # NO




Example: Instruction status

LD F6' 34(R2) Instruction status
LD F 45(R3) Instruction |Ts |RO |EX |WB
MULTD F - A
SUBD F8, :

DIVD F

, RO, F6
ADDD F6, F8, F2

MULTD : 10CC
DIVD : 40CC
ADDD/SUBD : 2CC
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Scoreboard Example

Instruction status Read  Executioi Write
Instruction J k  Issue  operand: complete Result
LD FG 3+ R2
LD F2 45+ R3
MULTCFO F2 F4
SUBD FA& F6 F2
DIVD F10 FO  F6
ADDD F6 F& F2

Functional unit status dest 51 52 FUforj FUfork FH? Fk?
Time Name Busy Op Fi F Flc ] Ok Rj Rk
Integer No
Mult No
Mult2 No
Add Mo
Divide No
Reqgister result status
Clock FO F2 F4 F6 F8 F10 F12 F30

FU




Scoreboard Example Cycle 1

Instruction status

Instruction | k
LD F& 34+ RZ
LD F2 45+ R3
MULTCFO F2 K4
SUBD F8  F6  F2
DVD F10 FO  F6
ADDD F&  F§  F2
Functional unit status
Time Name
Inteqger

Mult

Mult2

Add

Divide

Reqgister result status

Clock
1

FU

Read  Executior Write
Issue  operands complete Result
1
dest s1 52 FUfory FUfork FH? Fk?
Busy Op Fi Fi Fk o Q) Gk R Rk
Yes Load F6  IMM34 R2 Yes Yes
No
No
No
No
FO F2 F4 F6 F8 F10 F12 F30

Integer




Scoreboard Example Cycle 2

Instruction status
Instruction J k

Read
Issue  operands complete Result

Executior Write

LD F6 34+ R2 1 2
LD F2 45+ R3
MULTLFO F2 F4
SUBD F8 FE6  F2
DIVD F10 FO F6
ADDD F6  F8  F2

Functional unit status

dest 51 52 FUforj FUfork F? Fk?

Time Name Busy Op Fi F Fk Q) Qk Ry Rk
Integer Yes  Load F6 IMM34  RZ —es— =T
Mult1 No
Mult2 No
Add No
Divide No
Reqgister result status
Clock FO F2 F4 F6 F8 F10 F12 .. F30
2 FU Inteqger

* Issue 2nd LD?




Scoreboard Example Cycle 3

Instruction status
Instruction J k

Read
Issue  operands complete Result

Executiol Write

LD F& 34+ R2 1 2 3

LD FZ2 45+ R3

MULTLFO F2 F4

SsUBD F&  FE&  F2

DIVD F10 FO  F6

ADDD F6 F8  F2

Functional unit status dest 51 52  FUforj FUfark FHY Fk?

Time Name Busy Op Fi F Fk Q) (Jk Rj Rk

Integer Yes  Load F6 IMM34 R?Z —es— —fea—
Mult1 No
Mult2 No
Add NG
Divide MO

Reqgister result status

Clock FO F2 F4 F6 F8 F10 F12 F30

3 FU Integer

* Issue MULT?




Scoreboard Example Cycle 4

Instruction status Read  ExecutionWnite
Instruction | k  Issue operandscomplete Result
LD F& 34+ R2 1 2 3 4

LD F2 45+ R3
MULTDFO F2  F4
SUBD F8 F6  F2
DIVD F10 FO  F6
ADDD F6 F8  F2

Functional unit status dest o1 82 FlUforj FUfork FH7? Fk?
Time Name Busy Op Fi Fi Fk Q) Qk Ry Rk
Integer Mo
Mult1 MNo
Mult2 MNo
Add No
Divide Mo
Reqister result status
Clock FO F2 F4 F6 F8 F10 F12 .. F30

4 FU




Scoreboard Example Cycle 5

Instruction status

Instruction J k
LD F6 34+ RZ
LD F2 45+ R3
MULTC FO F2  F4
SUBD F& F6  F2
DWVD F10 FO  F6
ADDD F6  F8  FZ
Functional unit status
Time Name
Integer

Mult1

Mult2

Add

Divide

Reqister result status

Clock
5

FU

Read Executior Write
Isstie  operands complete Fesult
1 2 3 4
5
dest 51 52  FUfory FUfork F? Fk?
Busy Op Fi Ej Fko Q) Qk Rj Ek
Yes  Load -2 R3 Yes
No
No
No
No
FO F2 F4 F6 F8 F10 F12 F30

nieder




Scoreboard Example Cycle 6

Instruction status

Instruction | k
LD F6 34+ R2Z
LD F2 45+ R3
MULTCFO F2  F4
SUBD F8 F6&  F2
DWVD F10 FO  F6
ADDD F6  F8  F2
Functional unit status
Time MName
Integer

Mult

Mult2

Add

Divide

Reqgister result status

Clock
6

FU

Read Executior Write
Issue  operands complete Result
1 2 4
o 6
6

dest 51 52  FUfory FUfork Fi? Fk?

Busy Op Fi Ei Fk Q) QK ' Rk
Yes  Load -2 R3 e o
Yes  Mult FO F2  F4  Integer Yes
No
No
No
FO F2 F4 F6 F8 F10 F12 F30
Mult1 Integer




Scoreboard Example Cycle 7

Instruction status

Instruction | k
LD F& 34+ R2
LD F2 45+ R3
MULTCFO F2 F4
SUBD F& R F2
DD F10 FO  F6
ADDD F6  F8B  F2
Functional unit status
Time Name
Integer

Mult

Mult2

Add

Divide

Reqgister result status

Clock
7

« Read multiply operands?

FU

Read  Executior White
Issue  operands complete Result
1 2 3 4
4 G 7
i
[

dest >1 52 FUfory FUfork FH? Fk?

Busy Op Fi Fi ik Qk Rj Rk
Yes Load F2 R3 -
Yes  Mult FO F2 K4 Integer Mo Yes
No
Yes  Sub F& F F2 Integer  Yes No
No
FO F2 F4 F6 F8 F10 F12 ..  F30
Multl Integer Add




Scoreboard Example Cycle 8a

Instruction status Read  Executior Write

Instruction | k  lssue operands complete Result

LD F6 34+ R2 1 2 3 4

LD F2 45+ R3 4 4] 7

MULTCFO F2  H4 i

sUBD F&6 F6  F2 [

DWVD F10 FO  F6 g

ADDD F6  F8  F2

Functional unit status dest S1 52  FUfory FUfork FH7? Fk?

Time Name Busy Op Fi F Fk Q) (Jk Ry Rk

Integer Yes  Load F2 R3 T
Mult Yes  Mult FO F2  F4  Integer No Yes
Mult2 No
Add Yes  Sub F8 F6  FZ Integer  Yes No
Divide Yes  Div F10 FO  FG6  Mult] No Yes

Reqisier result status

Clock FO F2 F4 F6 F8 F10 F12 .. F30

8 FU |Multl  Integer Add  Divide




Scoreboard Example Cycle 8b

Instruction status Read Executior Write

Instruction J k  Issue operands complete Result

LD F6 34+ RZ 1 2 3 4

LD F2 45+ R3 5 6 7 a

MULTLCFO F2  F4 &

SUBD F8 F6& F2 f

DWVD F10 FO  F6 a8

ADDD F6 F8&8  F2

Functional unit status dest 51 52  FUfory FUfork Fj? Fk?

Time MName Busy Op Fi Ei Fko Q) QK Ry Rk

Integer No
Mult1 Yes  Mult FO F2 F4 Yes Yes
Mult2 No
Add Yes  Sub -8 F6& F2 Yes Yes
Divide Yes  Div F10 FO  FG Mult No Yes

Reqgister result status

Clock FO F2 F4 F6 F8 F10 F12 .. F30

8 FU [ Multl Add Divide




Scoreboard Example Cycle 9

Instruction status
Instruction J k
LD F6 34+ R2
LD F2 45+ R3
MULTCFOD F2  F4
SUBD F8 F6 F2
DIVD F10 FO  F6
ADDD F6  F8  F2
Functional unit status
Time Name
Integer

10 Mult

Mult2

2 Add

Divide

Reqgister result status

Clock
9 FU

Read Executior Write
Issue  operands complete Result
1 2 3 4
5 6 7 a8
& 9
[ g
a8

dest 51 52 FUforj FUfork FH7? Fk?

Busy Op Fi E Fk ) (Qk R Rk
No
Yes Mult FO F2 F4 T —“ree
No
Yes Sub -3 FG F2 o i
Yes Div F10 FO F6 Mult MNo Yes
FO F2 F4 F6 F8 F10 F12 F30
Mult Add Divide

* Read operands for MULT & SUBD? Issue ADDD?




Scoreboard Example Cycle 11

Instruction status
Instruction | k
LD F6 34+ RZ
LD F2 45+ R3
MULTLFO F2 F4
SUBD F8  F6  FZ
DIVD F10 FO  F6
ADDD F6  F8  F2
Functional unit status
Time MName
Inteqer

g Mult1

Mult2

0 Add

Divide

Reqister result status

Clock
11 FU

Read  Executiol Write
lssue  operands complete Result
1 2 3 4
4 6 7 a
G 9
f 9 11
&

dest 51 52 FUforj FUfork F? Fk?

Busy Op Fi Fj Fk Q) (Jk Rj Rk
MO
Yes  Mult FO F2 F4 =it S
No
Yes  Sub -8 F6  F2 —tos . Yoo
Yes  Div F10 FO  F6  Multl Mo Yes
FO F2 F4 F6 F8 F10 F12 F30
Mult] Add  Divide




Scoreboard Example Cycle 12

Instruction status Read Executior Write
Instruction | k  Issue operands complete Result
LD F6 34+ R2? 1 2 3 4
LD F2 45+ R3 o 6 7 a8
MULTCFO F2  F4 i g
SUBD F8 F6  F2 f g 11 12
DIVD F10 FO  F6 a
ADDD F6  F8  F2
Functional unit status clest 51 52 FUftory FUfork Fj? Fk?
Time Name Busy Op Fi Ei Fko Q) Dk Ry Rk
Integer MO
7 Mult1 Yes  Mult FO F2  F4 s oo
Mult2 No
Add No
Divide Yes  Div F10 FO F6 Mult No Yes
Reqister result status
Clock FO F2 F4 F6 F8 F10 F12 ..  F30
12 FU O [Multl Divide

- Read operands for DIVD?



Scoreboard Example Cycle 13

Instruction status
Instruction J k
LD F6 34+ R2
LD F2 45+ R3
MULTCFOD F2  F4
SUBD F8  F6  FZ
DIVD F10 FO  F6
ADDD F6  F8  F2
Functional unit status
Time Name
Integer

6 Mult

Mult2

Add

Divide

Reqgister result status

Clock
13 FU

Read Executior Write

Isstie  operands complete Result
1 2 3 4
o 6 7 &
i g
f 4 1 12
8
13

dest 51 52 FUfory FUfork Fj? Fk?
Busy Op Fi Ei Fk Q) (kK &l Rk
No
Yes  Mult FO F2 F4 e =r—
No
Yes  Add FG F&  F2 Yes Yes
Yes Dy F10 FO F6 Mult No Yes
FO F2 F4 F6 F8 F10 F12 .. F30
Mult Add Divide




Scoreboard Example Cycle 14

Instruction status Read Executior Write

Instruction | k  Issue operands complete Result

LD F6 34+ R2? 1 2 3 4

LD F2 45+ R3 o 6 7 a8

MULTLCFO F2 F4 G 4

SUBD F8 F6&  F2 f g 11 12

DIVD F10 FO  F6 a

ADDD F6  F8  F2 13 14

Functional unit status clest 51 52 FUftory FUfork Fj? Fk?

Time Name Busy Op Fi Ei Fko Q) Dk Ry Rk

Integer MO
5 Mult1 Yes  Mult FO F2  F4 s oo
Mult2 No
2 Add Yes  Add FG F&  F2 e - A= T
Divide Yes  Div F10 FO F6 Mult No Yes

Reqister result status

Clock FO F2 F4 F6 F8 F10 F12 ..  F30

14 FU  [Mult Add Divide




Scoreboard Example Cycle 15

Instruction status Read Executior Write

Instruction J k  Issue operands complete Result

LD F6 34+ RZ 1 2 3 4

LD F2 45+ R3 9 G 7 a

MULTCFD F2 F4 G g

SUBD F8 F6 F2 f g 11 12

DIVD F10 FO  F6 a8

ADDD F6 FB8  F2 13 14

Functional unit status dest 51 52 FRUfory FUfork H7? Fk?

Time Name Busy Op Fi Fi Fhko Q) Kk R Rk

Integer No
4 Mult Yes  Mult FO F2 F4 e e
Mult2 Mo
1 Add Yes  Add FG F& F2 S e —
Divide Yes  Div F10 FO  F6 Mult No Yes

Heqgister result status

Clock FO F2 F4 F6 F8 F10 F12 .. F30

15 FU | Nult1 Add Divide




Scoreboard Example Cycle 16

Instruction status Read  Executior Write

Instruction | k  Issue operands complete Result

LD F6 34+ R2 1 2 3 4

LD FZ2 45+ R3 5 6 7 a

MULTCFO F2 H4 G 4

SUBD F6  F6&  F2 [ 4 11 12

DWVD F10 FO  F6 a

ADDD F6 F8  F2 13 14 16

Functional unit status lest S1 52 FUfor] FUfork H? Fk?

Time Name Busy Op Fi Fi Fk Q) Gk il Rk

Integer No
3 Mult Yes  Mult FO F2  F4 —res— ree—
Mult2 No
0 Add Yes  Add FG F& F2 e el e
Divide Yes  Div F10 FOO  F6  Mult1 Mo Yes

Feqgister result status

Clock FO F2 F4 F6 F8 F10 F12 .. F30

16 FU  [Nultt Add Divide




Scoreboard Example Cycle 17

Read Executior Write

Instruction status
Instruction J k
LD F6 34+ R2Z
LD F2 45+ R3
MULTCFD  F2  F4
SUBD F8  F6  FZ
DIVD F10 FO  F6
ADDD F6 F8  F2
Functional unit status
Time MName
Integer

2 Mult1

Mult2

Add

Divide

Reqgister result status

Clock
17 FU

Issue  operands complete Result
1 2 3 4
o 6 7 &
G 9
[ 9 11 12
&
13 14 16

dest 51 52 FUforj FUfork F? Fk?
Busy Op Fi Ei koo Q) Qk ' Rk
No
Yes  Mult FO F2 F4 —ma— Hpe—
No
Yes  Add F6 F& F2 —loe Sine
Yes  Div F10 FOO  F6 Mult Yes
FO F2 F4 F6 F8 F10 F12 F30
Mult Add Divide

*  Write result of ADDD?




Scoreboard Example Cycle 18

Instruction status Read  Executior Write

Instruction J k  Issue operands complete Result

LD F6 34+ R2 1 2 3 4

LD F2 45+ R3 5 6 7 a

MULTCFOD F2 H4 G 4

SUBD F6  F6  F2 f 4 11 12

DWVD F10 FO  F6 d

ADDD F6 F8  F2 13 14 16

Functional unit status dest 51§52  FUfory FUfork H? Fk?

Time Name Busy Op Fi Fi Fk Q) Gk R Rk

Integer No
1 Multt Yes  Mult FO F2  F4 - “rem—
Mult2 No
Add Yes  Add FG F& F2 e e e
Divide Yes  Div F10 FO  F6  Multl Mo Yes

Feqgister result status

Clock FO F2 F4 F6 F8 F10 F12 .. F30

18 FU  [Multt Add Divide




Scoreboard Example Cycle 19

Instruction status
Instruction J k
LD F6& 34+ R2
LD F2 45+ R3
MULTCFO F2 F4
sSUuBD F8  F6  F2
DIVD F10 FO  FB6
ADDD F6  F8  F2
Functional unit status
Time Name
Integer
0 Mult1
Mult2
Add
Divide
Reqister result status

Clock
19 FU

Read Executior Write

Isste  operands complete Fesult
1 2 3 4
o 6 7 &
i 9 19
f 9 1 12
a8
13 14 16

dest 51 52 FUforj FUfork F7? Fk?
Busy Op Fi Fi Fik Q) (kK Rj Ek
No
Yes  Mult FO F2  F4 —. RS
No
Yes  Add F6 F& F2 i e G—
Yes  Div F10 FO  F6 Mult No Yes
FO F2 F4 F6 F8 F10 F12 F30
Mult Add Divide




Scoreboard Example Cycle 20

Instruction status Read Executior Write
Instruction | k  Issue operands complete Result
LD F6 34+ R2 1 2 3 4
LD F2 45+ R3 5 6 7 8
MULTCFO F2  FH4 § g 19 20
SUBD F8 F6  F2 7 g 11 12
DIVD F10 FO  F6 g
ADDD F6  F8  F2 13 14 16
Functional unit status clest 51 52 FUfor] FUfork F? Fk?
Time Name Busy Op Fi Fi Fko Q) Qk Ry Rk
Integer MO
Mult No
Mult2 No
Add Yes  Add F6 F8  F2 e YOS
Divide Yes  Div F10 FO  F6 Yes Yes
RHeqister result status
Clock FO F2 F4 F6 F8 F10 F12 ..  F30

20 FU Add Divide




Instruction status

Instruction J k
LD F6& 34+ RZ
LD F2 45+ R3
MULTCFO F2 F4
SUBD F8  F6  F2
DWVD F10 FO  F6
ADDD F6  F8&8  F2
Functional unit status
Time Name
Integer

Mult

Mult2

Add

Divide

Reqister result status

Clock
21 FU

Scoreboard Example Cycle 21

Read Executior Wiite
Issue  operands complete Result
1 2 3 4
9 6 7 a8
§ 4 19 20
7 G 11 12
a8 21
13 14 16
dlest 51 52 FUfarj FUfork Fj7? Fk?
Busy Op Fl F Fk ' Qk Ry Rk
No
No
No
Yes  Add FG F& F2 —lne ., e
Yes  Div F10 FO F6 —— =
FO F2 F4 F6 F8 F10 F12 .. F30
Add




Scoreboard Example Cycle 22

Instruction status

Instruction | k
LD F6 34+ R2
LD F2 45+ R3
MULTCFO F2  F4
SUBD F8 FE6  F2
DIVD K10 FO  F6
ADDD F6 F8  F2
Functional unit status
Time Name
Integer

Mult 1

Mult2

Add

40 Divide

Reqister result status

Clock
22 FU

Read Executior Write
Issue  operands complete Result
1 2 3 4
5 6 7 &
G 9 19 20
[ 9 11 12
& 21
13 14 16 22

tlest 51 52  FUforj FUfork F7 Fk?
Busy Op Fi Ej Fk o Q) (Qk il Rk
No
No
No
No
Yes  Div F10 FO  F6 s e
FO F2 F4 F6 F8 F10 F12 F30
Divide




Scoreboard Example Cycle 61

Instruction status Read Executior Wiite
Instruction J k  Issue operands complete Result
LD F6 34+ RZ 1 2 3 4
LD F2 45+ R3 o 6 7 8
MULTCFO F2 F4 § g 19 20
SUBD F8  F6  F2 [ g 11 12
DWVD F10 FO  F6 8 21 G
ADDD F6 F8  F2 13 14 16 22
Functional unit status dlest ST 52  FUforj FUfork F7? Fk?
Time MName Busy Op Fi Ei Fk Q) (kK R Rk
Integer Mo
Mult No
Mult2 No
Add No
0 Divide Yes  Div F10 FO  F6 - e
Reqister result status
Clock FO F2 F4 F6 F8 F10 F12 .. F30

61 FU Divide




Scoreboard Example Cycle 62

Instruction status

Instruction J k
LD F6 34+ R2Z
LD F2 45+ R3
MULTCFO F2  F4
SUBD F8  F6  F2
DIWVD F10 FO  F6
ADDD F6 F8  F2
Functional unit status
Time MName
Integer

Mult1

Mult2

Add

0 Divide

Reqister result status

Clock
62

FU

Read Executior Write
Issue  operands complete Result

1 2 3 4

5 ] 7 a8

G g 19 20

[ 9 11 12

a8 21 61 62

13 14 16 22

dest S1 52 FUforj FUfork Fi? Fk?

Busy Op Fi Ei Fk Q) Qk Ri Rk
No
No
No
No
No
FO F2 F4 F6 F8 F10 F12 F30




Limitations of Scoreboard-1

o ILP

If we can't find independent instructions to
execute, scoreboard (or any dynamic scheduling
scheme for that matter) helps very little.

e Size of the "issued" queue

This determines how far ahead the CPU can look
for instructions to execute in parallel.

It's called the window.

For now, we assume that a window can not span a
branch.

In other words, the window includes instructions
only within basic blocks.
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Limitations of Scoreboard-2

e Number, types, and speed of the functional
units

This determines how often a structural hazard
results in stall.

e The presence of anti-dependences and

output dependences

WAR and WAW hazards limit the scoreboard
more than RAW hazards, lead to WAR and WAW
stalls.

RAW hazards are problems for any technique.

But WAR and WAW hazards can be solved in
ways other than scoreboards.
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