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- EFBHTZRAYTRMZS:
— Basic 2-bit predictor:

— Global predictor:
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: Mext fetch address : Fetch address : Instruction Cache : Instructions drive :
I prediction I calculation I ACCESS | todecodestage |
I I I I I
I I I I
| = | e i |
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| Target | L I-Cache = g 2 g |
| —H Buflsr : X —| [hata md = = E = :
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| Next Z' B e | I
: sequential ¥ : :
| fetch addr < | |2 I-Cachs | & '
| | Sla o Tag Dt |

B b 3 A=
| | z Array [ |
I T Brnch I I I
: Predictor , | :
I I | I
I I I I
I I _ﬁ | I
| Return I I I
I-TLE

14| Address ! 1 o | |
| Stack | = | |
s | : :
I I I I I
| | Mext fetch gddress from branch masprediction or exception |
I I 1 | 1
| | | | |
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- EEFEUEFLIBIRRNIESER:
reorder buffer (ROB)

— 3 /M 15 E BRYBHE, (8

— Reorder buffer af LMESERESTR => Reorder
MHEEESMSTE (5RSEY) N

- MIESHITNERS:MSS, FAROBIIRS | oo |
HERSHIE 7P Regs

— HEITHESIERIMNER (Commit) i

— ROBIRHHTEAMNERFUESMERINE —— ——
1"|5§$Z FP Adder FP Adder
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S EHERTHITAY Tomasulo E5EAYPIMER

1. Issue—get instruction from FP Op Queue

- ERSHIROBEZ AL THRAIIES, MREFEmR0BT
bR, e e R

l_—|:|
2. Execution—operate on operands (EX)

-_—Lﬁ MEEe, T, RIRERH%, WlCDB, 14
ERAWFEE

3. Write result—finish execution (WB)
jf Iz H S RIEIN COBEX G T B F TS RAIFULIN ROBERTT,
~RRSHIFS

4. Commit—update register with reorder result

- RROBEYINFE, MRERCE, HMEHNEHTE (S
=) H—ﬂ%navMROBzzE il

— ﬁMJ% REESE (P B, RIFETROB
— P191 Figure 3.14 (JXRR), P141 Figure 3-9 (FXFR)

2020-4-17 B IARER 9



Status Wait until Action or bookkeeping
Issue if (RegisterStat[rs].Busy)/*in-flight instr. writes rs*/
all {h « RegisterStat[rs].Reorder;
instructions if (ROB[h].Ready)/* Instr completed already *{
{RS[r].Vj « ROB[h].Value; RS[r].Qj « O;
_ else {RS[r].0j « hs} /* wait for instruction */

Reservation } else {RS[r].Vj « Regs[rs]; RS[r].Qj « 0;};

station (r) RS[r].Busy « yes; RS[r].Dest « b;

‘El’gB ®) ROB[b].Instruction « opcode; ROB[b].Dest « rd;ROB[b].Ready « no;
FP both svailable if (RegisterStat[rt].Busy) /*in-flight instr writes rt*/
operations {h « RegisterStat[rt].Reorder;
and stores if (ROB[h].Ready)/* Instr completed already *{

{RS[r].Vk « ROB[h].Value; RS[r].Qk « 0;
else {RS[r].0Qk « h;} /* wait for instruction */
} else {RS[r].Vk « Regs[rt]; RS[r].Qk « 03};
FP RegisterStat[rd] .Reorder « b; RegisterStat[rd].Busy « yes;
operations ROB[b] .Dest « rd;
Loads RS[r].A « imm; RegisterStat[rt].Reorder « b;
RegisterStat[rt] .Busy « yes; ROB[b].Dest « rt;

Stores RS[r].A « imm;

h: ROBH 5 HAIESHKRIIES I N AIROBHS ;
b: HEESXTMAJROBHRS

4/17/2020
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Execute

Execute (RS[r].Qj==0)and Compute results—operands are in Vj and Vk
FP op (RS[r].Qk ==0)
Loadstep I (RS[r].Qj==0)and RS[r].A « RS[r].Vj + RS[r].A;

there are no stores

earlier in the queue

Load step2 Load step | done Read from Mem[RS[r].A]
and all stores earlier
in ROB have
different address

Store (RS[r].Qj==0) and ROB[h].Address « RS[r].Vj + RS[r].A;
store at queue head

4/17/2020 PERIZFRAKRE 11



Write result & Commit

Write result Executiondoneatr b & RS[r].Dest; RS[r].Busy &« no;

all but store and CDB available Wx(if (RS[x].Qj==b) {RS[x].Vj & result; RS[x].Qj 0});
Wx(if (RS[x].Qk==b) {RS[x].Vk « result; RS[x].Qk « 0});
ROB[b].Value « result; ROB[b].Ready « yes;

Store Execution done at r ROB[h].Value « RS[r].Vk;
and (RS[r].Qk ==
0)

Commit Instruction is atthe d « ROB[h].Dest; /* register dest, if exists */
head of the ROB if (ROB[h].Instruction==Branch)
(entry h) and {if (branch is mispredicted)
ROB[h].ready == {clear ROB[h], RegisterStat; fetch branch dest;};}
yes else if (ROB[h].Instruction==Store)

{Mem[ROB[h] .Destination] « ROB[h].Value;}
else /* put the result in the register destination */
{Regs[d] « ROB[h].Value;};
ROB[h] .Busy « no; /* free up ROB entry */
/* free up dest register if no one else writing it */
if (RegisterStat[d].Reorder==h) {RegisterStat[d].Busy « no:};

4/17/2020 PERIZFRAKRE 12
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LD F6, 34(R2)
LD F2, 45(R3)
MULT FO, F2, F4
SUBD F8, F6, F2

DIVD F10, FO, F6
ADDD F6, F8, F2

g ITHERRIRHAEY
LD: 1cycles MULT: 10 cycles

SUBD/ADDD: 2cycles DIVD: 40 cycles

2020-4-17 B IARER
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Tomasulo With Reorder Buffer-Cycle O

Name
Add1l
Add2

Multl

0
0
0 Add3
0
0

Mult2

LD F6, 34(R2)
LD F2, 45(R3)
MULT FO, F2, F4
SUBD F8, F6, F2
DIVD F10, FO, F6
ADDD F6, F8, F2

Cycle

0 Reorder#
Busy

4/17/2020

Busy Op Vj Vk Qj Qk Dest

No Reservation

No Station

No

No

No

Busy Address

Entry Busy Instruction State Destination Value Loadl

1 Load2

2 Load3

3

4

5

6

7 Reorder Buffer

8

9

10

FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30

No No No No No No No No

FERERAKXE 15



Tomasulo With Reorder Buffer-Cycle 1

Time Name Busy Op Vj Vk Qj Qk Dest
0 Add1 No Reservation
0 Add2 No Station
0 Add3 No
0 Multl No
0 Mult?2 No
Busy Address
Entry Busy Instruction State Destination Value Loadl |Yes 34+Regs[R2]
LD F6, 34(R2) Head 1 Yes LD F6, 34(R2) Issue F6 Load2
LD F2, 45(R3) - Load3
MULT FO, F2, F4 :
SUBD F8, F6, F2 4
DIVD F10, FO, F6 5
ADDD F®6, F8, F2 6
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12  eeeees F30
1 Reordertt #1
usy No No No . JYes No No No No

B
4/17/2020 HEREFRONA 16



Tomasulo With Reorder Buffer-Cycle 2

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
0 Add2 No Station
0 Add3 No
0 Multl No
0 Mult?2 No
Busy Address
Entry Busy Instruction State Destination Value Loadl |Yes 34+Regs[R2]
Head 1 Yes LD F6, 34 (R2) Ex1 F6 Load2 |Yes 45+Regs[R3]
LD F6, 34(R2) tail 2 Yes LD F2,45(R3) Issue F2 Load3
LD F2, 45(R3) 3
MULT FO, F2, F4 4
SUBD F8, F6, F2 5
DIVD F10, FO, F6 6
ADDD F6, F8, F2 7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12  eeeees F30
2 Reordertt #2 #1
usy No Yes No . JYes No No No No

B
4/17/2020 HEREFRONA 17



Tomasulo With Reorder Buffer-Cycle 3

Time Name
Add1
Add2

0
0
0 Add3
0 Multl
0 Mult2

Head
LD F6, 34(R2)
LD F2, 45(R3) tail
MULT FO, F2, F4
SUBD F8, F6, F2
DIVD F10, FO, F6
ADDD F6, F8, F2

Cycle

3 Reorder#

Busy
4/17/2020

Busy Op Vj Vk Qj Qk Dest

No Reservation
No Station
No

Yes  Mult Regs[F4] #2 #3

No

Busy Address

Entry Busy Instruction State Destination Value Loadl No

1 Yes LD F6, 34 (R2) Write F6 Mem[loadl]| Load2 |Yes 45+Regs[R3]

2 Yes LD F2,45(R3) Ex1 F2 Load3

3 Yes MULT FO, F2, F4 Issue FO

4

5

6

7 Reorder Buffer

8

9

10

FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30

#3 #2 #1

Yes Yes No Lo Yes o, No No No No

HTE I/ 13




Tomasulo With Reorder Buffer-Cycle 4

Time Name
2 Add1
Add2

Add3

10 Multl
0 Mult?2
Head

tail

LD F6, 34(R2)
LD F2, 45(R3)

MULT FO, F2, F4
SUBD F8, F6, F2
DIVD F10, FO, F6

ADDD F6, F8, F2
Cycle

4 Reordert#t
Busy

4/17/2020

Busy Op Vj Vk Qj Qk Dest
Yes SUB Regs[F6] Mem[45+regs[R3]] #2 #4 Reservation
No Station
No
Yes  Mult Mem[45+Regs[R3]] Regs[F4] #3
No
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load?2 No
2 Yes LD F2, 45 (R3) Write F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Issue FO
4 Yes SUBD FS8, F6, F2 Issue F8
5
6
7 Reorder Buffer
8
9
10
FO F2 F4 Fo6 F8 F10 F12  eeeees F30
#3 #2 #4
Yes Yes No No Yes No No No
ARERSRAR A 19




Tomasulo With Reorder Buffer-Cycle 5

Time Name Busy Op Vj Vk Qj Qk Dest
1 Add1 Yes SUB Regs[F6] Mem[45+regs[R3]] #4 Reservation
0 Add2 No Station
0 Add3 No
9 Multl Yes  Mult Mem[45+Regs[R3]] Regs[F4] #3
0 Mult2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
LD F6, 34(R2) 2 Yes LD F2,45(R3) Commi t F2  Mem[load2]| Load3
LD F2, 45(R3) Head 3 Yes  MULT FO,F2, F4 Ex1 FO
MULT FO, F2, F4 4 Yes  SUBD F8,F6, 2 Ex1 r8
SUBD F8, F6, F2Tail 5 Yes DIVD F10, FO, F6 Issue F10
DIVD F10, FO, F6 6
ADDD Fe6, F8, F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12  eeeeer F30
5 Reordertt #3 #4 #5
Busy Yes No No No Yes Yes No No

4/17/2020 PERIZFRAKRE 20



Tomasulo With Reorder Buffer-Cycle 6

Name
Addl1
Add2

Add3
Multl
Mult?2

Time

S o O O O

Head

Tail

Cycle

6 Reordertt

Busy
4/17/2020

Busy Op Vj Vk Qj Qk Dest
Yes SUB Regs[F6] Mem[45+regs[R3]] #4 Reservation
Yes ADD Regs[F2] #4 #6 Station
No
Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Ex2 FO
4 Yes SUBD FS8, F6, F2 Ex2 F8
5 Yes DIVD F10, FO, F6 Issue F10
6 Yes ADDD F6, F8, F2 Issue F6
7 Reorder Buffer
8
9
10
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
#3 #6 #4 #5
Yes No No o .L.des Yes Yes No No
FERFEERANAE 21




Tomasulo With Reorder Buffer-Cycle 7

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
2 Add2 Yes ADD #4 Regs[F2] #6 Station
0 Add3 No
7 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex3 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Issue F6
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
7 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 8

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
1 Add2 Yes ADD #4 Regs[F2] #6 Station
0 Add3 No
6 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex4 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Ex1 F6
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
8 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 9

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
0 Add2 Yes ADD #4 Regs[F2] #6 Station
0 Add3 No
5 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex5 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Ex2 F6
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
9 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 10

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
0 Add2 No Station
0 Add3 No
4 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex6 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
10 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 11

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
0 Add2 No Station
0 Add3 No
3 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex7 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
11 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 12

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
0 Add2 No Station
0 Add3 No
2 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex8 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
12 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 13

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
0 Add2 No Station
0 Add3 No
1 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex9 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
13 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 14

Time Name Busy Op Vj Vk Qj Qk Dest
0 Addl1 No Reservation
0 Add2 No Station
0 Add3 No
0 Multl Yes  MULT Mem[45+Regs[R3]] Regs[F4] #3
0 Mult?2 Yes DIV Regs[F6] #3 #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
Head 3 Yes MULT FO, F2, F4 Ex10 FO
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
Tail 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
14 Reorder# #3 #6 #4 #5
y Yes No No . Yes Yes Yes No No

Bus
4/17/2020



Tomasulo With Reorder Buffer-Cycle 15

Time Name
0 Addl1
0 Add2
0 Add3
0 Multl
40 Mult2
Head
Tail

Cycle

15 Reordertt

Busy
4/17/2020

Busy Op Vj Vk Qj Qk Dest
No Reservation
No Station
No
No
Yes DIV #2%Regs[F4] Regs[F6] #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Write FO #2%F4
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Issue F10
6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
#3 #6 #4 #5
Yes No No o .L.des Yes Yes No No
FERFIRANKSE 30




Tomasulo With Reorder Buffer-Cycle 16

Time Name
0 Addl1
0 Add2
0 Add3
0 Multl
39 Mult2

Head
Tail
Cycle

16 Reordertt

Busy
4/17/2020

Busy Op Vj Vk Qj Qk Dest
No Reservation
No Station
No
No
Yes DIV #2%Regs[F4] Regs[F6]
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Commit FO #2%F4
4 Yes SUBD FS8, F6, F2 Write F8 F6—#2
5 Yes DIVD F10, FO, F6 Ex1 F10
6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
#6 #4 #5
No No No o .L.des Yes Yes No No
FERFIRANKSE 31




Tomasulo With Reorder Buffer-Cycle 17

Time Name
0 Addl1
0 Add2
0 Add3
0 Multl
38 Mult2

Head
Tail
Cycle

17 Reordertt

Busy
4/17/2020

Busy Op Vj Vk Qj Qk Dest
No Reservation
No Station
No
No
Yes DIV #2%Regs[F4] Regs[F6] #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Commit FO #2%F4
4 Yes SUBD F8, F6, F2 Commit F8 F6—#2
5 Yes DIVD F10, FO, F6 Ex2 F10
6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
#6 #5
No No No o .L.des No Yes No No
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Tomasulo With Reorder Buffer-Cycle 18

Time Name Busy Op Vj Vk Qj Qk Dest
0 Add1 No Reservation
0 Add2 No Station
0 Add3 No
0 Multl No
37 Mult2 Yes DIV #2%Regs[F4] Regs[F6] #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Commit FO #2xEF4
4 Yes SUBD F8, F6, F2 Commit F8 F6—#2
Head 5 Yes DIVD F10, FO, F6 Ex3 F10
Tail 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
18 Reorder# #6 #5
Busy No No No o .L.des No Yes No No
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Continue......37 Cycles
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Tomasulo With Reorder Buffer-Cycle 55

Name
Addl1
Add2

Add3
Multl

Time

oSO O O O O

Mult?2

Head
Tail

Cycle

54 Reordertt

Busy
4/17/2020

Busy Op Vj Vk Qj Qk Dest
No Reservation
No Station
No
No
Yes DIV #2%Regs[F4] Regs[F6] #5
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Commit FO #2%F4
4 Yes SUBD F8, F6, F2 Commit F8 F6—#2
5 Yes DIVD F10, FO, F6 Ex40 F10 #3/F6
6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
#6 #5
No No No o .L.des No Yes No No
FERFIRANKSE 35




Tomasulo With Reorder Buffer-Cycle 56

Time Name Busy Op Vj Vk Qj Qk Dest
0 Add1 No Reservation
0 Add2 No Station
0 Add3 No
0 Multl No
0 Mult?2 No
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Commit FO #2%F4
4 Yes SUBD F8, F6, F2 Commit F8 F6—#2
Head 5 Yes DIVD F10, FO, F6 Write F10 #3/F6
Tail 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
56 Reorder# #6 #5
Busy No No No o .L.des No Yes No No
4/17/2020 FERFFIN/NATF 36




Tomasulo With Reorder Buffer-Cycle 57

Time Name Busy Op Vj Vk Qj Qk Dest
0 Add1 No Reservation
0 Add2 No Station
0 Add3 No
0 Multl No
0 Mult?2 No
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Commit FO #2%F4
4 Yes SUBD F8, F6, F2 Commit F8 F6—#2
5 Yes DIVD F10, FO, F6 Commit F10 #3/F6
Head 6 Yes ADDD F6, F8, F2 Write F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
57 Reorder# #6
Busy No No No o .L.des No No No No
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Tomasulo With Reorder Buffer-Cycle 58

Time Name Busy Op Vj Vk Qj Qk Dest
0 Add1 No Reservation
0 Add2 No Station
0 Add3 No
0 Multl No
0 Mult?2 No
Busy Address
Entry Busy Instruction State Dest. Value Loadl No
1 Yes LD F6, 34 (R2) Commi t F6 Mem[loadl]| Load2 No
2 Yes LD F2,45(R3) Commit F2 Mem[load2]| Load3
3 Yes MULT FO, F2, F4 Commit FO #2%F4
4 Yes SUBD F8, F6, F2 Commit F8 F6—#2
5 Yes DIVD F10, FO, F6 Commit F10 #3/F6
Head 6 Yes ADDD F6, F8, F2 Commit F6 #4+F2
7 Reorder Buffer
8
9
10
Cycle
FO F2 F4 F6 F8 F10 F12 ~ eeeee- F30
58 Reorder#
Busy No No No ovu o No No No No No
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Tomasulo With Reorder Buffer-

Summar
Instruction Issue |Exec Comp|WriteBack | Commit
LD F6, 34 (R2) 1 2 3 4
LD F2, 45 (R3) 2 3 4 5
MULT FO, F2, F4 3 5 14 15 16
SUBD F8, F6, F2 4 56 7 17
DIVD F10, FO, F6 5 1655 56 57
ADDD F6, F8, F2 6 89 10 58

In-order Issue/Commit Out-of-Order Execution/WriteBack
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LS FO, O(R1)

L.S F1, O(R2)
ADD.S F2, F1, FO
S.S F2,0(R1)
ADDI R1,R1, #4
ADDI R2,R2, #4
SUBI R3,R3,#1
BNEZ R3, Loop

- Rig:
— LoadfOstore}1T: ITELHTFIUBLUE Z5E 2 cycle; XJCacheif|a) FEE 14 cycle

- l?l\\\ADD$;‘I1T ﬁ'ﬁ 6/\CyC|e
— StoretZ{ERERS \%qdjﬂﬁ/\} MEHRE: ssA IHEISEIEE; S.SD XCacheifid
— HhEERIEHIT: FE2 cycle

4/17/2020 hERISR A AL
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Tomsasulo,%%mﬁﬂﬁﬂ (ﬂ&iﬂﬂ)

Exe Exe Cache
Start End

L.S FO, O(R1) 1 3 (4)  (5)
2  LSF1,0(R2) 2 3 4 (5)  (B)
I3 ADD.SF2,FLFO 3 7 12 — | (D) F1HFL
14  S.S-AF2,0(R1) 4 5 6
5  S.S-DF2,0(R1) 5 14 15  (16) - % 1%F2
|6  ADDIR1,R2, #4 6 7 8 (9)
|7  ADDIR2, R2,#4 7 8 — (10
I8 SUBIR3,R3,#1 8 10 — | G
19  BNEZR3, Loop 9 12 13 (14) FHER3ME
110 L.SFO, O(R1) 15 16 17 (18) (19) FfF19
111 L.SF1, 0(R2) 16 17 18  (19) (20
112 ADD.SF2,F1,FO 17 21 26 (27) FHeF1

4/17/2020 PERIZFRAKRE 41



Tomsasulo,%ﬁ%?ﬂﬁn_?ﬂ (E?Eiﬂﬂ)

Exe Exe Cache Commit
Start End

L.S FO, O(R1) 1 4 (5)  (8)
2  LSF1,0(R2) 2 3 4 5 (6)  (7)
I3  ADD.S F2,F1,FO 3 7 12 (13) 14) FHEFl
14  S.S-AF2,0(R1) 4 5 6
15 S.S-DF2,0(R1) 5 14 15 16 (17) Fi5F2
|6  ADDI R1,R2, #4 6 7 8 (9) (18)
|7  ADDI R2, R2,#4 7 8 9 — (100 (19
I8 SUBIR3,R3,#1 8 9 10 — (1) (20)
19 BNEZRS3, Loop 9 14 15 (16) (21D %?if;%sg% Xﬁvf‘fﬁﬁﬁ
WMREFIPES
110 L.S FO, O(R1) 10 11 12 13 (14) (22)
111 L.SF1, O(R2) 11 12 13 14  (15) (23)
112 ADD.SF2,F1,FO 12 16 21 —  (22) (24 Z15F1
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54 EEHIT

32 FFHERTIALT

B Tomasulo

1. T BROBRIH B2 4544 1. BRI 1. ROBHY1EH
2. PUMYES &k Taid 2. HEETIIT R 2. AR SGER
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{EFROBIRIFH == AIRBHRIAES
+ ROBH5 T HI=RAIBIRIATS, ARIHRINMNT

BREATHE RERENRRZHER
— "'"‘UE% 53 ST I LERHE NIRSZ BT ER
- NEREREETUllER

» RIFTROB. RSHIFFRERINGER

- FERIR(FERRUNGE

— Memory Ordering Buffer (MOB)

. StorelR/ERIE RS IEIMOB, RSN R
IR EROTR R R
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Question: {FE—NMESFFI, store, load XFEMEERTHX? BP
THRBEEHEEXER?
Eg: st O(R2),R5

Id R6,0(R3)

BAI=S LI RRENId?

— StorelUiBHE FTEESFEIRIR AT B A BES 2.

— Bl IR ER— N ERRFF R A R ERIHRI T
FatEix:

— No Speculation: NiF{TloadiB(E, EZIFAIHSHELE O(R2) # O(R3)

— Speculation: EATATLARIZ A JHERIZZEATEX (called “dependence

speculation”) , ANERHEMNFEIREITROBFRIZ1IE

24 Gonzalez, A., et al. (2011). “Processor
Microarchitecture: An Implementation Perspective.” Synthesis

Lectures on Computer Architecture #12, Morgan & Claypool
Publishers
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Memory Disambiguation

TABLE 6.1: ?»-‘Iem(}r}' disambiguatimn schemes.

SPECULATIVE DESCRIPTION
Total Ordering No All memory accesses are processed in order.
Partial Ordering No All stores are processed in order, but loads execute out

of order as long as all previous stores have computed

their address.
Load Ordering No Execution between loads and stores 1s out of order, but
Store Ordering all loads execute in order among them, and all stores

execute in order among them.

Store Ordering Yes Stores execute in order, but loads execute completely

out of order.

{ all: S\ BSZ
 RERNAE SRR
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Summary-Tomasulo/\gg  #1/3

- Reservations stations: F{ERENRA, EWEEER
— BB E TR /RN
— 858 7 Scoreboard PTG ERRIRAY WAR, WAW hazards
— SRR MBI T
— ARFEARR(IUVAcT, EREGIEX)
« Reorder Buffer:
- BHTTEEEIE< 1z TS
— 1B LURSI R REROBH
— 1B IFHERS
- oEINESEEEEIFEEER
— R IERERRSERRER T, SFAFRRT
— ERTHTRI T ROBIEEISSHUTAIYLE!
« WIEFRNEEIRAY, HUE HEUHRITENIES
— EFBHTH D SZFuNIAN
— EFBTBRYD AN
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Summary-Tomasulo/\&g  #2/3

1)
— Dynamic scheduling
— Register renaming
— Load/store disambiguation
« 360/91 j§ Pentium II; PowerPC 604; MIPS
R10000; HP-PA 8000; Alpha 21264{sF:Xf$#5;

A
« AEBZA:

— Too many value copy operations
* Register File -=RS—ROB—Register File

— Too many muxes/busses (CDB)
* Values are from everywhere to everywhere else!

— Reservation Stations mix values(data) and tags (control)
e Slow down max clock frequency

4/17/2020 PERIZFRAKRE 48



Summary-Tomasulo/\&g  #3/3

» FifEShERYPSEERE
— ARV TV RYPSS HRE
* Total Ordering

 Partial Ordering

— Loadt5 < HIlIstorelig S EL TR S HBTE, BrIsEELF TR
fisgload il

* Load Ordering, Store Ordering

— LoadigESRINTRESSAIAIES Bk T BHHTE, loadBASLAY
loadi{FAR]gelEstoreig S ZBIMITIHTFRIE,

— ISR T
e Store Ordering
- [RixLoadiRFSZRIFRITEHB XU Rstoret R FIK.

- & [HPREIEAIZREHITIEREETIHER.
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