Review: In-Order Pipeline with Reorder Buffer

Decode (D): Access regfile/ROB, allocate entry in ROB, check if instruction
can execute, if so dispatch instruction (i.e., send it to functional unit)

Execute (E): Instructions can complete out-of-order

Completion (R): Write result to reorder buffer

Retirement/Commit (W): Check oldest instruction for exceptions; if none,
write result to architectural register file or memory; else, flush pipeline
and start from exception handler

In-order dispatch/execution, out-of-order completion, in-order retirement

E Integer add
Integer mul
E|E |E |E
F ID FP mul R W
E|E |E|E|E |E|E
R
E|E |E |E|E |E |E . >

ROB is implemented as a circular queue in hardware

Load/store



Recall: Data Dependence Types

Flow dependence

I3 .\<—r1 op r,

Read-after-Write

re < 3 0p I, (RAW)

Anti dependence

rs < _,r, op r, Write-after-Read
r1/<—'r4 op rs (WAR)

Output dependence

rs < ry op r, Write-after-Write
(rs < 3 Op I, (WAW)

rs < g Op Iy



Recall: Register Renaming with a Reorder Buffer

= Output and anti dependences are not true dependences

o WHY? The same register refers to values that have nothing to
do with each other

o They exist due to lack of register ID’s (i.e. names) in
the ISA

= The register ID is renamed to the reorder buffer entry that
will hold the register’s value

o fRegister ID - ROB entry ID

o Architectural register ID - Physical register ID
o After renaming, ROB entry ID used to refer to the register

= This eliminates anti and output dependences
o Gives the illusion that there are a large number of registers




Recall: Reorder Buffer Example

Register File (RF)

RO
R1
R2
R3
R4
R5
R6
R7

Value Valid?

Value Tag

(pointer to
ROB entry)

Initially: all registers
are valid in RF
& ROB is empty

Simulate:

MUL R1, R2 - R3
MUL R3, R4 -> R11
ADD R5, R6 = R3
ADD R3, R8 - R12

Entry O
Entry 1

Entry 2

Entry 8

Entry 13
Entry 14
Entry 15

Reorder Buffer (ROB)

«—— Qldest

instruction

< Youngest

instruction

Q- -

o B 5 c

T o «© 32

>0 > E
@)

B o =

c o = 2

LIJD n —

D 4

VJ

=0

)



Recall: Reorder Buffer in Intel Pentium Pro

Pentium III ;.5
Data Status

AT Boggs et al., "The

__EAX | Microarchitecture of the
EBX . ”

—ECX Pentium 4 Processor,” Intel

Technology Journal, 2001.

IRRF

A Register Alias Table (RAT) points to where each register’s current value is (or will be)



Out-of-Order Execution
(Dynamic Instruction Scheduling)




An In-order Pipeline

Integer add

Integer mul

E|E |E|E

F ID FP mul
E |E |E|E|E |E|E |E

E|E|E|E|E |E|E |E |[ss«s

Cache miss

Dispatch: Act of sending an instruction to a functional unit
Renaming with ROB eliminates stalls due to false dependences

Problem: A non-ready instruction stalls dispatch of younger
instructions into functional (execution) units

10



An In-order Pipeline

Integer add

Integer mul

E|E |E|E

F ID FP mul
E |E |E|E|E |E|E |E

E|E|E|E|E |E|E |E |[ss«s

Cache miss

= Dispatch: Act of sending an instruction to a functional unit
= Renaming with ROB eliminates stalls due to false dependences

= Problem: A non-ready instruction stalls dispatch of
younger instructions into functional (execution) units

17



Can We Do Better?

18



How Can We Do Better?

What do the following two pieces of code have in common
(with respect to execution in the previous design)?

MUL
ADD
ADD
MUL
ADD

R3 < R1, R2
R3 < R3, R1
R4 < Ro6, R7
R5 < R6, R8
R7 €< R9, R9

LD

ADD
ADD
MUL
ADD

R3 < R1(0)
R3 < R3, R1
R4 < R6, R7
R5 < R6, R8
R7 < R9, R9

Answer: First ADD stalls the whole pipeline!
o ADD cannot dispatch because its source register unavailable
o Later independent instructions cannot get dispatched

How are the above code portions different?
a Answer: Load latency is variable (unknown until runtime)
o What does this affect? Think compiler vs. microarchitecture

19



Preventing Dispatch Stalls

Problem: in-order dispatch (scheduling, or execution)
Solution: out-of-order dispatch (scheduling, or execution)

Actually, we have seen the basic idea before:
o Dataflow: “fire” an instruction only when its inputs are ready
o We will use similar principles, but not expose it in the ISA

Aside: Any other way to prevent dispatch stalls?
1. Compile-time instruction scheduling/reordering

2. Value prediction

3. Fine-grained multithreading

20



Out-of-order Execution (Dynamic Scheduling)

Idea: Move the non-ready instructions out of the way of
independent ones (such that independent ones can dispatch)

o Rest areas for non-ready instructions: Reservation stations

Monitor the source “values” of each instruction in the resting
(waiting) area

When all source “values” of an instruction are available,
“fire” (i.e., dispatch) the instruction

o Instructions dispatched in dataflow (not control-flow) order

Benefit:

o Latency tolerance: Allows independent instructions to execute
and complete in the presence of a long-latency operation

21



In-order vs. Out-of-order Dispatch

In order dispatch + precise exceptions:

F|D|E|E|E|E|R|W
F|D STALL (E |[R|W
F STALL |D |[E |[R|W
F |D|E|E |E |E W
F D STALL R

Out-of-order dispatch + precise exceptions:

F D |E

E

E |E

R

W

F |D

WAIT

D

E |R

16 vs. 12 cycles

F

D | E

.y

F | D

By

IMUL R3 € R1, R2
ADD R3 < R3, R1
ADD R1 <€ R6, R7
IMUL RS < R6, R8
ADD R7 < R3,R5

22



Enabling OoO Execution

1.

Need to link the consumer of a value to the producer
o Register renaming: Associate a “tag” with each data value

. Need to buffer instructions until they are ready to execute

o Insert instruction into reservation stations after renaming

. Instructions need to keep track of readiness of source values

o Broadcast the “tag” when the value is produced

o Instructions compare their “source tags” to the broadcast tag
- if match, source value becomes ready

. When all source values of an instruction are ready, need to

dispatch the instruction to its functional unit (FU)
o Instruction wakes up if all sources are ready
o If multiple instructions are awake, need to select one per FU

23



Tomasulo’s Algorithm tor OoO Execution

000 with register renaming invented by Robert Tomasulo
o Used in IBM 360/91 Floating Point Units

o Reading: Tomasulo, “An Efficient Algorithm for Exploiting Multiple
Arithmetic Units,” IBM Journal of R&D, Jan. 1967.

What is the major difference today?
o Precise exceptions
o Provided by

Patt, Hwu, Shebanow, “HPS, a new microarchitecture: rationale and
introduction,” MICRO 1985.

Patt et al., “Critical issues regarding HPS, a high performance
microarchitecture,” MICRO 1985.

000 variants are used in most high-performance processors
o Initially in Intel Pentium Pro, AMD K5

o Alpha 21264, MIPS R10000, IBM POWERS, IBM 2196, Oracle UltraSPARC T4, ARM Cortex A15, Apple M1, ...
24



Two Humps in a Modern Pipeline

TAG and VALUE Broadcast Bus

pd
~

(S: E Integer add R
H Integer mul E)

=D E E |E |E |E n
D FP mul D W
U E|E|E|E|E |E|E|E £
- R
E E|E|E |E|E|E |E|E |sas«

Load/store
in order out of order in order

Hump 1: Reservation stations (scheduling window)

Hump 2: Reordering (reorder buffer, aka instruction window
or active window)

25



Two Humps in a Modern Pipeline

mrcomIToOWw

Photo credit: hitp://rue-wildlife.blogspot.ch/2010/10/bactrian-camel.html 26



General Organization of an OOQO Processor

pre- 1nstr.
decode cache

9

floating pt.

register

file

IR

instr.
buffer

[
=
=
|

decode.
rename,
&dispatch

floating pt.
mstruction
buffers

functional units

- memory

interface

Ea

integer

register
file

integer/address
1nstruction
buffers

functional units
and
data cache

)

VY

re-order and commit

Smith and Sohi, “The Microarchitecture of Superscalar Processors,” Proc. IEEE, Dec. 1995.
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Tomasulo’s Machine: IBM 360/91

: : : FP registers
from memory from instruction unit

load l l

buffers

store buffers

operation bus

|

to memory

reservation
stations

Common data bus

28



IBM 360/91 in Real World

http://www.columbia.edu/cu/computinghistory/36091.html 29




IBM 360/91 in Real World

30

http://www.righto.com/2019/04/iconic-consoles-of-ibm-system360.html



Recall Once More: Register Renaming

Output and anti dependences are not true dependences

o WHY? The same register refers to values that have nothing to do
with each other

o They exist due to lack of register ID’s (i.e. names) in ISA

The register ID is renamed to the reorder buffer entry (or
reservation station entry) that will hold the register’s value

o JRegister ID - ROB or RS entry ID

o Architectural register ID - Physical register ID
o BAfter renaming, ROB or RS entry ID used to refer to the register

This eliminates anti and output dependences
o Gives the illusion that there are a large number of registers
o Approximates the performance benefit of having more registers

31



Tomasulo’s Algorithm: Renaming

= Register rename table (register alias table)

Tag Value Valid?

RO
R1
R2
R3
R4
RS
R6
R7

i N I O T G T G B S R G ('Y

If Valid bit is set, the Value in the table is correct.

Otherwise, Tag specifies where to find the correct value.

Tag is a unique name for the Value to be produced.

32



Recall from Precise Exceptions Lecture

Register File (RF)

RO
R1
R2
R3
R4
R5
R6
R7

S Value Tag

;U (pointer to
0 ROB entry)
p

Reorder Buffer (ROB)

Entry O

Entry 1

Entry 2

Entry 8

Entry 13
Entry 14

Entry 15

«— QOldest
instruction
< Youngest
instruction
[ o
.'99 % q‘:,
T o «© 2L
sg ¢ 2
2y 8 2
(-
wao 4 2
L 5
O 9 33
-



This Lecture

Register File (RF) or Register Alias Table (RAT)

RO
R1
R2
R3
R4
R5
R6
R7

Value Valid?

Value  Tag
(pointer to the
reservation station entry
that will produce the value)

We will ignore Reorder Buffer for simplicity

34



Tomasulo’s Algorithm

If reservation station available before renaming

o Instruction + renamed operands (source value/tag) inserted into the
reservation station

o Only rename if reservation station is available
Else stall

While in reservation station, each instruction:

o Watches common data bus (CDB) for tag of its sources

o When tag seen, grab value for the source and keep it in the reservation station
o When both operands available, instruction ready to be dispatched

Dispatch instruction to the Functional Unit when instruction is ready

After instruction finishes in the Functional Unit
o Arbitrate for CDB
o Put tagged value onto CDB (tag broadcast)
o Register file is connected to the CDB
Register contains a tag indicating the latest writer to the register

If the tag in the register file matches the broadcast tag, write broadcast value
into register (and set valid bit)

o Reclaim rename tag
no valid copy of tag in system!

35



An Exercise

MUL
ADD
ADD
ADD
MUL
ADD

R3 < R1, R2 Pipeline |F |D |E |W

R5 < R3, R4

R7 < R2, R6

R10 < R8, R9 ADD |F |D |E |E |E |E |W

R11 < R7, R10 MUL |(F |D |E |E |E |E |E |E |E W
R5 < R5, R11

Assume ADD (4 cycle execute), MUL (6 cycle execute)
Assume one adder and one multiplier
How many cycles

a

a

in @ non-pipelined machine: 50 cycles (4*7 + 2*11)

in an in-order-dispatch pipelined machine with imprecise
exceptions (no forwarding and forwarding)

in an out-of-order dispatch pipelined machine imprecise
exceptions (forwarding)

36




Exercise Continued

FD123,4854 W

EDa> =% -Di23 L. w in-order-dispatch pipelined machine
P ais o - D123 4 W w/o forwarding: 31 cycles
. : FDI123 4L W ;
FD~— - -D)234L8S6 W
Enee w D- D1234 W
7
Eveatin frveime. wf S curebcerting
3} oycles
FD123, €46 W
FD \’E,w L W in-order-dispatch pipelined machine
= D 14 23 { w/ forwarding: 25 cycles '
F D123 L W
F D 21234, @ 6 W
E D

it 2346 W

2 S—Oydc_g

37



Exercise Continued

MUL R3 <« R1,R2
ADD R5 < R3, R4
ADD R7 <« R2,R6
ADD R10 € R8, R9
MUL Ri11 €« R7,R10
ADD RS <€ R5, R11

FDi$4234s & W
E.p >y 23 (W }out-of-orde_r dispatch pipelined machine
FD1234 W w/ forwarding: 20 cycles
Fo123 (W
FD 423486 W
S 1234 W

38



How It Works

Register Atios Toble
Tos, Malue,
! ] ek weer
SR Sapa. _ o A
| N odan welve N dpg wvebe N ha vewe Y dwa  Veve
Resevdin a ¥ !
Shbun 2L Y
Fr el l
FOOBL. d

._./ -

' Vﬂ\t-'ﬁl

= : —

a&a“ﬂ
o T
w '}ﬂ S*pvdr_

39



Our First OoO Machine Simulation

Program We Will Simulate

Initially:
1. Reservation Stations (RS’s) are all Invalid (Empty)

2. All Regqisters are Valid

RS for ADD Unit

Source 1

Source 2

Vv

Tag Value| V  Tag Value

RS for MUL Unit

Source 1 Source 2

Vv

Tag Value| V  Tag Value

o (@] (on Q

MUL R1, R2 > R3
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 3
R4 1 4
R5 1 5
R6 1 6
R7 1 7
R8 1 8
R9 1 9
R10 1 10
R11 1 11

Register Alias Table

Tag Value

—+ N < x

Tag Value

ADD and MUL Execution Units

have separate Tag & Value buses 40



Source 1

Source 2

Vv

Tag Value

Vv

Tag Value

Source 1

Source 2

Vv

Tag Value

\%

Tag Value

Cycle
MUL R1, R2 > R3
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 3
R4 1 4
R5 1 5
R6 1 6
R7 1 7
R8 1 8
R9 1 9
R10 1 10
R11 1 11

41



Cycle 1
MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 3
R4 1 4
R5 1 5
R6 1 6
R7 1 7
R8 1 8
R9 1 9
R10 1 10
R11 1 11

Source 1

Source 2

Vv

Tag Value

Vv

Tag Value

Source 1

Source 2

Vv

Tag Value

\%

Tag Value

42



MUL gets decoded and allocated into RS x

Step 1: Check if reservation station available. Yes: x

Step 2: Access the Register Alias Table

Step 3: Put source registers into reservation station x

Step 4: Rename destination register R3 > x

R3 is now renamed to x.
Its new value will produced by the reservation station
that is identified by tag x.

Source 1

¥ v

Source 2 Source 1 Source 2

\Y

Tag Value

V  Tag Value V Tag Value| V Tag Value

X ~ ~

T |o

(@}

o

R10

R11

e I e e Y e e N =

MUL in RS x is ready to execute in the next cycle!

43




1. MUL in RS x starts executing

2. ADD gets decoded and allocated into RS a

Check readiness (Both sources ready?) - Wakeup

Ready - Dispatch the instruction to the MUL unit

Same Steps 1-4 for ADD... Rename R5 2 a

Source 1 Source 2
V Tag Value| V Tag Value
T~ ) T 5

Cycde 1 2 3
MUL R1, R2 > R3 | F D &
ADD R3, R4 > RS " IS
ADD R2, R6 —>/R7
ADD R8, R9 R10
MUL R7, R10© R11
ADD R5, R11/ > R5
f }
Register Va}/d Tag | Value v
R1 /1 1 Source 1 Source 2
2 1 5 V. Tag Value| V Tag Value
R3 /| o | x —H A2 =
R4 / 1 / °
RS | o | ad -
R6 1 6 d
R7 1 7 | |
R8 1 8
R9 1 9 +
R10 1 10
R11 1 11

y

] 6
Cycles

ADD in RS a cannot execute in the next cycle: one source is not valid

44




ADD in RS a waits because one source is not valid.

Rename R7 2> b

3 4

E: E;

D -
D
F

— !
Source 1 Source 2
V. Tag Value| V Tag Value

X

~n

4

~n

~

Source 1 Source 2
V Tag Value| V Tag Value
~ 1 ~ 2

Cycle 1

MUL R1, R2 > R3 | F
ADD R3, R4 > RS
ADD R2, R6 > R7
ADD R8, R9 > R10
MUL R7, R10 > R11
ADD R5, R11 > RS
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 0 X

R4 1 4

R5 0 a

R6 1 6

R7 0 b

R8 1

RO 1

R10 1 10

R11 1 11

ADD in RS b is ready to execute in the next cycle!

It will be executed out of order in the next cycle.
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Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 0 X

R4 1 4

R5 0 a

R6 1 6

R7 0 b

R8 1

R9 1

R10 0 C

R11 1 11

3 4 5
E. E E;
D - -
D E;
F D
F
Source 1 Source 2 Source 1 Source 2
V. Tag Value| V Tag Value V  Tag Value| V Tag Value
al O X 1 ~ 4 x| 1 ~ 1 1 ~ 2
_b 1 ~ 2 1 ~ 6_ y
1 ~ é 1 ~ 9 z
I H
I I
+ 4 x
Cycles

ADD in RS c is ready to execute in the next cycle!

46



Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 0 X

R4 1 4

R5 0 a

R6 1 6

R7 0 b

R8 1

R9 1

R10 0 C

R11 0 y

3 4 5 6
E1 E, Es3 E4
D - - =
D E; E,
F D E;
F D
Source 1 Source 2
V. Tag Value| V Tag Value
0 X 1 ~ 4
1 ~ 1 ~ 6
1 ~ 8 1 ~ 9

Source 1 Source 2
V  Tag Value| V Tag Value
~ 1 ~ 2
0 b 0 C

47



All six instructions are now decoded and renamed

Note what happened to R5: Renamed twice!

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 0 X

R4 1 4

R5 0 d

R6 1 6

R7 0 b

R8 1

R9 1

R10 0 C

R11 0 y

Source 1 Source 2
V Tag Value| V Tag Value
~ 1 ~ 2
0 b 0 C

3 4 5 6 7
E; E, Es E; Es
D - - - -
D E; E, E;
F D E; E;
F D ~
D
Source 1 Source 2
V. Tag Value| V Tag Value
0 X 1 ~ 4
1 ~ 1 ~ 6
1 ~ 8 1 ~ 9
0 a 0 y
I
+

48




Cycle 8 (First Slide)

Cycle 1 3 4 5 6 7 8 MUL in RS x is done
MUL R1, R2 > R3 | F Bi B2 B3 B4 Es B Broadcast MUL’s tag (x)
ADD R3, R4 > RS b - - - -
v
ADD R2, R6 > R7 DB B B . Checkiag
ADD RS, RO - R10 F D E, E Check for invalidity
MUL R7, R10 > R11 b - Broadcast MUL's result (2)
ADD R5, R11 > RS5 D
Register | Valid | Tag Value
R 1 L Source 1 Soujrce 2 Soqrce 1 Source 2
2 1 , V Tag Vajue| V Tag Value \ Tlag Value| V  Tag Value
- 1| - 4 O R T R A 2
R3 1 2 2l 2 ‘
bl 1 | ~ y 1 | - 6 yl O ) 0| ¢
R4 1 4
c| 1 ~ 8 1 q 9 Z
R5 0 1
[ dl O a 0 t
R6 1 b * v A 4 VvV A 4
R7 0 )
| | | \ 4 j \ 4
R8 1 8
R9 1 9 + \ * /
R10 0
R11 0 | X || 2 |

ADD in RS a is ready to execute in the next cycle! | #




Cycle 8 (Second Slide)

Cycde 1 2 3 4 5 6 7 8 ADD in RS b is also done
MUL R1, R2 - R3 F D E; Ey E; E4 Es Eg Broadcast ADD’ s tag (b)
ADD R3, R4 > R5 F D - - - - -
v
ADD R2, R6 > R7 D E E E E y Checktag
ADD RS, R - R10 F D E E Check for invalidity
MUL R7, R1e > R11 b - Broadcast ADD’s result (8)
ADD R5, R11 - R5 F D
Register | Valid | Tag Value
R 1 Source 1 Source 2 Soqrce 1 Soulrce 2
R 1 V. Tag Value| V Tig Value \ Tlag Value| V  Tag Value
al 1 & 2 1 n 4 X v | v 2
i . : b| 1 2 | 1 6 0
R4 | 1 ) e : ot 5 .
TEEEEEEREEE z
R5 0 C
d|l 0 a 0 t
R6 1 " v v v v v
R7 1 8 o
L[ |
RS | 1 §
RY 1 9 \ + / *
R10 0 ¢
R11 0 b 8

MUL in RSy is still NOT ready to execute in the next cycle!
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Cycle 8 (Third Slide)

Source 1 Source 2
V  Tag Value| V Tag Value
~ 1 ~ 2
1 ~ 8 0 C

Cycde 1 2 3 4 5 6 7 8
MUL R1, R2 > R3 F D E E E3 Es Es E
ADD R3, R4 > RS F D - - - - -
ADD R2, R6 —=> R7 D E1 E, E3 Eg
ADD R8, R9 —-> R10 F D E Ey E
MUL R7, R10 - R11 F D - -
ADD R5, R11 - R5 D -
Register | Valid | Tag | Value
Source 1 Source 2
R1 1 1
V. Tag Value| V Tag Value
R2 1 2
R3 1 2
b 1 ~ 2 1 ~ 6
R4 1 4
c| 1 ~ 8 1 ~ 9
R5 0 d
dlf O a 0 y
R6 1 6
R7 1 8 | | |
R8 1 8
RY 1 9 +
R10 0 C
R11 0 y
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Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 0 d

R6 1 6

R7 1 8

R8 1 8

R9 1 9

R10 1 17

R11 0 y

Broadcast and Update

Source 1 Source 2
V  Tag Value| V Tag Value
~ 1 ~ 2
1 ~ 8 1 ~ 17

3 4 5 6 7 8 9
E, E, E; E; E; E¢ W
D - - - - - E,
D E; E, E; E; W
F D E; E, E; E4
F D - - =
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
0 a 0 y
+
C 17

MUL in RS y is ready to execute in the next cycle!
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Cycle 10

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 0 d

R6 1 6

R7 1 8

R8 1 8

R9 1 9

R10 1 17

R11 0 y

4 5 7 8 9 10
E; E, Es Es Eg¢ W
- - - - B K
D E; Es E; W
F D E, Es E; W
F - - - E;
D - - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
0 a 0 y

Source 1 Source 2
V  Tag Value| V Tag Value
~ 1 ~ 2
1 ~ 8 1 ~ 17
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Cycle 11

Source 1 Source 2
Tag Value Tag Value
~ 1 ~ 2
~ 8 ~ 17

7 8 9
E, Es E; W
- El
Es E, W
E, E; E4
D - -
Source 1 Source 2

V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9

0 a 0 y

Cycle 1
MUL R1, R3
ADD R3, R5
ADD R2, R7
ADD RS, R10
MUL R7, R11
ADD RS, R5
Register Value
R1 1
R2 1 2
R3 1 2
R4 1 4
R5 0
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 0
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Cycle 12

Broadcast and Update

Source 1 Source 2
Tag Value Tag Value
~ 1 ~ 2
~ 8 ~ 17

Cycle 1
MUL R1, R3
ADD R3, R5
ADD R2, R7
ADD RS, R10
MUL R7, R11
ADD RS, R5
Register Value
R1 1
R2 1 2
R3 1 2
R4 1 4
R5 0
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 0

7 8 9
E, Es E; W
- El
Es E, W
E, E; E4
D - -
Source 1 Source 2

V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9

1 ~ 6 0 y
a 6




Cycle 13

13
W
Ea
Source 1 Source 2
V  Tag Value| V Tag Value
~ 1 ~ 2
1 ~ 8 1 ~ 17

4 5 7 8 9
E; E, Es Es Eg¢ W
- - - E,
D E; Es E; W
F D E, E; E4
F - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 0 y

Cycle 1
MUL R1, R2 R3
ADD R3, R4 R5
ADD R2, R6 R7
ADD R8, R9 R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid Value
R1 1 1
R2 1 2
R3 1 2
R4 1 4
R5 0
R6 1 6
R7 1 8
R8 1 8
R9 1 9
R10 1 17
R11 0
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Cycle 14

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 0 d

R6 1 6

R7 1 8

R8 1 8

R9 1 9

R10 1 17

R11 0 y

4 5 7 8 9
E; E, Es Es Eg¢ W
- - - - E,
D E; Es E; W
F D E, E; E4
F - - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 0 y

10 11 12 13 14
E, Es E; W
W
E, E, Es; E; Eg
Source 1 Source 2
V  Tag Value| V Tag Value
X ~ 1 ~ 2
yl 1 ~ 8 1 ~ 17
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Cycle 15

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 0 d

R6 1 6

R7 1 8

R8 1 8

R9 1 9

R10 1 17

R11 1 136

4 5 7 8 9
E; E, Es Es Eg¢ W
- - - - E,
D E; Es E; W
F D E, E; E4
F - - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 1 ~ [ 136

10

11

12 13 14 15
E, W
Broadcast and
E; Es Es Ee Update
Source 1 Source 2
V  Tag Value| V Tag Value
~ 1 ~ 2
1 ~ 8 1 ~ 17
y 136

ADD in RS d is ready to execute in the next cycle!
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Cycle 16

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 0 d

R6 1 6

R7 1 8

R8 1 8

R9 1 9

R10 1 17

R11 1 136

4 5 7 8 9
E; E, Es Es Eg¢ W
- - - - E,
D E; Es E; W
F D E, E; E4
F - - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 1 ~ | 136

10 11 12

13 14

Source 1

15

16

Source 2

Vv

Tag Value

\%

Tag Value

~n

1

~

2

~n

8

~n

17

59



Cycle 17

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 0 d

R6 1 6

R7 1 8

R8 1 8

R9 1 9

R10 1 17

R11 1 136

4 5 7 8 9
E; E, Es Es Eg¢ W
- - - - E,
D E; Es E; W
F D E, E; E4
F - - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 1 ~ | 136

10 11 12

13 14

Source 1

15

16 17

Source 2

Vv

Tag Value

\%

Tag Value

~n

1

~

2

~n

8

~n

17
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Cycle 18

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 0 d

R6 1 6

R7 1 8

R8 1 8

R9 1 9

R10 1 17

R11 1 136

4 5 7 8 9
E; E, Es Es Eg¢ W
- - - -
D E; Es E; W
F D E, Es3 E4
F - - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 1 ~ | 136

10 11 12 13 14 15 16 17 18
E, Es E; W
W
E, E, Es E; E; Eg W
- - - - - - E E E
Source 1 Source 2
V  Tag Value| V Tag Value
X ~ 1 ~ 2
yl 1 ~ 8 1 ~ 17
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Cycle 19

13 14

15

16 17 18 19

Broadcast and Update

Source 1 Source 2
Tag Value| V  Tag Value
~ 1 ~ 2
~ 8 1 ~ 17

Cycle 1

MUL R1, R2 > R3
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 1 142

R6 1

R7 1

R8 1

R9 1

R10 1 17

R11 1 136

4 5 7 8 9
E; E, Es Es Eg¢ W
- - -
D E; Es E; W
F D E, Es3 E4
F - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 1 ~ | 136
I I
d 142




Cycle 20

Cycle 1

MUL R1, R2 > R3 F
ADD R3, R4 > R5
ADD R2, R6 > R7
ADD R8, R9 —-> R10
MUL R7, R10 - R11
ADD R5, R11 - R5
Register | Valid | Tag | Value

R1 1 1

R2 1 2

R3 1 2

R4 1 4

R5 1 142

R6 1

R7 1

R8 1

R9 1

R10 1 17

R11 1 136

4 5 7 8 9
E; E, Es Es Eg¢ W
- - - - E,
D E; Es E; W
F D E, E; E4
F - - -
D - -
Source 1 Source 2
V. Tag Value| V Tag Value
1 ~ 2 1 ~ 4
1 ~ 2 1 ~ 6
1 ~ 8 1 ~ 9
1 ~ 6 1 ~ | 136

10 11 12

13 14

Source 1

15

16 17 18 19 20

Source 2

Vv

Tag Value

\%

Tag Value

~n

1

~

2

~n

8

~n

17

03



Some Questions

What is needed in hardware to perform tag broadcast and
value capture?

- make a value valid
- wake up an instruction

Wires, Comparators & Logic

Does the tag have to be the ID of the Reservation Station

Entry? No, could be any unique name that enables linking
of producer to consumer

What can potentially become the critical path?
o Tag broadcast - value capture - instruction wake up

How can you reduce the potential critical paths?
o More pipelining and prediction
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Datatlow Graph for Our Example

MUL
ADD
ADD
ADD
MUL
ADD

R3 < R1, R2
RS € R3, R4
R7 € R2, R6
R10 € R8, R9
R11 < R7,R10
RS € RS, R11

Easy task for you: Draw the dataflow graph for the above code
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State of RAT and RS in Cycle 7

Cycle 1 2 3 4 5 6 7 All 6 instructions are decoded and renamed
MUL R1, R2 > R3 | F D E B & & Note what happened to R5: Renamed twice!
ADD R3, R4 > RS F D - - - -
ADD R2, R6 = R7 F D E E, Es
ADD R8, R9 - R10 F D E B
MUL R7, R10 - R11 F D -
ADD R5, R11 > RS F D
Register | Valid | Tag | Value RS for ADD Unit RS for MUL Unit
R1 1 1 Source 1 Source 2 Source 1 Source 2
2 1 5 V. Tag Value| V Tag Value V Tag Value| V Tag Value
al O X 1 ~ 4 x| 1 ~ 1 1 ~ 2
R3 0 X
bl 1 | ~ | 2 1|~ 6 vl 0] b 0| c
R4 1 4
c| 1 ~ 8 1 ~ 9 z
R5 0 d
df 0 a 0 y t
R6 1 6
R7 0 b
T L I
R9 1 + *
R10 0 C
R11 0 y
Register Alias Table
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State of RAT and RS in Cycle 7

1.

Slightly harder tasks for you:
Draw the dataflow graph for the executing code

2. Provide the executing code in sequential order

RS for ADD Unit

RS for MUL Unit

Source 1

Source 2

Vv

Tag Value

\%

Tag Value

~n

1

~

2

b

C

Register | Valid | Tag | Value
Source 1 Source 2
R1 1 1
V. Tag Value| V Tag Value
R2 1 2
al O X 1 ~ 4
R3 0 X
b 1 ~ 2 1 ~ 6
R4 1 4
c| 1 ~ 8 1 ~ 9
R5 0 d
d| 0 a 0 y
R6 1 6
R7 0 b | |
R8 1
RO 1 N\ T
R10 0 C
R11 0 y
Register Alias Table

—+ N < x
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Corresponding Datatlow Graph (Reverse Engineered)

[Datafions gpin

MUL. RJ [ R2.— R3S (X)
AOD R RYy— rS (o) Ncdee: gpotoms pofomed &y 1re
ADD R2, RE — RF (b) Msiudsen

s fuss n Temesule's algefbimg

A0D R8,RG — RI10 ()
molL. R RI0 = R [Y)
APD RS,RA} — RS (d)

We can “easily” reverse-engineer the dataflow graph of the executing code!



Some More Questions (Design Choices)
When is a reservation station entry deallocated?

Should the reservation stations be dedicated to each
functional unit or global across functional units?

o Centralized vs. Distributed: What are the tradeoffs?

Should reservation stations and ROB store data values or
should there be a centralized physical register file where all
data values are stored?

o What are the tradeoffs?

Timing: Exactly when does an instruction broadcast its tag?

Many other design choices for O0oO engines
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Recall: Our Exercise (We Did This!)

MUL R3 < R1,R2 Pipeline |F |D |E |W
ADD RS5 < R3, R4
ADD R7 < R2,R6
ADD R10 <« R8, R9

ADD |F |D |E |E |E |E |W

MUL R11 € R7,R10 MUL |F |D |E |E |E |E |E |E |E

ADD RS < R5, R11

Assume ADD (4 cycle execute), MUL (6 cycle execute)
Assume one adder and one multiplier

How many cycles
o in a non-pipelined machine: 50 cycles (4*7 + 2*11)

o in an in-order-dispatch pipelined machine with imprecise
exceptions (no forwarding and forwarding)

o in an out-of-order dispatch pipelined machine imprecise
exceptions (forwarding)



For You: An Exercise, w/ Precise Exceptions

MUL R3 < R1,R2 Pipeline |F |D |E |[R |W
ADD RS5 <« R3, R4

ADD R7 < R2,R6
ADD R10 < R8, R9

ADD |\F D |E |E |E |[E IR |W

MUL R11 < R7, R10 MUL |F |D |E |E |E |E |E |E |E |E |R|W

ADD RS € R5, R11

Assume ADD (4 cycle execute), MUL (6 cycle execute)
Assume one adder and one multiplier

How many cycles

o in an in-order-dispatch pipelined machine with reorder buffer
(no forwarding and full forwarding)

a in an out-of-order dispatch pipelined machine with reorder
buffer (full forwarding)
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Out-of-Order Execution with Precise Exceptions

Idea: Use a reorder buffer to reorder instructions before
committing them to architectural state

An instruction updates the RAT when it completes execution
o Also called frontend register file

An instruction updates a separate architectural register file
when it retires

o i.e., when it is the oldest in the machine and has completed
execution

o In other words, the architectural register file is always updated in
program order

On an exception: flush pipeline, copy architectural register file

into frontend register file
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Recall: Our Initial OoO Machine

RS for ADD Unit

Source 1 Source 2

\Y

Tag Value| V  Tag Value

RS for MUL Unit

Source 1 Source 2

\Y

Tag Value| V  Tag Value

o (@] (on Q

Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 3
R4 1 4
R5 1 5
R6 1 6
R7 1 7
R8 1 8
R9 1 9
R10 1 10
R11 1 11

Register Alias Table

N

Tag Value

—+ N < x

7

Tag Value
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Add Arch Reg File & ROB for Precise Exceptions

Reorder Buffer (ROB)

Entry O
Entry 1
Entry 2
Register | Valid | Tag | Value Register | Value
R1 1 1 Entry 8 R1 1
R2 1 2 R2 2
R3 1 3 R3 3
R4 1 4 R4 4
R5 1 5 Entry 13 R5 5
R6 1 6 Entry 14 R6 6
R7 1 7 Entry 15 R7 /
R8 1 8 R8 8
R9 1 9 R9 9
R10 1 10 R10 10
R11 1 11 R11 11
Frontend Register File Architectural Register File
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Oo00O Machine with Precise |

RS for ADD Unit

Source 1 Source 2
V.  Tag Value| V  Tag Value
a
b
c
d
Register | Valid | Tag | Value
R1 1 1
R2 1 2
R3 1 3
R4 1 4
R5 1 5
R6 1 6
R7 1 7
R8 1 8
R9 1 9
R10 1 10
R11 1 11

Frontend Register File

Reorder Buffer (ROB)

Entry O

Entry 1

Entry 2

Entry 8

Entry 13

Entry 14

Entry 15

fxceptions

RS for MUL Unit

Source 1

Source 2

V  Tag Value| V

Tag Value

N

Register

Value

R1

[EY

R2

R3

R4

R5

R6

R7

R8

R9

Ol IN|OOJUL|h~|WIN

R10

—
o

R11

11

Architectural Register File
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Out-of-Order Execution with Precise Exceptions

TAG and VALUE Broadcast Bus

pd
~

(S: E Integer add R
H Integer mul E)
=D E E |E |E |E n
D FP mul D W
U E|E|E|E|E |E|E|E £
- R
E E|E|E |E|E|E |E|E |sas«
Load/store
in order out of order in order

Hump 1: Reservation stations (scheduling window)

Hump 2: Reordering (reorder buffer, aka instruction window
or active window)
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Two Humps in a Modern Pipeline

1

Photo credit: hitp://rue-wildlife blogspat.ch/2010/1/bactriar-camel himl 77



One Issue: Value Replication All Over the Place

RS for ADD Unit

Source 1 Source 2

V  Tagl| Value|l| V Tag| Value

O |

(@]

Register
R1
R2
R3
R4
R5
R6
R7
R8
R9

R10
R11

Frontend Reqister File

[E=Y
[EY

O[N] |h~h]|W]IN

= = = | == |—=|—=|F—=|—=

=

Reorder Buffer (ROB)

Entry O

Entry 1

Entry 2

Entry 8

Entry 13

Entry 14

Entry 15

RS for MUL Unit

Source 1

V  Tag| Value|} V

Source 2

Tag' Value

—~+ N <

Registe

R1

[EY

R2

R3

R4

R5

R6

R7

R8

R9

O[N] |A~h]|JW]IN

R10

R11

Architectural Register File
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Getting Rid of Replicated Values

:;1 Val“e Reorder Buffer (ROB)
PR2 2 Entry 0
PR3 3 Entry 1
oRa 4 Entry 2
PR5 5
to PRF PR7 7 to PRF
Registe PR8 8 Registe
~1 PR9 9 Entry 8 R1
- PR10 10 R2
3 PR11 11 R3
~a PR12 12 R4
RS PRI I 13 Entry 13 R>
R6 PRI4 || 14 Entry 14 R6
- PR15 15 Entry 15 R7
R8 PR16 || 16 RS
=9 PR17 || 17 RO
PR18 18 . .
R10 s 1 Physical Centralized R10
R11 w0 | 5 || Register  Value R11
Frontend oot | 21 File Storage Architectural
Register Map r22 | 2 Register Map




Modern OoO Execution w/ Precise Exceptions

Most modern processors use the following
Reorder buffer to support in-order retirement of instructions

A single register file (physical RF) to store all registers
o Both speculative and architectural registers
o INT and FP are still separate

Two register maps store pointers to the physical RF
o Future/frontend register map - used for renaming
o Architectural register map = used for maintaining precise state

This design avoids value replication in RSs, ROB, etc.
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Getting Rid of Replicated Values (I)

R value Reorder Buffer (ROB)
PR1 1
PR2 2 Entry 0
PR3 3 Entry 1
PR4 4 Entry 2
PR5 5 .
Pointers PR6 6 Pointers
to PRF PR7 7 to PRF
Registe PR8 8 Registe
Rl PR9 9 Entry 8 R1
R2 PR10 10 R2
R3 PR11 11 R3
R4 PR12 12 R4
RS PRI3 )| 13 Entry 13 RS
R6 PR14 14 Entry 14 R6
R7 PR15 15 Entry 15 R7
. PR16 || 16 RS
=9 PR17 || 17 RO
1
R10 Ezz 13 Physical Centralized RO
RiL =0 | 20 || Register  value "
Frontend oot || o1 File Storage Architectural
Register Map PR22 || 22 (PRF) Register Map




Getting Rid of Replicated Values (1)

At Decode/Rename: Allocate DestPR to Dest Reg
At Decode/Rename: Read and Update Frontend Register Map

RS for ADD Unit RS for MUL Unit

Source 1 | Source 2 Source 1| Source 2

V. PR|V PR V. PR|V PR

Q| o T |o
Q| o T |

Before Execution: Access Physical Register File to Get Source Values

VA e

DestPR Value DestPR Value

After Execution: Access Physical Register File to Write Result Values

At Retirement : Update Architectural Register Map with DestPR



