Adding Speculation fo Tomasulo

Must separate execution from allowing instruction
to finish or "commit”

This additional step called instruction commit

When an instruction is no longer speculative, allow i
to update the register file or memory

Requires additional set of buffers to hold results of
instructions that have finished execution but have
not committed

This reorder buffer (ROB) is also used to pass
results among instructions that may be speculated

K ‘\-;t::i.‘
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Reorder Buffer (ROB)

In Tomasulo’s algorithm, once an instruction writes
its result, any subsequently issued instructions will
find result in the register file

With speculation, the register file is not updated

until the instruction commits
+ (we know definitively that the instruction should execute)

Thus, the ROB supplies operands in interval
between completion of instruction execution and
instruction commit

- ROB is a source of operands for instructions, just as
reservation stations (RS) provide operands in Tomasulo's
algorithm

&y ROB extends architectured registers like RS
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Reorder Buffer Entry

Each entry in the ROB contains four fields:

1. Instruction type

a branch (has no destination result), a store (has a memory
address destination), or a register operation (ALU
operation or load, which has register destinations)

2. Destination

Register number (for loads and ALU operations) or
memory address (for stores)
where the instruction result should be written

3. Value

Value of instruction result until the instruction commits

Indicates that instruction has completed execution, and

% { ) .
Al the value is read
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Reorder Buffer operation

Holds instructions in FIFO order, exactly as issued

When instructions complete, results placed into ROB

Supplies operands to other instruction between execution
complete & commit = more registers like RS

Tag results with ROB buffer number instead of reservati

station

Instructions commit =values at head of ROB

placed in registers

As a result, easy to undo
speculated instructions
on mispredicted branches
or on exceptions

Commit path

FP

n

v

Reorder
Buffer

|
FP Regs

Res Stations

Res Stations

FP Adder

FP Adder
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Recall: 4 Steps of Speculative Tomasulo Algorithm

1. Issue—get instruction from FP Op Queue

If reservation station and reorder buffer slot free, issue
instr & send operands & reorder buffer no. for
destination (this stage sometimes called "dispatch”)

2.Execution—operate on operands (EX)

When both operands ready then execute; if not ready,
watch CDB for result; when both in reservation station,
execute; checks RAW (sometimes called “issue")

3.Write result—finish execution (WB)

Write on Common Data Bus to all awaiting FUs
& reorder buffer: mark reservation station available.

4. Commit—update register with reorder
result

When instr. at head of reorder buffer & result present,
update register with result (or store to memoméJ and
remove instr from reorder buffer. Mispredicted branch

N, ne gorder g pmeTime alled graduaTrion
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Done?

est

FP[Op ROB7 N
ROBb5
eorder Buffer E E:
ROBZ R Oldest
FO LD FO,10(R2) N FrROB1
Registers To
Memory
Des Dest from
Memory
Des‘r*
Reservation 1 [10+R2
Stations

omputer system besign La
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Done?
FP|Op ROB7  Neéwest
Queue | ROB6
ROB5
ROB4
eorder Buffer -«
F10 ADDD F10,F4,F0 | N froB2 | olest
FO LD FO,10 (R2) N | roB1
Registers To
Memory
Des
2 [EDDD[R(F4) . ROBL Dest Ngr?w?ry
Des‘r*
Reservation 1 [10+R2

Stations
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Done?
FP|Op ROB7  Newest
ROBb5
ROB4
eor‘der‘ Buffer' F2 DIVD F2,F10,F6 | N | ROB3
F10 ADDD F10,F4,F0 | N [roB2 Oldest
FO LD FO, 10 (R2) N }'roB1
Registers To
Memory
Des
Dest from
2 JADDD]R (F4),ROB1
(£4) RO 3 IDIVD JROBZ, R (F6) Memory
Des‘r*
Reservation 1 10+R2

Stations

omputer system besign La 8
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est

Queue | F0 ADDD FO,F4,F6
T4 LD F4,0 (R3)
D —= BNE F2,<.>
eorder Buffer T DIVD F2,F10,F6
F10 ADDD F10,F4,F0 Olbest
F0 LD FO,10 (R2)

Regis’rer's To
Memory
Des f
rom
2 IADDD [R (F4) , ROB1 Dest Memory
6 |ADDD [ROB5, R (F6) 3 [DIVD JROB2, R (F6)
Des‘r*

T T |
| Stations
o
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Done?

FP|Op -—| ROB5 |ST 0(R3),F4 N [JIROB7  Neawest
Queue | F O ADDD FO,F4,F6 | N |ROB6
F4 LD F4,0 (R3) N [|lROB5
—— BNE F2,<..> N | ROB4
eorder Buffer F2 DIVD F2,F10,F6 | N [rOB3
F10 ADDD F10,F4,F0 | N JRoB2 | olest
FO LD FO,10(R2) N |\roB1
RegisTer's To
Memory
Des Dest from
2 IADDD IR (F4) ,ROB1 Memory
6 I_ADDD |ROB5, R(E6) 3 IDIVD JROB2, R (F0)
Des‘r*
Reservation 1 J10+R2
Stations 2 { O+R3

omputer system besign La
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est

Done?
FP|Op --| M[10] |ST 0(R3),F4 Y IROB7 N
Queue FO ADDD FO,F4,F6 | N ||ROB6
F4| M[10] | LD F4, 0 (R3) vy [|ROB5
—— BNE F2,<..> N | ROB4
eorder Buffer' F2 DIVD F2,F10,F6 | N |ROR3
F1d ADDD F10,F4,F0 | N fRroB2 | olest
FO LD FO,10 (R2) N | roB1
Registers To
Memory
Des Dest fr'om
2 ADDD R (F4) , ROB1L Memory
6 ADDDIM[10],R(F6) 3 IDIVD JROB2, R (F0)
Des‘r*
Reservation 1 |LO+R2

Stations

omputer system besign La
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Done?

FP|Op -—| M[10] | ST O0(R3),F4 Y [IROB7  Nedwest
Queue 70| <val2>|ADDD FO,F4,F6 |Ex|ROB6
F4] M[10] |LD F4,0 (R3) Y | ROB5
- BNE F2,<..> N | ROB4
eorder Buffer' F2 DIVD F2,F10,F6 | N [rROB3
F1Q ADDD F10,F4,F0 | N JroB2 | Ollest
FO LD FO,10(R2) N | roB1
Registers To
Memory
DESADDD R (F4) ,ROB1 Dest from
- 3 [DIVD JROB2, R (F6) Memory
Des‘r*
Reservation 1 [L0+R2

Stations

omputer system besign La
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Néewest

FP|Op ——| M[10] | ST 0(R3),F4

Queue F0|<val2>|aDDD FO,F4,F6
41 M| IS LD F4,0 (R3)

Reorder Buffér — R

F2 DIWR F2,F10,F6
10 ADDD 0,F4,FO0O

What about memory |FO LD FO, 1§ (R2)

hazards???
Registers

Des

— R(F4), ROB1 '?ST
3 IDIVD JROB2, R (F0)

W omputer System Design Lab
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Stations
o
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How Big Is a Real Reorder Buffer?

>=lozka L (Herircl;r:t_:::ons) A[@[@“@ Aﬂ@
Firestorm

8-Wide Decode

Dispatch / Commit
~630 Reorder-Buffer

INT Rename FP Rename
PRF~354?7? Entries PRF ~384?7? Entries

ALU § ALU § ALU § ALU

~154e LDQ § ~106e STQ

FP/SIMD + fDIV

256pg 3072pg
L1-DTLB L2-TLB

FANANDIECH Lokl

& <
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Intel Sunny Cove

Hop Queue

RS RS RS RS
Port1 Port5 Port6é P4 P9 P2 P8 P3

P7
AGU A

. L AW T T

SOC*=> 512KB ML$

Reorder Buffer 182 224 352

In-Flight Stores 72 72 128

In-Flight Loads 42 56 72

. 5P
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AMD Ryzen "Zen 3"

“ZEN 3" OVERVIEW

2 THREADS PER CORE (SMT)
STATE-OF-THE-ART BRANCH PREDICTOR

4 Instructions/Cycle 8 Macro Ops/Cycle
CACHES

6 Macro Ops/Cycle Dispatched

Integer Rename Floating Point Rename

2 S T TN R I ¢ !

Scheduler Scheduler Scheduler Scheduler Scheduler Scheduler

3 MEMORY OPS PER CYCLE Integer Register File FP Register File

May 7

| R R A | P+ P44

TLBs ALU F2l | MUL MUL
i i e = AGU || AW || AGU || AU || Acu || A or || mac Il 200 |f pac || oo || F21

L2 5121 2K D ;’:“vpry‘\fhi’\'

TWO 256-BIT FP MULTIPLY ACCUMULATE / CYCLE 3 LOADS PER CYCLE Load/Store Queues 32K D-Cache SI2K L2 I Tl Exch
2 STORES PER CYCLE 8 Way Sy




Increasing Instruction Fetch Bandwidth

Predicts next Branch Target Buffer (BTB)
lnSTPUCT addressl PC of instruction to fetch

sends it out —H

before decoding =l —
instruction

PC Of branCh Number of

sent to BTB enties

When match is | &
found, Predicted
PC is returned
If branch

p I"ed i C'|'€d TG ken / :@- ?gt: pi:‘esc;(;:tgiio'tr:)ize Branch

| nS'r r‘ u CT | O n f e"‘ C h branch; proceed normally predicted
. taken or
CO n.rl nues 01' Yes: then instruction is branch and predicted untaken

. PC should be used as the next PC
& r'ed icted PC

S gt
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2-bit Predictor "Smooths Out Edges”

For Nested loops

Solution: 2-bit scheme where change prediction only if get
misprediction tfwice

T
NT
Predict Taken T* Predict Taken
! NT NT

Predict Not ‘ Predict Not
Taken

Taken

Red: stop, not taken
NT

Green: go, taken
Adds hysteresis to decision making process

S
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Correlated Branch Prediction

+ Idea: record m most recently executed branches as
taken or not taken, and use that pattern to select
the proper #-bit branch history table

» Ingeneral, (m,n) predictor means record last m
branches to select between 2™ history tables, each
with #-bit counters

* Thus, old 2-bit BHT is a (0,2) predictor

» Global Branch History: m-bit shift register keeping
T/NT status of last m branches.

&-Each entry in table has m n-bit predictors.

omputer System Design Lab ‘ , 19 19
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Correlating Branches

(2,2) predictor Branch address

— Behavior of recent \‘\ 4
branches selects 2-bits per branch predictor
between four
predictions of next

branch, updating just == > === Prediction
that prediction

| | |
2-bit global branch history

A \w S
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