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Motivation

Single-thread Execution Mechanism

the most powerful for the single thread performance
the most common

« Qut-of-order superscalar (OoO SS) architecture
— At the heart of the architecture is Register renaming

 Resolves false-dependency
« Enables to hold speculative values for recovery

000 SS N

hadul RF _/-_E] | RF
el R read T |write
1$ ¢decoder ename \\ S D$
(ON e
Retire




© The Reported Problems of Register Renaming

 Its complex hardware mechanism raises the overhead

1. Power and area budgets ®
“4th-highest power density on the chip” (P6)

“Larger than L1D cache” (R. Preston+, 2002)
2. Frontend scalability ®

Delay increases in proportion to the width? (S. Palacharla+, 1997)

3. Miss prediction recovery penalty ®
(Reorder buffer (ROB) scalability®)

“17.2cycles in average” (S. Petit+, 2014)




* The Mechanism of Register Renaming

« A mechanism for resolving false-dependences

instruction
sequence

ADDi $1 <%0 1
ADDi $2 <%0 1
ADD $3 «%$1 $2
BEZ $4 Label
ADDi $1 <%0 2




* The Mechanism of Register Renaming

« A mechanism for resolving false-dependences

instruction
sequence

ADDi $1 «$0 1  true dependencies — resolved by the scheduler
ADDi $2-%$0 1
ADD $3 <«$1 $2
BEZ $4 Label
ADDi $1 <%0 2




* The Mechanism of Register Renaming

« A mechanism for resolving false-dependences

instruction
sequence

ADDi $1 «$0 1  true dependencies — resolved by the scheduler

ADDL 33530 1 false dependencies

ADD $3 <$1 $2 essentially, can be executed in OoO
BEZ $ Label

ADDi $1 <%0 2
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* The Mechanism of Register Renaming

« A mechanism for resolving false-dependences

Typical register renaming mechanism (RAM based)

instruction
sequence

ADDi $1 <%0 1
ADDi $2 <%0 1
ADD $3 «%$1 $2
BEZ $4 Label
ADDi $1 <%0 2

Free List (FL)

p125

p63

p152

p31

1

3

p38

p111

p86

p40

p80

Register Map Table (RMT) or Register Alias Table(RAT)

Maps logical registers
to the internal physical registers

(phy.reg.)

Holds the free register
numbers in a queue
structure




* The Mechanism of Register Renaming

e A mechanism for resolving false-dependences

Typical register renaming mechanism (RAM based)

instruction

sequence
RMT

p125—-38 -
/ p63 \ ’
ADDi $1-+<%0 1 p152 ADDi p38 «$0 1 ($1,p125)

ADDi $2 <$0 1 p31 |

ADD $3 «$1$2 [ |
$3 <51 % A new phy.reg is allocated

BEZ $4 Label . .

$ FL to every instruction
*| p38
p111

ADDi $1 <%0 2




* The Mechanism of Register Renaming

e A mechanism for resolving false-dependences

Typical register renaming mechanism (RAM based)

instruction
sequence
RMT
p38
. P63—>1115
ADDi 5151&1/v p152 ADDi 1 ($1,p125)
ADDi $2 <$0 1 Mo ADDi pl111<$0 1  ($2,p63)

ADD $3 <$1 $2 | ' |

BEZ $4 Label

ADDi $1 <%0 2




* The Mechanism of Register Renaming

e A mechanism for resolving false-dependences

Typical register renaming mechanism (RAM based)

instruction
sequence

ADDi $1 <%0 1
ADDi $2 < 1
ADD $3 «%$1 $2
BEZ $4 Label
ADDi $1 <%0 2

RMT

Succeeding instructions can refer

p38

the result by asking the map table

p111 -

P1 52—>86g

p31

DDi p38 <%0 1 ($1,p125)
($2,p63)

ADD p86 «p38 pl111($3,p152)

FL

ﬂk

p86 — |

p40

p80




* The Mechanism of Register Renaming

e A mechanism for resolving false-dependences

Typical register renaming mechanism (RAM based)

instruction
sequence

ADDi $1 <%0 1

ADDi $1 <%0 2

ADDi $2 <%0 1
ADD $3 « 2
BEZ $ Label

RMT

p38

p111

p86

p31 »

FL

ﬂk

p40

p80

ADDi p38 <%0 1 ($1,p125)
ADDi plll<$0 1 ($2,p63)

D p86 «p38 plll($3,p152)
BEZ p31 Label




* The Mechanism of Register Renaming

e A mechanism for resolving false-dependences

Typical register renaming mechanism (RAM based)

ADDi p38 <%0 1 ($1,p125)
ADDi-plll<$o 1 ($2,p63)
ADD p86 « pP111($3,p152)

BEZ p31l Label

ADDi»p4@ «$0 2  ($1,p38)

instruction
Sequence
RMT
| 038405
| p111__\
. ADDi $1 <%0 1 p86
' ADDi $2 <$0 p31
" ADD $3 <$1 $2 :
| BEZ. $ Label FL
E ADDi $1 «$0 2 + [ 020
| P80




* The Mechanism of Register Renaming

e A mechanism for resolving false-dependences

instruction

Typical register renaming mechanism (RAM based)

sequence

ADDi $1 <%0 1
ADDi $ 01
ADD $3 «%$1 $2
BEZ $ Label
ADDi $1 <%0 2

RMT

p40

p111

p86

p31

FL

ﬂk

p80

ADDi p38 <%0 1 ($1,p125)
ADDi pll% ($2,p63)
ADD p86 «p38 plli($3,p152)
BEZ p31l Label

ADDi p40 <%0 2 ($1,p38)

False dependencies are removed
True dependencies are remained
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* The Mechanism of Register Renaming

e A mechanism for resolving false-dependences

instruction

Typical register renaming mechanism (RAM based)

sequence

ADDi $1 <%0 1
ADDi $ 01
ADD $3 «%$1 $2
BEZ $ Label
ADDi $1 <%0 2

RMT

p40

p111

p86

p31

p80

ADDi p38 <%0 1 ($1,p125)
ADDi pll% ($2,p63)
ADD p86 «p38 plli($3,p152)
BEZ p31l Label

ADDi p40 <%0 2 ($1,p38)

False dependencies are removed
True dependencies are remained




* The Mechanism of Register Renaming

e The mechanism also enables the miss recovery

instruction
sequence

ADDi $1
ADDi $2
ADD $3
BEZ $4
ADDi $1

Typical register renaming mechanism (RAM based)

<%0 1
<%0 1
<$1 $2
Label
<%0 2

RMT

p40—38 %

p111

p86

ADDi p38 <%0 1 ($1,p125)
i plll<$0 1 ($2,p63)

p31

«p38 pll1($3,p152)

p3l La

p80

ADDi p40 <$0 2 ($1,p38)

040 1
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~ The Objective of this Work

i Can we make an effective OoO )

architecture without register renaming?

« A possible game changer for ILP processor design
— Super low power Oo0O execution
— Further larger instruction window
— Simple Oo0O processor that can be easily designed

« Our approach: Instruction Set Architecture (ISA) and
compiler to statically remove false-dependency




" Basic Concepts

« False-dependencies are derived from register overwrites
 If programs use registers in write-once manner...

complex

program

(write-once . |
scheduler xecution

manner) oo

straightly




~ STRAIGHT ISA

« Can ensure each reqister is used in write-once manner

« Expresses source operands by distances
— Instead of logical register numbers
— Distance: dynamic instruction count from its producer

instruction
sequence

' ADDi + $0 1 #set 1
§ADDi>\$ 1 #set 1
ADD [M] [[2]#1 + 1

7

"Add the result of the previous inst. to the
result of the second previous inst”




~ STRAIGHT ISA

« Can ensure each reqister is used in write-once manner

« Expresses source operands by distances
— Instead of logical register numbers

— Distance: dynamic instruction count from its producer

Each dynamic instruction
instruction has a write-once
sequence designated register

ADDi$0 1 #set 1 --- [ result |
;ADDi\$ 1 #set 1 -
CADD [M] [[2]# 1 + 1 -q-l_result

7

The code becomes free
of false dependency

D = ""lr'-q“



= Bit Field Format and the Register Life-time

Sample bit field format

src. operand field

opcode |operand L (distance) |operand R (distance) | func
_/\ L ' J
no field for the destination register | Fixed length =
The maximum referable distance
is naturally defined
Ex. 5bit = up to 31inst.

10bit =up to1023inst.

« the program is executable in practical HW

— Values can be discarded as execution proceeds so that it
won't require the infinite number of registers




= Special register “Stack Pointer” (SP)

« The only rewritable register in the architecture
« Makes the ISA practical

— Ensuring that any program can be theoretically written
— (One rewritable register is sufficient to provide a safe-net)




'

~ How the ISA can Simplify the Processor

« Mechanism of the operand determination

— Conventionally processed by register renaming
Phy.Reg.file
instruction  RP_(register pointer)
sequence

1o

51 | ADDi [ @] 1 ;
. ADDi [ @] 1 L

ADD [ 2] [ 1]
BEZ [25] Llabel
ADDi [ 0] 2

" MAX
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~ How the ISA can Simplify the Processor

« Mechanism of the operand determination
— Conventionally processed by complex register renaming

Phy.Reg.file
instruction Ty
sequence [fetched] > [dispatched] "o

RP :
o 51 | ADDi I QI 1 ADDi:p51 « % 1 ! <[ 51
. ADDi [ @] 1 5 |
. ADD [ 2] [ 1] i
. BEZ [25] Llabel
. ADDi [ @] 2 —
v

—
\ /
\ 4

- -
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~ How the ISA can Simplify the Processor

« Mechanism of the operand determination
— Conventionally processed by complex register renaming

Phy.Reg.file
instruction Ty
sequence [fetched] > [dispatched] "o

RP | . . ’
@)1 51 | ADDi [ 0] 1 ADDi p51 « $0 1
'| 52 | ADDi [ 0] 1 ADDi ,p52 « $0 1 ! <[5
. ADD [ 2] [ 1] i
. BEZ [25] Llabel
. ADDi [ @] 2 —
v

——
/

\ 7’

- -
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~ How the ISA can Simplify the Processor

« Mechanism of the operand determination
— Conventionally processed by complex register renaming

Phy.Reg.file
instruction Ty
sequence [fetched] > [dispatched] "o

51 | ADDI [ @] 1 ADDi p51 « $0 1 | [
RP |5 | appi [ @] 1 53-2 53-1 ADDi p52 « $0 1 |
27557 aop [ 2T 11— p53 < p51 p52 | | [ [53]
BEZ [25] tabel < hiracting each distance —
. ADDi 2 from the value of RP () S
; \‘\ ]
. . . . “ —4_
This instruction contains two M

source operand registers




~ How the ISA can Simplify the Processor

« Mechanism of the operand determination
— Conventionally processed by complex register renaming

Phy.Reg.file
instruction Ty
sequence [fetched] > [dispatched] "o

51| ADDi [ 0] 1 ADDi p51 « $0 1 |
52| ADDL [ @] 1 ADDi p52 « $0 1

@I%
]

o
NN
|

aDD [ 2] [ 1] ADD p53 < p51 p52 |

-BEz—f251tabet— <, > BEz —p29 Llabel | || [54]
ADDi [ 0] 2 N




~ How the ISA can Simplify the Processor

« Mechanism of the operand determination
— Conventionally processed by complex register renaming

Phy.Reg.file
instruction Ty
sequence [fetched] > [dispatched] "o

51| ADDi [ @] 1 ADDi p51 « $@ 1 |
52| ADDi [ ©] 1 ADDi p52 « $0 1
53 | ADD [ 2] [ 1] ADD p53 « p51 p52
% 54 | BEZ [25] Label BEZ p29 Label |
L3 ADDE [ o] 2 —APPi> p55 « $0 2 | :— 55 |
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~ How the ISA can Simplify the Processor

« Mechanism of the operand determination
— Conventionally processed by complex register renaming

Phy.Reg.file
instruction life-time is expiﬂ[\
sequence [fetched] > [dispatched] "o

51 | ADDi [ @] 1 ADDi p51 « $0 1 y
52 | ADDi [ @] 1 ADDi p52 « $0 1 3
53 ADD [ 2] [ 1] ADD p53 « p51 p52 IQ
54| BEZ [25] Llabel BEZ p29 Label 2.
> | ADDi [ @] 2 ADDi p55 « $0 2 o
: a
| (M
v
%‘ When RP reaches the maximum value, it MAX

returns to zero




~ How the ISA can Simplify the Processor

« The logic is much simpler than renaming
— Unlike renaming; no table access, no complex state

Phy.Reg.file
instruction !y

sequence [fetched] > [dispatched] 1o
®{ 51 | ADDi [ @] 1 ADDi,p51 « $0 1 .
@>| 52 L ADDi [ 0] 1 53-2 53-1 i.p52 « $0 1 5
G3* 53| ADD [ QWE = fADD ~p53 P51 p52 |
G s4t-BEz—f251tabet— ¢, 5c  BEZ “p29  Llabel |

5 'ADDL [ @] 2 —ABDi> p55 « $0 2 ' L 5E
* \\\

» All determinations can be done in parallel .| max

— Improves the frontend scalability




* How the ISA can Simplify the Processor

e The mechanism also accelerates the miss
prediction recovery

Phy.Reg.file
instruction Ty
sequence [fetched] > [dispatched] "o
51 | ADDi [ @] 1 ADDi p51 « $0 1 |
52| ADDi [ @] 1 ADDi p52 « $0 1
53 | ADD [ 2] [ 1] ADD p53 « p51 p52
R—%j 54 | BEZ [25] Label *BEZ p29  Llabel | 54
L. ApDi [ 0] 2 Tl ADDi p55 « $0 2 i |__|
;
completed by simply setting the RP to the relevant point ' L__J—~

(no check point nor ROB walking required) —




~ How do we write programs with distances?

* Is it possible to build a compiler? Determine the
. . . Viability of the
« Will the benefits surpass its overheads? | architecture
Ex. Sequential block Ex. Looped code
ADDI _ SO 1 #0+1=1
g - ~ s
ADD J..]l :2: #1+1=2 k/ En(EI
ADD :J.J :2: #2+1=3 RMOV 5] . A
ADD [t} " [2] #3+2=5 RMOV gg% .
ADD 13 :2: #5+3=8 oy EETZP ol )
ADD . |i] 2] #8+5=13 s M
ADD [1] 2 oy m a1 H
, ADDi [7] [ 1
J cond: [
SPADDi




~ Compilation Algorithm for STRAIGHT

« Any Single Static Assignment (SSA) form can
be converted to STRAIGHT ISA code

— (so we can convert LLVM-IR to STRAIGHT binary)
« Key idea: inserting copy instructions (RMOVs) can
satisfy the restriction derived from the ISA
— Repeater RMOVs for long references
— Adjustment RMOVs (explained later)




~ Concept of Distance Adjustment

All control flow structures are broken down into...

branching control flows merging control flows

BBO ~ -

Producer Producer (@B

O Coénsumer [4]
Consumer|[5] @
(@BB1) |

- e o= =)

the path between the
producer and each consumer
Is deterministic

Multiple possible paths between the
consumer and its producers

L e



~ Concept of Distance Adjustment

o All control flow structures are broken down into...

branching control flows merging control flows

BB

1

-
e : roducer (@BB1)
| |
Producer  Producer (@BB O i : i
O | :
BB1r~—- BB2 : ' ' '

| | 1 | 1

1 ! | ! |

LA , | L ___ g 2 ump

1 ) il ~ L -1 -

L O Consumer [4] 3 W L]

Consumer![5] ~ 1 (@BB2) Consumer [?]
(@BB1) | _ N
: Distance varies
e e e dynamically depending
the path between the Mult.,,.‘Z”,)’Xrl'f.rlEa,tvhu'f .t.?lf,evn...\:en the

producer and each consumer
Is deterministic

consumer and its producers

. - 86
""I'i"'.

T
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| Breakdown of Control Flow

o All control flow structures are broken-down into...

branching control flows merging control flows

—————

O Consumer [4]
Consumer|[5]
(@BB1)
|

(@BB2)

Consumer [3]

: statically fixed distance

—-— e o =

inserting an RMOV into the tail of each basic
block can equalizes the distances

-

== e




~ Calling convention

 Function calls can be achieved by defining the
order of arguments and return values for each

function at the compilation time

O
arg0 @
arg1 @

JAL@®.

(return address)

function
body

ALk
- SPADDi @
O

O @)
@) @)
o o
o 0

ret value @

(return address) |

~RETURN

\
\
\
\

ADD [4] [3] #arg0 + arg1



© Optimization Technologies

« Removing the redundant RMOV instructions

— basic compilation algorithm tend to insert too much
redundant RMOVs

spill
Frequent g — ‘>

out
path

O O O @ @ | N
LA
O @) spill ‘9 B
O O n ¥

0-co half-copy aggressive-spill




~ Pros and Cons of the Architecture

e © Pros

1. Power efficiency
— © power per instruction, © removal of a hotspot

2. Recovery performance
— © branch miss penalty

Scalability
— © frontend width, ©ROB — © higher ILP extraction

4. Spill reduction
— © logical register space is highly extendable

e ® Cons

w

1. Instruction count




Preparation of the First Evaluation Environment

« Developed a real architectural framework of
STRAIGHT for evaluating the actual effect

— STRAIGHT ISA specification e | || | g 20
— STRAIGHT compiler I

(LLVM-backend)
— STRAIGHT Cycle accurate simulator —
— STRAIGHT RTL description e

— 000 RISC-V( sim, RTL)
(superscalar counterpart)

12018/11/12 . -20184FE :>Elﬁ?§zu A OBFARUS T —FFUF v 91



" Preparation of the First Evaluation

« Dhrystone / Core Mark were compiled

« Although these are simple benchmarks, Core Mark involves
typical control-flow patterns of real applications

Function_Func_1 : Function_core_list_find :

BB_O@Func_1 : BB_O@core_list_find :

[ 0] IMPLICIT_ARG_VALUE # user: [ 8], [ 13] [ @] IMPLICIT_ARG_VALUE # user: [ 15], [ 201, [F o], [F o]

[ 1] IMPLICIT_ARG_VALUE # user: [ 8] [ 1] IMPLICIT_ARG_VALUE # user: [ 9], [f 17]

[ 2] IMPLICIT_RET_ADDR # user: [F 2], [F 2] [ 2] IMPLICIT_RET_ADDR # user: [ 6]

[ 8] SuB < 3>, < 2> # [ e], [ 1] # user: [ 10] [ 3] SPADDLI -4 # user: [ 6]

[ 10] BNZ < 1>, BB_3@Func_1# [ 8] [ 6] SpillST < 2>, < 1>, 8 # [ 21, [ 3]

[ 11] JmMpP BB_1@Func_1 [ 9] LDH < 4>, 2 #[ 1] # user: [ 11], [F 9]

BB_1@Func_1 : [ 1e] ADDi < 0>, -1 # Z-REG # user: [ 11]

[ 12] Global Ch_1_Glob # user: [ 13] [ 11] SLT < 1>, < 2> # [ 101, [ 9] # user: [ 12]

[ 13] sTB < 7>, < 1>, 0 # 0], [ 12] [ 12] BNZ < 1>, BB_3@core_list_find# [ 11]

[f 14] ADDi < 0>, 1 # Z-REG # user: [ 18] [ 13] Jmp BB_l@core_list_find

[F 2] RMOV < 7> # [ 2] # user: [ 17] BB_l@core_list_find :

[ 15] JmMP BB_2@Func_1 [ 15] BEZ < 10>, BB_1l@core_list_find# [ 0]

BB_3@Func_1 : [ 16] JmP BB_2@core_list_find

[f 7] ADDi < 0>, 0 # Z-REG # user: [ 18] BB_2@core_list_find :

[F 2] RMOV < 4> # [ 2] # user: [ 17] [F @] RMOV < 12> # [ 0] # user: [ 37]

[ 16] IMP BB_2@Func_1 [f 17] LDH < 12>, @ # [ 1] # user: [ 36]

BB_2@Func_1 : [ 18] Jmp BB_7@core_list_find

[ 17] PHI < 2>, < 2> # [F 2Jor[F 2] # user: [ 21] BB_3@core_list_find :

[ 18] PHI < 3>, < 3» # [f 14Jor[f 7] # user: [Z 20] [ 20] BEz < 9>, BB_13@core_list_find# [ 0]

[z 28] RMOV < 3> #[ 18] [ 21] amp BB_4@core_list_find

[ 21] 3R < 3> # [ 17] BB_4@core_list_find :

. [F ] RMOV < 11> #[ 0] # user: [ 24]
[F 9] RMOV < 7> # [ 9] # user: [ 23]
[ 22] Jmp BB_5@core_list_find

BB_5@core_list_find :

~r~

[Dhrystone (part)] [Core Mark (part)]




_ Processor Parameters

« Same sizes are set for the both architecture

— Not optimal for STRAIGHT;
Just for the simple comparison

— Max distance: 32

-
ISA

STRAIGHT STRAIGHT

RV32IM STRAIGHT RV32IM STRAIGHT
Frontend Width 2 inst. / cycle 6 inst. /cycle
Frontend Latency 8 cycle 6 cycle 8cycle 6cycle
RF, ROB 96 entries, 64 entries 256 entries, 224 entries
Scheduler 16 entries, 2 issues / cycle 96 entries, 4 issues / cycle

Caches 32 KB I1, 32KB D1, 256KB L2 + 2MB L3




The performance evaluation

2-way configuration 4-way configuration
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The performance evaluation

Assumes small 00O cores 4= mp Assumes large OoO cores

2-way configuration 4-way configuration
Performance of STRAIGHT
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The performance evaluation

2-way configuration

better

Relative Performance (Normalize to SS)
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The performance evaluation

2-way configuration

better

Relative Performance (Normalize to SS)
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"~ Fraction of the Retired Instruction Type

2.5

m 2
c
(@]
3
=T ©
g ing 15 > ()]
T T m °
28 v M
5 3 S
& E Q.
o o N
c Z
s~ 7 =
£ e T
2 0.5 oE 9 9

. » =

S =

(a'a] ()] W

0 —_— — [
SS STRAIGHT(RAW) STRAIGHT(RE+)

Core Mark

B Others
ONOP
ORMOV

@sT

@LD

HmALU

B Jump+Branch



© RTL Power Analysis
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- Distance distribution
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. Summary

Novel effective OoO architecture STRAIGHT

Expressing source operand by distance
= makes the OoO processor simple/scalable/rapid recovery

Code can be actually compiled from the SSA form

The first evaluation
— The performance is comparable to the same-sized superscalar
« While it preserves the advantages of power and scalability
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