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= Personal
—Born in Mexico
—7 years in Japan
—I like cooking, plan to open a restaurant after retirement from research

» Professional
—BS.Eng. Instituto Politecnico Nacional, Mexico
—M.Eng. Dr. Eng., University of Electro-Communications, Japan, 2008

* Queue machines / Queue Compiler

—Now Researcher at IBM Research — Tokyo
« Synchronous dataflow languages / System Simulation
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Queues... Transport
Mathematics
Queueing theo ) )
J i Communications
Computers
Data structures T
Simulation
Networks .
Operations
research

Microprocessors
Virtual Machines

First Come, First Served (FCFS)
First In, First Out (FIFO)
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» Basics of Queue Computing.

» Why queue machines matter ?

» Why should you care about queue machines ?

= Give you a new perspective.

» Encourage you to explore new ideas based on queue machines.
» How queue computing principles can be applied to other areas.
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» Desktop computing
» Number crunching applications

» Parallel processing
—High instruction-level parallelism

» Streaming applications
—The essence of queues

» Embedded devices
—Compact program representation

= Mobile devices
—Low power consumption

= Building blocks of many-core systems
= Software virtual machines
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Computer Architecture Basics: Von Neumann Model

Programs

g

Instructions
= Fetch

s =Decode
s =Execute

» Memory Access
= \Write Back

Address
Instruction
Value Value
Y ¥
0
Yy L J
: (Execution Unit) Instruction Instruction
‘ Registers Register Counter
= i
Address (Jump)
© L
e l Decoder Status
(@} E Register
O ® — Signal (Flags)
a0 ALY Generator A
\‘\-\_“_ A Reply
address
Memory Execution Unit Contol Unit 1/0
Job Unit
Y

Source: Department of Informatics Technische Universitat Minchen
www.lrr.in.tum.de/~jasmin/neumann.html
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Computer Architecture Basics: Von Neumann Model
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Computer Architecture Basics: Von Neumann Model

P ro g ra m S Instruction S
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Computer Architecture Basics: Von Neumann Model
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Computer Architecture Basics: Von Neumann Model
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Computer Architecture Basics: Von Neumann Model

Address

Instruction

Value

Programs /L

Y
Instr%ctions °
= Fetch
% = Decode
;Ej = Execute T W
£ =Memory Access " l

(Execution Unit)
Registers

I Execution Unit

Y

Instruction Instruction
Register Counter

¥ Address (Jump)

Decoder Status
Register
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Reply
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12



Queue Machines: an unknown alternative — PDCAT 2009

= Interface to the hardware
—Instructions (opcode)
—Registers
—Data types
—Addressing modes

—Interrupts, etc. How important is

» C|ISC vs RISC | the code density,
Hw simplicity, etc?

puter .
Architecture

E
(o]
0

» Variable-length vs fixed-length instructions

Example of RISC instruction:

addu rl, r2, r3 = 32bit

opcode Destlnatlon Source

operand  operands 5-bit operands
limit the addressable
How many instructions ? registers to 2/5=32

What kind ?

13
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Register machines
e.g " = (a+b) / (C—d)"

Pentium,

SPARC,
ARM Post-Order Traversal

Register

Machines

RI R2
ld rl1, a
l1d r2, b
:j::: add rl, rl, r2
ld r2, c
1d rl1l, d
ALU sub r2, r2, ril

div rl, rl, r2
st rl, x
14
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Register machines
e.g " = (a+b) / (C—d)"

Pentium,

SPARC,
ARM Post-Order Traversal

Register

Machines

RI R2
a b ld rl1, a
1d r2, b
:j::: add rl, rl, r2
ld r2, c
1d ri1, d
ALU sub r2, r2, ril

div rl, rl, r2
st rl, x
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Register machines

Pentiun, “x = (atb) / (c-d)”
SPARC,
ARM Post-Order Traversal

Register

Machines

RI R2

a+b b ld rl, a
ld r2, b

add rl, rl, r2

ld r2, c
1d ri1, d
ALU sub r2, r2, ril

div rl, rl, r2
st rl, x
16
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Register machines

Pentiun, “x = (atb) / (c-d)”
SPARC,
ARM Post-Order Traversal

Register

Machines

RI R2

a+b b ld rl, a
ld r2, b

add rl, rl, r2

:I:i st rl, tmp

ld r2, c
1d ri1, d
ALU sub r2, r2, ril

div rl, rl, r2
st rl, x
17
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Register machines
e.g " = (a+b) / (C—d)"

Pentium,

SPARC,
ARM Post-Order Traversal

Register

Machines

RI R2

d ld rl1, a
1d r2, b
add rl, rl, r2

:I:i st rl, tmp

ld r2, c
1d ri1, d
ALU sub r2, r2, ril

div rl, rl, r2
st rl, x
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Register machines

Pentiun, “x = (atb) / (c-d)”
SPARC,
ARM Post-Order Traversal

Register

Machines

RI R2

d c-d ld rl1, a
1d r2, b
add rl, rl, r2

:I:i st rl, tmp

ld r2, c
1d ri1, d
ALU sub r2, r2, ril

div rl, rl, r2
st rl, x
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Register machines

Pentiun, “x = (atb) / (c-d)”
SPARC,
ARM Post-Order Traversal

Register

Machines

RI R2
a+b c-d ld rl1, a
1d r2, b
add rl, rl, r2
:I:i st rl, tmp
ld r2, c
1d ri1, d
ALU sub r2, r2, ril
1d rl, tmp
div rl, rl, r2
st rl, x
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Register machines

e.g.
Pentium,
SPARC,

ARM

“x = (at+b) / (c-d)”

Post-Order Traversal @

Register
Machines Q" Q
Renaming @ @ @
Registers Architectural Registers
ffffffffffffffffffff RI R2
RX RY @b g ld rl, a False
N S S (C_d) 1d r2 , .
,,,,,,,,,,,,,,,,,,,,,,,,,, add 1, dependencies
st ril, @
1d r2,
1d ri1, Register
ALU sub r2, r2, ril renaming
1d rl, tmp (000)
div rl, rl, r2
st rl, x

21
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Stack machines
"x = (a+b) / (c-d)”

e.g. Forth, Java

Top of the i psh a

Stack g —y i — psh b
add
psh
psh
sub
div
pop X

o 0

22 Stack
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pop X
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Stack machines
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e.g. Forth, Java
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div
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Stack machines
"x = (a+b) / (c-d)”

e.g. Forth, Java

Top of the i psh a

Stack g —y i — psh b
add
psh
psh
sub
div
pop X

o 0
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Stack machines
"y = (a_-|-b) / (C_d)n

e.g. Forth, Java

Top of the i bsh a

Stack el —y i —— psh b
add
psh ¢

(4 psh d
\L sub
[ a ] div
% pop X
a+b
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Stack machines
“x = (atb) / (c-d4d)”

Top of the

Stack —— iy psh b
add
psh
psh
sub
c-d div
pop X

o 0

a+b

29 Stack
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Stack machines
"x = (a+b) / (c-d)”

e.g. Forth, Java

Top of the i psh a Minimal ISA
stack e ——y psh b
add

psh ¢
psh d
sub
div
(a+b)/ pop x

30 Stack
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Queue machines

31

"X

1d
1d
1d
1d
add
sub
div
st

(a+tb) / (c-d)”

o Q oo

e
)

~ %
- =
= =
= =
= =
= =
= =
= =
= =
: -
~

,
‘N

Ig:%.

Head (QH)

wy

Tail (QT) ,

ALU

:
: 3
: 5
B
f.V
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Queue machines

32

"X

1d
1d
1d
1d
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sub
div
st
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Queue machines

33

"X

1d
1d
1d
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Queue machines

“x = (a+b) / (c-d)”

Head (QH)  Tail (QT) ,
¥ =y
1d i
add ’ )
sub

div ALU
st X

1d

o Q oo

34
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Queue machines

“x = (atb) / (c-d)” |

-
Igﬁ%@t

Head (QH) Tail (QT)
.. @y
1d b
o Jlalblelal ]

add
sub
div

st X

ALU
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Queue machines

“x = (a+b) / (c-d)”

Tail (QT) ,

Head (QH)

1d
1d
1d
1d
add
sub
div
st X

o Q oo
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Queue machines

37

"X

1d
1d
1d
1d
add
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st
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Queue machines

“x = (atb) / (c-d)” |

-
Igﬁ%@t

' Head (QH) Tail (QT) ,
1d e , \ 3

1d ;

14 o d a
add @ @
sub

div ALU
st X

o Q oo
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Queue machines

“x = (atb) / (c-d)” |

Head (QH) Tail (QT) ,
> §§£a+b}£c-d}
add
sub

div ALU
st X

1d

o Q oo
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Queue machines

“x = (a+b) / (c-d)”

Maximum
Parallelism

Head (QH) Tail (QT)
LMWmﬂﬁii\ '4 |
j L @b)ed) | \E

add
sub
div
st X

ALU

40
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Instruction-Level Parallelism

Instr. No. Pipeline Stage
1 IF | ID | EX |MEM| WE
2 IF | ID [ EX |MEM WE
3 IF |ID [ EX MEM|WE
q IF | 1D [ EX [MEM
5 IF [ ID [ EX
G [1]2]3]|4a]5]6]|7

» Dynamically scheduled \

Instr. No. Pipeline Stage
1 | IF| D WB
—Superscalar processors > [ IF D WB
: 3 IF MEM WB
= Statically scheduled A = MEM WEB
—VLIW processors 5 EX IMEM WB
6 EX MEM WB
7 ID | EX MEM
8 ID  EX MEM
9 IF ID | EX
10 IF  ID | EX
1.2 3 4|5 6|7

41
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Why queue machines ?

R’/iliemory bandwidtﬂ

(Smaller caches) Address

. |
Instruction

Value

LSimpIe to decodej
]

¥ Yy
é ' |Queue ) el

Instruction
Counter

L &
V Address [Jumip)

L
' Decoder Status
Register
Signal (Flags)
ALY Generator A
- Reply
N
—/M/ Execution Unit Contol Unit I/O
. - N Job Unit
No register-renaming : L
~ (Less power) \

e

Maximum parallelism &
with almost no-efforts
- (Small instruction window)

42
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A closer look

Register
Machines

1d rl1, a psh a 1d a
ld r2, b psh b 1d b
add rl, rl, r2 _ 1d c
st rl, tmp psh ¢ 1d d
1d r2, c psh d

1d rl1, d

sub r2, r2, Ffl

1d rl1, tmp

div rl, rl, r2
st rl, x

43
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Shorter instructions
Better |-cache performance
Easier fetching and decoding

Stack Queue

Simpler hardware logic
No false dependencies

No register renaming logic

Less power consumption

Machines Machines

1d rl1, a psh a 1d a
l1d r2, b psh b 1d b
add rl, rl, r2 add 1d c
st rl, tmp psh ¢ 1d d
1d r2, c psh d add
1d ri1, d sub sub
sub r2, r2, rl div div
1d ri1, tmp" st X st X
div rl, rl, r2 tail
st rl, x .
pnt NN,
top a\ /‘_: head tail
Ypggunt® .il—" "ll.‘
s € "FIFO Queve , €7
LIFO Yant *a2a?

Stack

44
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Shorter instructions . No Serialization at TOS
Better I-cache performance M No performance bottleneck
Easier fetching and decoding | No special techniques Queue
Simpler hardware logic (] High parallelism :
No false dependencies . - - Machines
No register renaming logic - .
Less power consumption . n
1d rl, a : psh a : 1d a
1d r2, b . psh b - ld b
u |

add rl, rl, r2 1d C

Post-Order Traversal Level-Order Traversal

All parallelism available in the application

Smaller instruction window
Simpler hardware

Less power consumption
st rl, x

| | ||
n | |
: top \* / : head tail
. . [ | m +"'"% O
Invisible queues . m | €= "FIFO Queue , €7
. LIFO 5 tast tant
™ Stack L
u | ]
45 u u
| | ||
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Related work on queue machines

| 985, Toronto Univ., 1998, Edinburgh Univ.,
Indexed Queue Machine VLIW + Queue Reg. File

1999, Ibaraki Univ.,

Superscalar Queue Mach.

2001, Michigan Univ.
Superscalar + Queue Reg. File

2002, Carnegie Mellon.,
Queue for reconfigurable Hw. 2002, UEC.

Parallel Queue Processor

Astronautics ZS-1
Decoupled Access-Execute architecture

46
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Main problem of queue machines

= Queue program:
—Build an expression tree
—Schedule the tree in level-order manner

= [f the expression tree is transformed into a directed acyclic graph
(DAG), level-order scheduling no longer produces correct

programs. @ @
o Re/(/j/undancy o
o
()

Expression Tree Expression DAG

“Instruction holes”

Crossing arcs

47
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Main problem of queue machines

ld a
neg
1d b
mul

rsh

48
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Main problem of queue machines

1ld a

neg

1d b

mul

rsh
L3
L2 b |
O

QH

49
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Main problem of queue machines

1ld a
neg
1d b
mul
rsh
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Main problem of queue machines

1ld a
neg
1d b
mul
rsh

QH

51
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Main problem of queue machines

52

1ld
neg
1d
mul
rsh

a

b

QH
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Main problem of queue machines

1d a
neg
1d b
mul
rsh
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Main problem of queue machines

1ld a
neg
1d b
mul
rsh
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Main problem of queue machines

1d a
neg
1d b
mul
rsh

head l

55
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4 - Incorrect
neg ___ evaluation
1d b

mul

rsh

head ll' tail

56
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= No flexibility
—Writes always at QT
—Reads always at QH

» DAGs cannot be executed correctly.

= Solution:
—Eliminate instruction holes by duplicating data.
—Eliminate cross arcs by swapping/rotating operands in the queue.

= Level-planar graph
—No cross arcs
—All edges span one level
—There are efficient algorithms to test level-planarity but heuristics must
be used to create a level-planar graph from an arbitrary DAG.

57
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—

( Significant overhead:
DAG

(1) Instructions
(2) Levels

*confirmed by UEC and CMU groups
. Hardware support

\\\/
Duplicate
~ @ Swap
Rotate
L1 | a

4 b'la/lb|a

L5 a bja|b —=

| s
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Our solution: Producer-Order Queue Computation Model
(PQCM)

1d a

neg

1d b

mul

rsh -3, -1
>
>

LI >

head tail

a*b a>}bj <«

59
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Producer-Order Queue Computation Model (PQCM)

Offset References r

1d a

neg
1d b
mul
rsh
div
st

Addltlonal hardware support
Queue Computation Unit

Instructions need to encode offsets L *- —"’
Buffering is required to hold “zombie” variables
- Complexity shifted to the compiler //
QH
head + tail
< <~

zombies

60
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Producer-Order graphs vs Level-planar graphs

Table 6
Code size and depth of applicatdon graphs comparison.

Application Level-planar graph Producer order graph
Code size Depth Code size Depth
dctl 537 49 244 18
fit8_iterative 909 41 176 7
Haarl6 918 17 248 6
rch 330 42 148 23
Idea 1462 235 606 160
Popcount 229 24 62 5
cor(ie0s 1exs o) . N N L‘ ......... :r.u ........... Y ‘ .......... ﬂ .......... ;.! ........................... ._
x0 = A[i]; x1 = A[i+l]; $ s
2 = R[i+2]; %3 = R[i+3]; = :
:mpl = iﬂ+='=1:xtn't11h'! = x0+(=x1); . Q Pl e .‘ '. -
tmp3 = x2+x3; tmpd = x2+(-x3); T : " el 2l
tmp5 = tmpl+tmp3; Lr Yo [Zl @ LT_| ¥a — -l
tmph = tmp2+tmpd; | M | @ 1° @ 3
tmp7 = tmpl=-tmp3; A o :
tmp8 = tmp2-tmpd; . @ .. @ @ L Xo @ X
¥[i] = tmp5; ¥[i+l] = tmpé; L A : .
TSIV S M i clu I c IR oS al I %
} \_. -.__.I II__ ..‘_,' 5, . E
(a) Sample C program " E @ ‘ o] (d) Producer Order Graph
“ * H o R E @ 2-offsetinsn
5 OO OO @ 1-offsetinsn
Nt Nl 0-offset insn
: C B O B O
L1 Lo X 3] Xz . x3
R ML

o1 (b) Original Graph (c) Level Planar Graph
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PQCM Instructions with offsets

62

Binary instructions

Unary instructions

0-offset QH

add v

add O, 1

1-offset 2

neg -2

mul O, -2

div 0,0

2-offset

QH

add -2, -3

sub -5, -1
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Parallel Queue Processor (PQP)

dead entries

= 16-Dbit fixed-length instructions
= 32-bit processor (datapath)
» Addressable offset references

= 8 addressable special purpose registers
—Frame pointer, stack pointer
—Data/Address registers

= 4-way superscalar execution

Cores Speed | Speed | Average
» Register file (circular queue) (SPD) | (ARA) | Power(mW)
—256 queue registers PQP 25 |215 | 120

.VHDL Slmulators \ SH-2 15.3 14.1 187.5
ARMT 25.2 24.5 22

= \irtual machine

LEON2 27.5 26.7 458
n
Queue compller MicroBlaze | 26.7 26.7 135

QC-2 255 [24.2 |90

63
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Characteristics of PQP programs

{ Dense programs J

[ 8-way issue register machine B Queue Core . -

0 /—
o
b |

Code Size

|
m 27% to 47% denser programs

099.g0 124.mBBlksim [26.gcc 129.compress  130.i I32ijpeg  134.perl 147 .vortex
High parallelism 1
- ///\\\\\\\ 8-way Universal Machine B Queue Core
\\\\\
Instruction
Level Parallelism

099.g0 124.mBBksim 126.gcc 129.compress 130, I32ijpeg  134.perl 147.vortex

64
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Queue Compiler

Framework
Part II
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Queue Compiler

Conventional Compiler
(GCC)

Machine
Description
File

66

C Program

l

Front-End

[ High-Level |
Optimizer

Instruction
Selection

v

Instruction

Scheduling

v

J

=)

HIR

[ Register ]‘

Allocation

Low Level
Optimizer

v

Assembly
Generation

Assembly

LIR

"LIR

Queue Compiler

Queue Compiler Infrastructure

C source file

7
Front-End

A

Instruction
Selection

v

Offset
Calculation

.‘
,

Level-Order
Scheduler

v

Assembly

Generation

QueueCore
Assembly

QTree
) _-__}

_é""“-".

- >

_—l'i —

s T

QTrees

Y

Leveled

DAGs

QIR
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Queue Compiler

C Program
Conventional Compiler e
(GCC)
[ Front-End ]
Scheduling J<--—-. ...~
Machine / # .............. B
Description |~ .. - ‘l:"iegister “
File I~ o [ Allocation ]
Towlevel |
Optimizer
Assembly |«
Generation |

l

Assembly
67

Queue Compiler

Queue Compiler Infrastructure

C source file

Front-End

— — e * " — —
"
-

A

QTree | |
Expander

A._..""‘...

> QTrees

Instruction
Selection

Offset <> Leveled

Calculation DAGs

v

Level-Order
Scheduler

* “ QIR

Assembly
Generation

QueueCore
Assembly
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Queue Compiler

C source file
= Eliminates the concept of registers contEnd Lol Aste
= Built for the queue computation model v
—Suitable data structures ‘f____} p—
—Queue compilation algorithms o |[PIE) L
- Offset calculation 2 e
. 1Q-offset ct:_?ns:raint é e |-
° ueue utilization 0
. ister allocati S !
Queue register aliocation E , 1 0
* Produces good code & | coloumion [<> DAGS
» Easy to maintain £ v
] 8 Level-Order
= Clean infrastructure © | Scheduler |
_ u:.) + QIR
= Able to compile complete programs 8 (o 7
Generation
QueueCore

Assemb
68 ly
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Compilation example
C program )

int main(void)

{
int A[10], B[1l0];
int vy, 1i; i
IR PQP Assembl
for(i=0; i<10; i++) { Q Q y
y =y + A[1] * B[1]; (QMARK_LEVEL [id=2]) LO:
} (PUSH_Q [iws] (LOCAL VAR Q: 0(5fp) ) N . |
} (LOADI @ [iwu] (INTEGER Q: 4 ) 1d iws, at, (Sfp)0
(QMARK_LEVEL [id=3]) 1di Piwua, t.gt,i 4
— i;ﬁina”;’?“_? [:“‘Z% {EE?_;}??IQ;,“{HPI ! lea Piwua, at,! $fp, 48
! 1Ws r ¥ ‘e ; 3
F) (LOAD ADDR Q [iws] (LOCAL VAR Q: B($fp) ) > mu 1 P LWS “ﬂtq gh, gh+l
(QMARK _LEVEL [id=4]) lea Piwua, qt,§ 5fp, 8
(aDD O [iws] ( or, [OH¥0, QH+L |) add Ciws, at,/|gh, gh+l
(ADD_Q [1iws]) ( QT, |QH¥0, QH-1 ]) add iws, agt,|gh, qh-1
(QMARK_LEVEL [id=5]) 1d o o
(SLOAD © [iws] ( QT, QH+0, QH+O )) 8 | 1lws, qt, q
(SLOAD 0 [iws] ( QT, QH+0, QH+O ) lds iws, gt, gh
(OMARK_LEVEL [1d=6]) mul iws, gt, gh, gh+l
(MUL_Q [iws=] { QT, QH+0, QH+1 )) o
(PUSH_Q [iws] (LOCAL_VAR Q: 4($fp) ) 1d - S C:t,§ ($fp)4
(OMARK_LEVEL [id=7]) add iws, at, gh, gh+l
(ADD_Q [iws] ( QT, QH+0, QH+1 )) st iws, gh, (S$fp)4
(QMARK LEVEL [id=8]) 1d iws, at, (s$fp)o0
(POPQ_Q [iws] (LOCAL VAR Q: 4($fp) ) ldi l o ! 1
7 add iws, at, gh, gh+l
= ] st Liws, gh, ($fp)0

Offset calculation

Queue register allocation
Constrained compilation
A
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Leveled DAG (LDAG)
W o

—

G = (V, E)

® An LDAG is the mapping of nodes to integers such
that if there is an edge from u to v, then

lev(v) = lev(u) + N
for all E %

70
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Leveled DAGs (LDAGS)

@ Level Slots

=

R

Depth-First Traversal

DAG

71
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Offset calculation algorithm

of fset(m) = 6(qh-pos(u), m)

Algorithm 2 gh_pos (LDAG w. node u)
1: [ <= getLevel (u)
2: fori < w.prevto I.a-node do

3:  if isOperation (i) then

4: if isHardEdge (i.right) then
5 v <= BFS_nextnode (i.right)
6: return v

7 end if

8: if isHardEdge (i.left) then

9: v <= BFS_nextnode (i.left)
10: return v

11: end if

12:  endif

13: end for

14: L < getNextLevel (u)
15: v <= L.av-node
l6: return v

Important: any change to the DFG requires offset recomputation

72




Queue Machines: an unknown alternative — PDCAT 2009

LDAG to QIR (Level-Order Scheduling)

v Data Independent

)

)

5 |<
(5

J
N

)
)

°®f
= 6
g

y

QIR

7
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QIR to Assembly

(QMARK_LEVEL [id=0])

Single operand (PUSH Q [iws] (LOCAL_VAR_Q: 8($fp) )
(LOADL_Q [iws] (INTEGER_Q: 1)
(QMARK_LEVEL [id=1])
(NE_Q [iws])
(GOTO_Q [iws] (LABEL_Q: L1)

Annotations (TLABEL_Q [iws] (LABEL_Q: L0 )
(QMARK_LEVEL [id=2])
(PUSH_Q [iws] (LOCAL_VAR_Q: 12($p) ) PQP Assembly
(LOADL_Q [iwu] (INTEGER_Q: 4) Dat
(QMARK_LEVEL [id=3]) ata
(LOAD_ADDR_Q [iws] (LOCAL_VAR_Q: 16($fp) ) Opcode type DT SRC
(MUL_Q [iws] (QT, QH+0, QH+1))
(QMARK_LEVEL [id=4]) 1d iws, qt, ($fp)8
A ok s o
_Wws - _Qk P q :
(PUSH_Q [iws] (LOCAL_VAR_Q: 0($fp) ) E:e L ;‘1"5' vce, gh, ghtl
(QMARK_LEVEL [id=5]) iws, L1, $cc
(SLOAD_Q [iws] ( QT, QH+0, QH+0)) LO: -
(ADD_Q [iws] (QT, QH+0, QH+1)) offsets 1d iws, qt, ($fp)12
(QMARK_LEVEL [id=6]) 1di iws, qt, 4
(MUL_Q [iws] {QT_, QH+0, QH+1)) lea iws, qt, S$fp, 16
%g%\:g_éE[VEi_ ([g;ﬂc)m QH+0)) mal iws, at, ah, ahtl
iws -5 + .
= : e add iws, gt, gh, gh+l
(GOTO_Q [iws] (LABEL_Q: L2) i ive. B0 e
. 1d iws, gqt, (Sfp)0
QIR (debugging mode) 1ds iws, gt, gh
add iws, gt, gh, gh+1
mul iws, gt, gh, gh+1
sst iws, gt, gh-5, gh
j iws, L2
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Queue compiler Benchmarks

= 4 years of research and development {Bm 7” ,?:i?m ‘ Assembly
= 15,000 lines of code (back-end)

= Supports all flavors of queue computing 8

= Compiles any program (including itself) s

Hardware
x86, PowerPC, SPARC

Host: dual Xeon 3.15 GHz, 2Gb RAM, Linux 2.6.20

25.00

Cross compiler configuraiton

B Queue Compiler
B x86 GCC Compiler

18.75

Compile time (in seconds)
o >
[ (%
(%] o
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Constrained-Compilation

Targeting actual hardware

part T11
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Topics on Constrained
Compilation for Queue

Machines
Optimization
\ @
\

Dynamic
Evaluation
LBET

Fundamental
Algorithms

Inside
BB

Memory
Traffic
Reduction

BB
Comm

77

Offset
Reduction

Loop
Unrolling

Code Size

Constant
Parallelism

P-QCM
Compiler

Queue
Register
File
Control

Reduced
bit-widh
ISA
Compilation
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Queue Utilization

tmp = (-sum >> 16) + (at+0xffff);
sum = sum + tmp;

head i l | tail

<« sum) (tmpj v <«
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Queue Utilization

tmp = (-sum >> 16) + (a+0xffff);

sum = sum + tmp;
s

L4

- _@ /\'ﬂ
/N /N

L2 .

tail

79
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Queue Utilization

tmp = (-sum >> 16) + (a+0xffff);
sum + tmp;

1)
c
=

Il

Parallelism

tail

Queue Utilization

80
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Queue Utilization of SPEC95

y-axis

5% of statements

words

81

Statement Percentage

= 099.go

B 124 masksim
1 126.gcc

] 128.compress
M 130

[ 132.ijpeg

M 134 perl

] 147.vortex

Queue Length
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Queue Utilization of SPEC95

82

y-axis

Statement Percentage

= 099.go
B 124 masksim
[1l126.gcc
(I 29.compress
3 M 130.

— |3 132 ijpeg
- M 134 perl
- [ 147.vortex

128

Queue Length /
X-axis >256
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In other words

100
90
80
70
60
50
40
30
20
10

0

Accumulative Percentage

83

— 099g0 =— [24.m88ksim - |26.gcc = 129.compress
= | 30.li — |32.ijpeg = |34.perl = [|47.vortex

| 234567 89I10111213141516171819202122232425262728293031

Queue length
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Queue-length optimization algorithm

Available Queue

(Threshold) Statement Clusters

A <32

A E

2

50 | =D

e Break the queue hungry statements into fragments (clusters) that
require equal or less amount of queue than available in the
hardware.

® (Clusters must comply with the semantics of queue
computation model.

® (Generate the fewest clusters.

e Keep communication code minimal.

84



Algorithm 1 labelize (LDAG 1)

. . Require: global Threshold
Queue Machines: an unknown alternative — PDCAT 2009 Require: global cluster.id =0

1: root — W's root node
. 2. if SubTree_Width (root) = Threshold then
Algorithm on LDAGS = i it
4 if isBinary (root) then
5 if SubTree _Width (root.rhs) = Threshold then
6
7
8

rhs «— labelize (rootLrhs)
root «— Assign_ D _to_node (rhs.id)

: return root
9: else
10: root.rhs o Assign_ D _to_subiree
{cluster_1d++);
11: root «— Assign 1D to_node (root.rhs.id);
12 return root
13: end if
14:  endif
15: else

16:  root «— Assign 1D _to_subiree (cluster_id++);
17: return oot
18: end if

) cluster i

cluster_id = 2 Algorithm 2 clusterize (node 1, LDAG V)
Require: Anempty cluster set O of N elements
- f* Traverse as a DAG */
- if Already Visited (1) then
return NIL

end if
: * Action 1: add to corresponding cluster */
: ClusterSet_Add (', 1D ), 1)
- * Action 2: generate reloads */
- for all children v of « do
if D) # [D(a) then
1k GenBeload (O, ID(), ©)
11: else if isViolatingSofiEdge (1, ) then

E o

L1

R - S A N ORI

=

12: GenReload (€, [D{w), v)

1% else

14: # Post-Order traversal */

15 clusterize (v, W)

16 endif

17: end for

18 /* Action 3: generute spills #/

19: if Parents (1) > 1 AND isSubexpression (1-Gien

: 2 GenSpill (€, ID{w), 1)
Ls @ @ 21 enda
22 /% Mark visited and return */

2% MarkVisited ()
24 return u

85 cluster_id = | : L

L4

Lc | [tmp1]
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Controlling Queue utilization

86

Number of Instructions

2 W4 W s W 16 B INFTY

1.120

1.065

1.010

0.955

0.900
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» Forget about 2-offsets !
—2/100 instructions.

= \We can optimize the rare occurrences of 2-offset instructions.
= Gives more reach to offsets.

= Potentially reduces the bit requirements of the instruction set

add -1, -35

" Not reachable by a 16-bit
instructions with 2”5 bits
~ per offset

Rare instruction < 2%
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Offset references: the other problem

OAV
enbg
pedur

SJOWLIDAIN

. 0D-offset

28144

DAV
AN I N U N D N N

X@10A' [} |

|4ed p€ |

B |-offset

FNE N N N N oo
dI'TE|

FE N N N I A
ot
FRN [ I Y N I

ssaudwodgy |

2-offset

[N N N N N N .
295°9C|

WISH88W T |

e
:
:
:
:
:
:
:
:
:
i

03'660

100
90
80
70

8 8 8 8 &8 2 =

93e3u92.49¢

Not common

Benchmarks
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b

0

1-offset code generation s -1
o

0

= Insert dummy nodes and fill with duplicate instructions. div

b). 1-offset F4 ode program
with dljp nstn.lctlnn

Q O c —a® ) -

a). OTrea bi. LDAG with ahost nodes

a). LDAG with dup instructions

B dup Instructions

B 2-offset B | -offset 0-offset

8

Overhead of
dup
instructions

o
A

o
3

Percentage
8

550

° 3 8 8
cc
€,
"

Additional Instructions (percentage)

175

o £ p = T 0 v 2 ¥ ©
s g » 8 g a g g z R ¢ R
s @ & & = 3T ¥ 8 E g & & <
°© <« - £ S fa} N v b} 3 w

E S 2 = 5 s

X % -

- = Benchmarks 0

? ¢ \J i ¢
& g Q..,é‘ f-r & \g_@&' o s o . & F
,‘9.

Benchmarks
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» Get parallelism across basic blocks
= Solve the fundamental problems

= Evaluate its effects on programs | SSA E
—QOffsets i‘ \

—Queue utilization
c\—{ F;p;zdction Level Parallelism

—Reduce memory operations
—etc.

Code Generator

! j
DAGS

 J

Cfiset

Caleulatio
 J

Level-Order i

Scheduler

Assembly *

Genaratar

Aszsembly

90
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Offset inconsistency problem

= Occurs when the execution unit is across basic blocks.

if (true) {
;= 1;

produce data;

}

else {

X = (a<<b)*c/10;
}

return x+1;

91

long offset
BB1 - BB2
dead data dead data

(a). Dead queue elements across basic-blocks

-10

BB1

BBz

(b). Offset inconsistency problem
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Offset inconsistency problem

= Occurs when the execution unit is across basic blocks.

store load BE1 = BB2

BB1 / BB2 * i

dead data dead data

(a). Live variable communication across basic blocks .
(a). Dead queue elements across basic-blocks

mem G 10

store
(
load
BB BE1
D) 1 ,;
S T \ BE3 ™~ T BEB3
store ‘ ’
-
F N\ F
) - (E)
BB2 BB2

(b). Offset inconsistency solved by a known memary location 2

2 Naive solution: Memory sync. (b). Offset inconsistency problem
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Offset inconsistency problem B

= Analogous to Live-Range Splitting

BBz
-2

——— Predecessor Block ————  —— Successor Block —

meim
store
T load BB e QUPS

x) | 1 ‘ ® |’ ~ known offset
~— -, T _— T - -.‘ A

T N

)

~ " - N F oy BB3

) — Q)
o BB2 dup-t Queue

(b). Offset inconsistency solved by a known memary location
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Maximum offset value as a result of optimization

Decide when
" Intra-block B Inter-block memory cost is
less than chains of
dup instructions
500 —
375
()
>
g
o 250
o
5
125
0 I J _-_J
O £ Y 9 = o T vy Y Y Y U u v g
o g » 8 2 & § g ¢ 5 ¥ @ 8 ¢ ¢ Z
3 ¥ & 22 - S ¥ 9 5 2 8 £ 9o g 8
© o 9 £ - ™ > g £ £ > 3§
E o — - ~ [(}] - = o L
< Y <+ g c 2
a & B = E
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Memory traffic reduction

95

14% ~ 25% memory traffic reduction

Percentage

100

il | 2

T

Benchmarks
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= Queue Compiler
—Completed
—Compiles any program
—+10 papers published

= Virtual Machine
—Completed
—Works quite well with queue compiler generated code

» Hardware
—No cycle-accurate simulator, unfortunately

—FPGA implementations work but only with toy benchmarks
—+5 papers published

= Only 2 active researchers working on queue machines in the world
—Arquimedes Canedo, IBM Research - Tokyo
—Prof. Ben Abderazek, University of Aizu
—*Prof. Masahiro Sowa, University of Electro-Communications.
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» Hardware (Priority)
—Explore the hardware aspects of queue machines
—Develop a robust cycle-accurate simulator
—If it looks promising...
—Find an application and develop the queue processor
—As building blocks for many-core architectures
—Explore streaming capabilities (Signal processor)

= Compiler
—QOptimize for a generic architecture, then generate queue code

—Fine tune the instruction scheduling decisions.
—Queue register allocation

= Software
—As a virtual machine
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Very attractive for embedded applications

o MIPS W MIPSI6 ARM [ ARM/Thumb [ Pentium [l PQP

||o ~12% ~13%

LR LLLRLL \1
FETEYRTRER LR IR IR

Denser binaries than embedded RISC and CISC
CCHHTHTAT AT NI NI I NI

H263 MPEG2  FFT Susan Rijndael  Sha  Blowfish Dijkstra Patricia Adpcm
Embedded Benchmarks

Code Size
+

* Size of the text segment.
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Very attractive for parallel processmg

' 8-way Universal Machine B Queue Core
45
.5
3.0
o
=
1.5
0 [ Optimizing Register Compiler -O0

. . . I Optimizing Register Compiler -O3
099.go 124.m88ksim 126.gcc 129.compress 130.i 132ijpeg |34.perl 147vortex B Queue Compiler -O0

SPEC CINT95 Applications I Queue Compiler -O3

[

Instruction Level Parallelism

k7 k8 k18 k23
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Thank you
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