Extracting Parallelism for
MPSoC'’s

David Andrews
Computer Engineering Group
University of Paderborn

dandrews@ittc.ku.edu

'L(‘ UNIVERSITAT PADERBORN

Die Universitiit der Informationsgesellschaft



Heterogeneity
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System Architecture

m Most Common Organization of Multiprocessors:

¢ GP CPU: Controller

+ Special Purpose Processors: Slaves

m Overall Application Partitioning Part of Larger Picture
+ Assume MPSoC Is One Application Program

e Application Broken into Threads and Tasks

e RTOS For Providing Services Inter-Processor
» We’'ll Talk About This Level of Abstraction Later

m Assume A Task Per Processor

— | Slave 1

CPU
Master

=

Slave 2




Parallelism and Speedups

m Extensible Processors Allow Exploitation of Parallelism

m Where Does Parallelism Come From ?
¢ Remember Amdahls Law
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Parallelism Granularity

Hockney & Jessope Gottlieb
Job Level Procedures and functions
Between jobs
Between phases of jobs /O

Program Level

Overlap Disk, DMA
-Between parts of program

-Within loops Loops _
Instruction Level Unrolling
_Between phases of Conditional Statements
instruction execution Both Sides
-VLIW Basic Blocks
Arithmetic/Bit level Parallel Blocks

-Between elements of a
-Vector operation

-Within ALU circuits

Circuit Levels
Arithmetic/Bit Level




Tensilica Extensible Core Provides:

m Fusion

+ |dentifies Instructions that can be combined
Add R1,R2,R3
Sl R1, R1, ##4

Create: Add_sll R1, R2, R3, #4 /* 1 clock cycle instruction
= Vector/SIMD

+ Best Bet for Parallelization Using this Method

e Attacks Loops: Unroll and Create New Wider Register File + ALU’s of
Depth 2, 4, 8

m VLIW: Called “Flix” (Flexible Length Instruction Xtensions)

¢ 32 or 64 bit VLIW Instruction:
e Can be multicycle



Big Win Areas

= Amdahls Law
+ Look For Where Program Spends Most Time
e Straight Line Code Not Particularly Ideal
e Look For Loops
m Classic Compiler Optimizations All Come Into Play
+ Code Migration
+ Loop Fusion

+ Loop Unrolling:
e Create Parallel Instantitions of the Loop Body
e Repackage As SIMD/Array Processing Operations



(Imperative) Language Level Representations

Two Approaches to Getting Parallelism Out of a Single Thread

1) Automatic Extraction

- Compiler. Easy for programmer, but doesn't work well

e -parallelism is generally within loops
— o  superscalar’s do this automatically
— o out of order execution, completion taps instruction level parallelism
- o Studies show approximately 2-3 instructions can be executed in parallel

2) User Directed

-Parallel extensions to imperative languages

o - low level (parbegin/parend)
o - SIMD/Systolic approaches

Tensilica Starts With Automatic Extraction, and Allows Users to Craft
New Instructions for Extensions



Tensilica Automatic Processor Generation

Compile &
Compile Designer selects Run Xte run original,
Original  Run XPRES “best” Procescor  unmodified C
C/C++ Code Compiler configuration Generator code
int mainif int maini}
{Ilt i: {III: i
mkzs® c [LEN): mhert o 19K] :

for [d=0:8-E F:Re=]
i

for {3=8:;1i-MFfF-1==}
]

Build

“;:Hl.':LTI:I :I' _ processor,
extensions -y ' .mmngﬂﬂ_
e = . ete,
SIMDMvector | B Bulid chip,
operations, ETE system

operator fusion

and paralle| |
execution  Option: manually refine

configuration



Automatic Instruction Set Extensions
(Next Set from P. lenne’s Slides)

Instruction Set Extensions

e A"“safe” technique for customization

Microprocassor

e Available in man{rcnmmercial rocessors (from
MIPS, STM, IFX, Tensilica, ARC, Xilinx, Altera,...)
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Creation of Co-Processor Instruction

Instruction Set Extensions (ISEs)

e Collapse a subset of the
Direct Acyclic Graph
|_ . nodes into a single
Application-Specific
I Functional Unit (AFU)
+ Exploit cheaply the
parallelism within the basic
block
* Simplify operations with
constant operands
* Optimise sequences of

instructions (logic,
arithmetic, etc.)

» Exploit limited precision
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Tool Focus

Many Related Problems

Automatic
Identification of
Instruction-5et

Extensions

Yo Yl N

Atie, Poza, [enne [DAC J003,
BRA, ard TCAD Z006)
Bosaas, Poezi, [enne, Do, et al
{OATE 2005 and TYLED)

Inclusion of
Architecturally
Wisible Registers
and Memory

Bigvages, Pozs, benre, Dol
bl (DAL J00E)
Blrmzs, Poxd, Iemine, Dust,
et al. [DATE 2006, BRFA
Barminee, and TCAD)

Symbolic Algebra

for Instruction Salection

Perpmaradoust, Poes, [Enme, snd
D Mol (ASAF 2003

drithmetic
DOptimisations

Werma and lenne
JICCALD 20{H |

Pipelining to Ralax Port Constraints

Sagw 2
H
ST |

Poaxl and lenne (CASES 2005)
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Data Flow Analysis

m Represent Program As Data Flow Graph
The Basic Problem

e Goal: Find subgraphs

¢ having a user
defined maximum

number of inputs
and outputs,

e including
disconnected
components, and

¢ that maximize the
overall speedup
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Keeping Data Local

Bringing Data Closer to the Consumer

Main
Memary

1 ]

&
(]
=
m

1

[. Register File .]

(1
L]

Arasu et al, (DAC 2003), Sark et al, {MICRO 2003),
Bisaas at al. (DATE 2005, atc

Main Steinke et al, (DATE
2002, Benini ek al.
M Emﬂw (DT 2000, ebc.

)Scratch pad
I

1 ]

W Register File .|

Storage
||:Iinm:l:l1g|r
inside

the ISE!

l —

l
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Fast Transfer Between Memory/AFU

Adding Local Memory to ISEs

¢ Include selected LD /ST operations in subgraphs for instruction
set-extensions

# Decide which pieces of data are best stored locally in the AFU

# Preload/unload the AFU memories with DMA transfers placed in
the most economical spots in the Control Flow Graph

Hw mLm belae loop
HW SW I
—©
@p._
Reg ._@._ Main i
e @ — File | |Memory
—(st—
—&— t
MA Read after loop
AFU Rest of the processor AFU Rest of the processor



Balancing I/O

Not Enough RF Ports?

Fagaws Fia

...and one wants to add
delay registers to
transfer sequentially

more values than the
register file can in a cycle

One wants to add
pipeline registers to
the application-specific

functional unit...

Doing both at once
minimizes the cost
(cycles and registers)
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Loop Optimizations

= DEFACTO

+ Design Environment for Adaptive Computing Technology
m Automated Approach For Co-Processors in FPGA's

1 Xhits

To OH-Baonrd
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Loop Optimizations

= Data Reuse Analysis and Transforms

+ Reuse Analysis: Tells us How Data Is Reused Between Loop Iterations
e Input Dependencies: Re-use Data Input from Memory
e True Dependencies: Re-use a Computed Value
e Output Dependencies: Update Same Memory Location Several Times

+ Reuse Transforms
e Scalar Replacement: Creates On Chip Register for Temp Storage
e Tapped Delay Lines: Shift Register Structures for Regular Accesses

= Loop Unrolling
+ Expose Parallelism Within Loop Body

= Tiling
+ Within Nested Loops, Can Create Spatial “Blocks” That Can Be Unrolled

18



Create Local Registers

int thlsd] [ed] :
char mask[4] [4] ;
char image [63] [£2];
for (m=0; meél; mse+] |
forin=0; n<ed; ne+)|
sum = D
for{i=b; id; i44+]]
for(j=0; jcd; je+l
if jmasgk [1] [j] != D]
_ sum += image [mei] [ne]];
]

th[m] [n] = sum:

T
(**00 0 mask[i][j]
A

—

{a) Source Code & Heuse Graph

forim = 0; m = E0; mes) |
for{n = 0; n < &0; n+s}

Sum = [:
for(i = 0; i = d4; isa)|
for(j = a; 3§ = 4; jesd |
iF M == 0 LE 0 == O]
mask 0 = mask[i] [7]:
if [(mask 0 != 0]

sum += image [m+i] [n+3] :

rotate register{mask 4,

mask 1, mask 2,mask =,

mask 4,mask &5,mask &,

mask T,mask H, mask 9,

mask 10, mask 11,mask 13,
_ mask 12 ,mask 14 ,mask 1%5];
]

thim] [n] = =um;

k ibi Scalar Replacement
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Loop Unrolling

= Inner Loop Body “Expanded”

forim=0;: m<al;

for (n=0: n«<ab; el %

Sum = D
forii=0;

forfj=

ied: dia+] [
L jr.-]_: :| b= 2

if imask([i] [j] != O0)sum += image [m+i] [n+j];

if
I

thm] [n]

ymask([1] [§+1] != 0] sum 4= image [m+i] [m+J+1] ;

= SLIMm;

ic) Loop Unrolling
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Tiling

m Can Be Used to Create Coarse Grained Processing Tiles

for [ = d; m = &80 ne+) 1

sum = 0;

for (i tile = 0; 1 tile = 2: i tiless] i
if (m == 0 E&E N == 0O} §
mask 0 0 = mask[2*i tile] [0]: mask 1 0 = mask[2+*1 tile=] [1]:
mask 2 0 = mask[2+*i tile] [2]; mask 2 0 = mask[2+i tile] [3];
mask 4 0 = mask[2%*i tiles¢l] [0];: mask 5 0 = mask[2*1i £ile+1] [1]
mask & 0 = mask[2+i tiles+1] [2]; mask 7 0 = mask|[2+*1 tile+l] [2
F
if (mask 0 0 !'= D} sum += image[m+2*i tile] [n];
if (magk 1 0 !'= O} sum += image[ms2*i tile] [n+l]
if (mask 2 0 !'= D} sum += image[m+z+i tile] [n+2] ;
if (magk 3 0 !'= O} sum = image[m+E*i tile] [ne3];
if (mask 4 0 != D} sum += image[m+E*i tilesl] [n];
if (magk 5 0 !'= O} sum += image[m+2*i tilesl] [R4l]
if (mask 6 0 != D} sum += image[m+2*i tile+l] [m+2] ;
if (magk 7 0 !'= O} sum += image[m+2*i tilesl] [R43]
swap regimask 0 0, mask 0 1}; swap regimask 1 0, mashk 1 1}
swap re sk 2 0, mask 2 1}; swap re sk 3 0, mask 3 1}
swap regimask 4 0, mask 4 1}; swap regimask 5 0, mask 5 1}
swap regimask & D, mask 6 1}; swap regimask 7 0, mask 7 1}

Ehiml [n] = sum; idj Tiling
[ Figure 3. ATE Kernel



GARP

= Re-Programmable Application Specific Functional Unit (ASFU)
+ Allows “different” Custom Instructions
+ Uses Reconfigurable Array
+ Exploits Loop Bodies For Highest Return

i iamckard recimbipunabs
BT H WITETY
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GARP

m Based on Single Issue MIPS Core

+ Reconfigurable Array For Exploiting Loop Level Parallelism

e Few Cycles From Registers to Array

e Direct Connection To Memory (Most Loops Operate on Memory Structures)

e Array Rapidly Reconfigurable By Having Multiple Planes
+ Based on Unaltered C Code For Compatibility

------------

Figure 1.1: The Carmp chip.
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Compiler Flow

» |dentify loops and map into hardware
+ Accelerate From Custom Loop Bodi~=
+ Cannot “unroll” loops due to size

sOUrce
| code
T
Oz -
procedure inlining HIGH
i SUIF
dependence analysis
pointer analysis -
oplimize L -
dismuantle |
Lo One DFG file
oplimize L .
[ SUIF ] per extracted loop
HWSSA |
: - - - - "
profiling . 1
] I T
slrichire I l
T kernel

! : DFG

wiverl )
ol GaMa
o
GA
palch g

file

catoconfig
I =
MIPS/ Garp : :
\ configuration
geelink §
bitstrear

Figure 1.1: Garp Compiler Structure
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Identifying Hyperblocks

m Technique from VLIW Architectures for Multiple Paths

7
Ly
LN

i

h

LR

"
]

.

L] .
Y

II --.

&

Flg. 1. Hyperblock lormaton for VLIW compilation
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Predicating Conditionals within Hyberblock

if j(a=10) {
x = a4+l
¥ oelse {
x = d3

sum += X}

ial

pl = a=10)
branch (ply

# EN
x = a%ly x = 43

N #
sum += X

ihi

Sum
i1a 1
T il
= + d
L I |
x x
pl =
x —_—
+
!
sum

Aotk

Figure 1.2 Predicated, speculative execution.
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Loop Duplication for Hardware

m Creating Hardware Copies of a Block + Software Copy

i i
BHu BB
~
-
_ (i}
HH! wiraihi m
K Eil |'|'I|'|:|' |
™, - j
-
i HYW capy af lesogp

Fipure 34: Loop Duplication




Reference Counts

i

N
awilih
T
]
EBa | 1)
¥ O :
0| BHL Bisc | m a0 m
LR W
EBd | 20 HHEd' | &0
_ ¥ P
15 BHe BEf | m 2 m
13 &1 T
N -
EBRg | 2 I!I!H 72
=, 1Tt i t ) ’ N2
oz 72
L

EBh ||

(b)

Figure 3.5: Profiling count adjustment. (a) original loop and profiling data, (b} adjusted hardware
counts, and corresponding software tail execution counts.
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Eliminating Operations From Hyberblocks

L |
ADD
]
r &
B co
O O
%
D
T

w1 T
ABD 5
O O %
OO ]
]
| I
.':.
TF

Figure 1.3: Hyperblock: exposing operation parallelhizm while excluding uncommaon paths. When
used by garpeoc, only the hyvperblock ABD 15 executed using reconfigurable hardware while other
code 15 executed in software. Basic block D must be duplicated as IV since a hyperblock cannot be

re-entered.
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Reasons for Elimination

m Hardware Infeasible Loops

+ Subroutine Calls
e Stack Operations and Control Flow

+ Floating Point Arithmetic
e FP Circuits Bigger Than Garp

+ Operations On 64 bit Data Values
e Again too large

+ Generalized Division or Remainders (Powers of 2 can shift)
e Again too large

+ Compiler Built in Functions
e Can’t form circuits

= Inner Loops
+ Treated As A Main Loop And Start Over
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Simulated Speedups

m Published In 1997 Paper

167 MHz | 133 MHx
Benchmark SPARC Cramp raiso
DIES encrvpiof 1 MB A6 s .15 s 24
Dither of 640 = 480 image 160 ms T ms 9.4
Sort of 1 milbon records | dd = 67 = 21

Figure 14: Benchmark resulis. The times for Garp ane obtained

from program smmulation.
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Candidate Loops

Table 1, Exeenvien ume breakdewn in eveles, Caregorios explaiaed in 1em,

Single Exit Mulil exit| Hyperblock| Ualruisful  Quher  Total

Tesi case Loops Liovoys Loops Loops |
EElp S30LA%  SEELTS 145449 1M2LY| 309459 1603443
' ponrce A% W% §.0% A% L1 Lod 0%
gEip GOl L&Y ah2 164 U534 1VOVAL| 439624 2LoQ290
Eanglish rex1 25.4% 3159 L0.4% §.6%| 209%  Lo.a%
cpp| 2940104 Z1ME9ED ALEEI2T LIS BVELOT 14623250
izput 1 20.2% 14.5% 5T.6% 1.5% lf-.III‘.%| Lo0.a%
cpp|  LO%I0TE  A40LE 2ITO589  DEIALL|L4GETEF 894146
lzpus 2| 5%  L33% 3T.0% 4.5%| 244% Lood%
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Final Performance Comparisons
Callahan’s Thesis

Speedup | Speedup T HW % HW | # Kernels # Kernel

Benchmark | va GUC | vs, SUIF | Compute | Orverhead Exccutions
go a2z .54 FA4% 13 06% 6 254491

mEdksim 1.05 LO6 | 18.15% 1.32% L3 132x2]

goc (.30 .95 {1 21T 147 112796

COMpPress LA o4 | 1753% TAR 3 34763

li 1.5 141 (0] % (0005 3 LES

ijpeg 1.03 L O G A5 1300 42 3136401

perl a2 141 535% 0.18% b LS55

wortex (r5a 095 (165 0.17% al [
wavelet-image 2640 2.al G TA% 14 43% 11 HE92
mpegtdecode 87 104 025 (. EREE L® 12HaR
pezwit 104 107 4.655% 0.945% 1] 46498

LEip 114 1.51 JLETR ARG 15 AN

Cpp 1.14 .25 TO5% EXI 23 41128

Table 9.2: Benchmark execution on Garp.




Effect of Cache Depth Under Array

Miss rate percentage
Benchmark l | 2| 4 | 5| 16| 64| 128 | perfect

go | GOCTZE | AHAE | 19076 | 7457 | 2957 | 0020 | 0008 | 0018

mEBksim | 34T | 4002 | Ul | Q000 | Ouie | 0000 | ua | Q10

goc | FTR63 | 17262 | 4431 | LA03 | 13001 | uAid | 01300 | O.130

compress | 0002 | 0UR] CL ] | O | O | Ol | el (00

| 2703 | 622 1622 | 1622 | 1622 | 1.622 | 1.622 1 622

Ipeg | 2433 [ O T T Y R R B D

perl | GO.7E4 L3379 | 0.159 | 0050 | 0150 [ U050 | 00150 | OU150

vortex | 29979 | TTRE | OU65R | (LIHE | OC1RH [ OUDRE | OU1EH | O.188

wavelet-image | 200434 | 0247 | 00135 | 00124 | 00124 | 0024 | 00124 | 00124

mpegldecode | 165362 | 3623 .04 [ 0023 | 4 | 0014 | 0014 | 0014

pegwit | 2940 | ZT203 | 9353 | 0047 [ 0047 | 0047 | 0047 [ 0047

gup | 7208% | 24268 | 0063 | 0053 | 00053 | 00535 | 0033 | 0053
cpp | 42.68% [ 29911 | 12082 | 3351 | 0246 | 0083 | 0085 | 0035

Table 9.3: Configuration miss rate percentages for different configuration cache sizes



Assuming Effectively Infinite Cache

speedup | Specdup Yo HW % HW | # Kemels # Kernel

Benchmark | vs. nommal | vs. SUIF | Compute | Overhead Exacutions
2 .14 10,1y 613 5.45 il 525441

mEsksim |k 1 . 1815 1.52 15 152221

goo 1401 1. 211 1.25 147 [ 1270

COMPress |k 1.1 17.53 748 5 B4 763

li |k 1.1H ] {11 3 185

peg | | LY 41 3246 42 333641

perl |k 1.1H {155 018 H 1A%

voriex | Lk LIRS 016 .14 20 IER)
wavelet-image A 2.8 G674 14.43 11 HEU2
mpeg2decode | Lk 1.1 B2 .74 13 | 259k
pegwit 1101 1. 4467 .43 11 FisdE

arip Lo 1.51 ELE ) 938 15 10

Cpp R 1.31 B A7 .25 35 41128

Table 9.5: Benchmark execution on Garp with 128-level (effectively infinite) configuration cache.



Breakdown of Execution Time in Kernel

hw | straight | outer | excluded | swloop | library | os-kernel

oo T RE A035 | 0.20 1.1z 5103 s b0z

misksim 3071 51.24 | Ol 1052 1447 124 .30

oo | 642 A0l | 348 112 3R.59 504 .54

COHTIE 55 2827 2921 | K33 1h.0H1 Fin4 0.7 LR

i 002 A0G | 10T 1h.0H1 AR44 1.24 7

ypeg | 2079 Aas | D56 b8 1224 | 47 1430

perl | 235 2563 | 034 1h.0H1 1221 1463 4474

vortex {170 H4.98 | 0 10001 4 49 AT .24
wavelet-image | 9451 0ol | s 1.067 32 {1.196 .25
mpeg2decode | 13,60 2066 | 015 1h.0H1 f5.53 N2 Lhoid
pegwit | 471 47.5% | (L) 1h.0H1 5.57 .78 135

gEip | G704 BO6& | 438 1097 1761 (1.5 118

cpp | 3952 513 | 141 1.20 29 | 12495 1h.50)

Table %.6&: Breakdown of original software execution time by category.



For Loops that Could Not Be Accelerated

total | lowe-iter | low-total size  vmult | div-rem | float call | misc
an | 5203 1365 067 [ 101 1.3 003 [ 000 3286 [ 234
mikksim | 1447 5.4 D00 | 000 020 000 | o0 076 | 757
oce | 3859 4.39 067 | 067 079 134 | 000 2327 | 746
compress | 3394 {100 000 | 039 000 000 | 000 3355 | 000
| 5894 [ 120 000 | 620 000 000 | 000 | 1420 | 2644
ijpez | 72.24 1.02 001 | 3681 2408 006 | 000 985 | D46
perd | 12.2] .08 002 | 000 035 000 | 000 825 350
vortex | 449 .25 001 | 000 000 089 | 000 | 290 | 044
wavelet-image | 272 271 001 | 000 000 000 | 000 000 | oo
mpeg2decode | 65.53 0.75 000 | 1227 ] 2370 001 | 000 | 1.39 | 2740
pegwit | 557 022 nos | 338 000 OO | 000 188 | 000
grip | 17.61 .41 004 | 092 017 000 | 000 | 160 | 000
cpp | 39.29 1.75 Doz | 3181 Oa 000 | 000 0 503 [ 063

Table %.7: Percentage of execution time spent in loops that could not be accelerated using the array.



Instruction Level Parallelism Summary

m Automatic Parallelization Has Been Pursued Over 30 Years

m |ISE Generation Getting Better: Can Create Better Hardware
Support

m Performance Results Still Mixed

= Next, Look At Raising Level of Abstraction For to
Programming Model
+ How to Partition Tasks/Threads
+ Operating System Support
+ Automatic Generation Of Hw/Sw Interfaces
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