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Programmable Solutions: 1985-2002

A Technology scaling favors programmability

FPGAS
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Single Cores Arrays
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Programmable and Sequential
A Single core microprocessor

A Reaching the limit
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Sequential
Program Large, Power Hungry hardware is necessary for the

comforts of sequential programming models
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Programmable Solutions: 2002-20XX

A Technology scaling favors programmability and
parallelism

DSPs Multi-Cores

Single Cores Multi-Cores Klﬂoargecalralned FineGrained
CoarseGrained assively Massively
CPUs and Dsps  Parallel Parallel
Processor Arrays
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Programmable and Parallel

A Exploit parallelism on a chip
- Takeadvantage of Mooreobds | aw
- Processors not getting faster, just wider
- Keep the power consumption down
A Use more transistors for information processing

A Programmers required to code in an explicitly parallel fashion
/4 /4 \
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Multicore Devices

Cavium NetLogic Freescale
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The Role of FPGAs| FPGAO0]2011

Role of FPGA + (GPU+CPU) ? b
nvibDia
 Sensors [

SPI4, XAUL, etc.* FPGA

Wreleesbasebavd‘—'

® pci Express is the system connection for GPUs and CPUs

® PCle Gen 3 has latency optimizations for accelerators

® FPGA as sensor or comm front-end: 1000 programmable pins
® Medical ultrasound: 64-256 12-16-bit ADCs @ 50-100 MHz: 400 Gb/s
® rPGA integer beamforming front-end feeds GPU compute software

® FPGA as accelerator- App-specific datatypes, fine iregular control

® Get good at low latency with PCle Gen3

A FPGA Flexible 10 used to bring data into GPUs /
CPUs for algorithmic processing
Source: http://www.eecg.toronto.edu/~jayar/fpgall/FPGA2011PreConfWorkshop.htm
[NBERA,
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MOTIVATING CASE STUDY
FINITE IMPULSE RESPONSE (FIR) FILTER

TERA
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FIR Filter Example =
y(n) =Y  h()x(n-1i
i=0

v

TAPS (N=7)



Clock Cycles

Custom Multithreaded Pipeline

Thread 0O A Throughput of 1
thread per cycle
IS possible using
0] = é_ h()X(O- 1) a direct HW |
Implementation
V1] = a h(i)x@-i) A FPGA offers
_ custom pipeline
M2 =a hih)x(2-1)  Harallelism
i3l =4 h(i)x@3-i) Which can be
i perfectly tailored
yi4] =<'3i'1 h()X(4-1)  to the FIR filter




Absolute Performance Comparison (FIR)
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Performance-to-Power Ratio (FIR)
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FPGAs for Computation

A Although the FIR filter is a simple example, it is

representative of a large class of applications

- Large amounts of spatial locality
- Computation can be expressed as a feed forward pipeline

A The fine grained parallelism of the FPGA can be
used to create custom np
orders of magnitude more efficient than CPUs or
GPUs
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Future Forecast

Incorporation or impact of new technologies on
HPC in next two years

Users Said (N = 25)

Vendors Said (N = 30-33)

(1 =very unlikely; 5 = very likely

e
Component 1 2 3 4 5 |Avg. [ 1 2 3 4 Avg. |
GPU based acceleration 8%| 16%| 4%]| 32%| 40%]| 3.80 0%| 6%| 9%| 28%| 59%| 4.34
FPGU based acceleration 32%| 16%| 32%| 16%| 4%| 244 | 13%| 37%| 20%| 20%)| 189%f—wit
Solid State Disks 4%| 20%| 28%| 32%|[ 16%| 3.36 3%| 3% 31%| 31%| 31%| 3.84
New processor architectures 8%| 12%| 16%| 36%| 28%| 3.64 3%| 16%| 22%| 34%| 25%| 3.63
New programming models 4%| 4%| 28%]| 48%| 16%| 3.68 6%| 13%| 25%| 31%| 25%]| 3.56
Optical interconnecttechnology 8%| 12%]| 28%| 40%| 12%| 3.36 6%| 18%]| 24%| 39%| 12%]| 3.33
Optical networking technology 4%| 24%| 20%| 44%| 8%| 3.28 6%| 26%| 26%]| 26%]| 16%]| 3.19
Optical processors 16%| 36%| 24%)| 16%| 8% 2.64 | 34%| 19%| 28%| 9S%| 9%| 2.41
Next generation networking technology 4%| 12%| 44%]| 20%| 20%| 3.40 6%| 9%| 27%| 42%| 15%]| 3.52
Cloud computing 20%| 12%)| 28%| 24%| 16%| 3.04 0% 19%]| 19%]| 47%| 16%]| 3.59

Source: Intersect360 Research Report, 2010

A Vendors see GPU acceleration as having a
dramatic impact on HPC in the next two years

A FPGAs could not even be spelled correctly
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Why not FPGAs?

A David Mayhew, AMD fellow [IMA: High
Performance Computing and Emerging

Architectures]

- PAvailability of cost-effective, massively-parallel, floating-point and
scalar accelerators crucial to many HPC workloads
| apologize profusely to the FPGAs crowd who believe that FPGAs
are going to somehow become relevant in this space, but | believe
that it is GPUs or nothing (nothing meaning that general-purpose
processors do everything).

FPGAs have been 3 years away from being standard system
components for the last 10 years and will be for the next 10 years

Die-stacking may affect this bit of cynicism/pessimism

- Alayer of FPGA in a standard, vertical processor/memory stack
may make FPGAs inexpensive enough and generally useful
enough to achieve general system integrationo

Source: http://www.ima.umn.edu/2010-2011/W1.10-14.11/activities/Mayhew-David/Minn-Jan-11%5B2%5D.pptx
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THE COMPETITION



CPUs & GPUs

OpenCL/CUDA Application Code

( )
void coarse_grained_3{erijal (é
b \
void parallel_kernel(float e )
{
U J
void main( ){
;:;;atrallel_function<<...>>(..);
serial_function(..);
} Heavy parallel workload on

Serial
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GPU Power Consumption

A High-end GPU cards may exceed 250W power
requirements
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Datacenter Applications

A A facility used to house a large farm of servers and
associated components

- Connectivity, storage and cooling

A FPGAs & GPUs can only reasonably address a specific
class of datacenters:

- High Performance Technical Computing (HPTC)
. Scientific or Engineering Computations

- High Performance Business Computing (HPBC)
. Financial Calculations, Analytics

- Almost 20% of the entire server market
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Power & Cooling

A Power and cooling has become a top concern

among HPC data centers
Energy prices have been hovering at near historic levels

Processor based design has increasingly come up against the
power wall

. More challenging to obtain higher single-core performance while
maintaining reasonable power

- Companies are increasingly sensitive about reducing their carbon
footprint

. The AGreen Movement o

Source: IDC, 2010
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Power & Cooling (2)

A HPC data centerso aver ac(

- Available floor space over 26,000 ft
Used floor space about 17,000 ft
- Annual power consumption 6.3 MW

A Data centers costs

- Annual power cost was $2.9 million or $456 per KW

- Ten sites provided the percentage of their budget spent on power
. Average was 23%

A Cooling Upgrades

., Average amount budgeted is $6.87 million

Source: IDC, 2010
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Power & Cooling (3)

A GPUs have massive power requirements

A Power and Cooling are one of the key datacenter
drivers

A GPUs are seen as having a bright future in HPC
servers

Alt doesnot add up
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CHALLENGES
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HPC GAPs

SATISFACTION GAP Users Said Vendors Said
(Satisfaction score - Importance score) x 100 Sat. Imp. GAP Sat. Imp. GAP
Processor core performance 3.75 419 -44 3.84 424 -40
Overall processor performance 3.79 4.54 -75 3.77 4.61 -84
Number of Processors pernode 3.63 3.85 -22 3.97 3.91 6
Memory capacity (configurable memory pernode) 3.58 4.04 -46 3.87 412 -25
Memory performance (latency and/or bandwidth) 3.17 4.58 -141 3.26 4.45 -119
Cluster interconnectbandwidth 3.71 4.23 -52 3.53 4.21 -68
Cluster interconnectlatency 3.42 4.35 -93 3.56 4.56 -100
LAN networking bandwidth 3.65 3.27 38 3.63 3.09 54
LAN networking latency 3.65 3.00 65 3.59 3.03 56
Storage system capacity 3.58 3.73 -15 3.65 3.42 23
Storage system managementsoftware 3.00 3.16 -16 3.17 3.15 2
Parallel programming models 2.71 4.04 -133 2.94 4.30 -136
Parallel programming tools/environment 2.75 419 -144 2.87 4.03 -116
Average: 3.41 3.94 -52 3.51 3.93 -42
Source: Intersect360 Research Report, 2010

A Programming Models & Memory Performance
highlighted as the largest GAPs
© 2012 Altera Corporationd FPL 2012 Keynote Am—m ®




Software Programmer 0S

A Programmers are used to software-like environments

-l deas can easily be expressed in
. Typically start with simple sequential program

. Use parallel APIs / language extensions to exploit multi core for
additional performance.

- Compilation times are almost instantaneous
- Immediate feedback and rich debugging tools

© 2012 Altera Corporationd FPL 2012 Keynote Am ®
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FPGA Hardware Design

State Machines Datapaths

125 250

Bridge
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SOC Interconnect




Design Entry Complexity

A Description of these circuits is done through
Hardware Design Languages such as VHDL or
Verilog

A Incredibly detailed design must be done before a

first working version is possible

- Cycle by cycle behavior must be specified for every register in the
design
- The complete flexibility of the FPGA means that the designer
needs to specify all aspects of the hardware circuit
., Buffering, Arbitration, IP Core interfacing, etc

© 2012 Altera Corporationd FPL 2012 Keynote Am ®
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FPGA CAD / Compilation is Complex

Routing

Synthesis

w-r Clustering |
4 - F

-
[
-
N %
Technology

Mapping Lt -
A Sophisticated optimization algorithms are used in
each step and lead to significantly longer runtimes
than a software compile ( hours vs. minutes )
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Timing Closure Problems

A Designers will often have to go through numerous

iterations to meet timing requirements

HDL

Design
Change

Synthesis,
- TIMING e

CLOSURE
Timing Not Met\ CYCLE /

- Cluster

Timing
Analysis Place,
: Route
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Design Scalability

A Using RTL design entry, there is significant work in

porting applications from generation to generation of

FPGA technology

A ldeally a 2x improvement
In logic capacity should
translate into 2x
performance

A In addition to doubling the
datapath, control logic and
SOC interconnect need to
change as well
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Portability

A What happens when a designer wants to try their

algorithm on another platform?
- Would it be better on a CPU, GPU or DSP processor?

P N

~

VHDL
Verilog
P
Interconnect

N
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Fundamental challenges

A Implementing an algorithm on an FPGA is done

by designing hardware
- Difficult to design, verify and code for scalable performance

A Generally, software programmers will have
difficulty using FPGAs as massive multi-core
devices to accelerate parallel applications

A Need a programming model that allows the
designer to think about the FPGA as a
configurable multi-core device

© 2012 Altera Corporationd FPL 2012 Keynote Am ®
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An 1 deal programmi ng €

A Has the following characteristics:

Based on a standard multicore programming model rather than
something which is FPGA-specific

- Abstracts away the underlying details of the hardware

. VHDL/Verilogar e similar to Aassembly I :

- Useful in rare circumstances where the highest possible efficiency is
needed

- The price of abstraction is not too high

St need to efficiently use the
throughput / low area

- Allows for software-like compilation & debug cycles
., Faster compile times
., Profiling & user feedback

© 2012 Altera Corporationd FPL 2012 Keynote Am ®
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OPENCL : THE ANSWER ?
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The BIG Idea behind OpenCL

V4

AOpenCL execution model &
- Define N-dimensional computation domain
- Execute a kernel at each point in computation domain

Traditional loops Data Parallel OpenCL
void kernel  void
trad_mul (intn, dp_mul (global const float *a,
const float *a, global  const float *b,
const float *b, global float *c)
float *c) {
{ intid = get_global_id (0);
inti;
for (i=0; i<n; i++) c[id] = a[id] * b[id];
c[i] = afi] * b[il;
} } // execute over-iteh® 0 wor k

Parallelism is Explicit

© 2012 Altera Corporationd FPL 2012 Keynote



OpenCL Programming Model

A Typical challenges:

- Global/local memory bandwidth
- Limited floating point cores

main() {
read data ( A 4 K
maninpulate ( A );
clEnqueueWriteBuffer 5 A
clEnqueueNDRangdA + OO +
clEnqueueReadBuffer 5 A;
display result ( A &K

Accelerator

- Thread occupancy

© 2012 Altera Corporationd FPL 2012 Keynote
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kernel void

sum(__global float *a,

{

}

__global float *b,
__global float *y)

int gid = get _global id (0);
ylgid] = a[gid]+ b[gid];




OpenCL Host Program
APure software written

A Communicates with the Accelerator Device via a
set of library routines which abstract the
communication between the host processor and

the kernels

Copy data from
Host to FPGA

Ask the FPGA
torun a
particular kernel

Copy data from
FPGA to Host

© 2012 Altera Corporationd FPL 2012 Keynote
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main()

{

read data from file 5 A &K
maninpulate data 5 A & K

clEnqueueWriteBuffer 5 A & K
clEnqueueTasks A tmy kernelt A & K
clEnqueueReadBuffer 5 A & K

display result_to_user 5 A LK

n



OpenCL Kernels
A Data-parallel function

- Defines many parallel threads
of execution

- Each thread has an identifier
speci f gee dlobhlyidof
- Contains keyword extensions

to specify parallelism and
memory hierarchy

A Executed by compute

ObJeCt float *a =
- CPU float *b =
. GPU oatb =

- Accelerator

float *answer =

© 2012 Altera Corporationd FPL 2012 Keynote

__kernel void

sum(__global const float *a,
__global const float *b,
__global float *answer)

{

int xid = get global id (0);

answer[ xid]=a[ xid]+Db[ xid];

}

__kernel O1 EA OOI s

VAN AR Y A Y A Y A 4

A



Mapping OpenCL Programs

OpenCL
Host Program + Kernels

¥

[ ACL } {Standard
C Compiler

J

Coridler

SOF /' X86 binary
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FPGA OpenCL Architecture

FPGA

x86 /
External
Processor

Extremely high internal memory bandwidth

Kernel
Pipeline &

Pipeline =

Kernel
Pipeline

Modest external memory banawidth

Highly customizable compute cores
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Compiling OpenCL to FPGAs

Host Program

__kernel void

sum(_global constfloat *a, I SEEmEeee S O s
__global const float *b,

__global float *answer) = i
L _ Load || Load || Load || Load || Load || Load
int xid = get global id (0); i

answer[ xid J[=a] xid]+b[ xid ];

}

iLnt xid = get _global_id (0);
answer[ xid ]=a] xid ]+ b[ xid ];

}

[
A B\ A\ /

‘

1

!

‘ Load Load Load Load Load Load A—

st W= NI s===cNI.

I
1
I
I

1 e o o o o L o o

FINEEEEEEET S

T S S
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Mapping Multithreaded Kernels to FPGAS

A The most simple way of mapping kernel functions
to FPGAs is to replicate hardware for each
thread

- Inefficient and wasteful

A Better method involves taking advantage of

pipeline parallelism

- Attempt to create a deeply pipelined representation of a kernel

- On each clock cycle, we attempt to send in input data for a new
thread

- Method of mapping coarse grained thread parallelism to fine-
grained FPGA parallelism

© 2012 Altera Corporationd FPL 2012 Keynote Am ®
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Example Pipeline for Vector Add

8 threads for vector add example

7 o 1 2 3 4 5 6 7
B
Load Load T
ﬁ Thread IDs
i A On each cycle the portions of the
pipeline are processing different
threads
Store A While thread 2 is being loaded,
thread 1 is being added, and

thread O is being stored
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Example Pipeline for Vector Add

8 threads for vector add example

7 1 2 3 4 5 6 7
- _J o b )
Load Load T
Thread IDs

i A On each cycle the portions of the
pipeline are processing different
threads

Store A While thread 2 is being loaded,

thread 1 is being added, and

thread O is being stored
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Example Pipeline for Vector Add

8 threads for vector add example

7 2 3 4 5 6 7
S T
Load | ‘ Load T
@ 0 Thread IDs
i A On each cycle the portions of the
pipeline are processing different
threads
Store A While thread 2 is being loaded,
thread 1 is being added, and

thread O is being stored
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Example Pipeline for Vector Add

8 threads for vector add example

v 3 4 5 6 7
o PR

Load | ‘ Load T

@ 1 Thread IDs
\1 / A On each cycle the portions of the
pipeline are processing different
threads
Store A While thread 2 is being loaded,

thread 1 is being added, and
thread O is being stored

4 O [+
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Example Pipeline for Vector Add

8 threads for vector add example

v 4 56 7
.} 3 b )

Load | ‘ Load T

@ 5 Thread IDs
\i i/ A On each cycle the portions of the
1 pipeline are processing different
threads
Store A While thread 2 is being loaded,

—— 0 — thread 1 is being added, and
thread O is being stored

TERA
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ALTERA OPENCL SYSTEM
ARCHITECTURE
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OpenCL System Architecture

B R R R N
| External Interface ‘I
I
I
I | FPGA I
I
x86 / I ) :
External :DU I
Processor l b
: I
\\ y
Glowar Meniory literconnect --

Kernel Kernel
Pipeline Pipeline Pipeline

AR hl!! Axan

\ ‘ Local Memory Interconnect ‘ ‘
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External Interface : High Level

v ¥

o s
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OpenCL System Architecture

x86 /
External
Processor

+»ddd

7/

Kernel Kernel
Pipeline Pipeline Pipeline

A hlnn AR

\ ‘ Local Memory Interconnect ‘ ‘

Kernel System

-

e - o e o e o o e o o -
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