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Agenda

9:00 am Welcome 130 pm Lab 2 OpenCL Flow
9:15am Introduction to FPGAs 2%15 pm Introduction to DSP Builder
9:45 am FPGA Programming models: RTL 3:00 pm Introduction to Acceleration Stack

10:15 am FPGA Programming models: HES 4:00'pm Lab 3 Acceleration Stack

11:00 am Lab 1 HLS Flow 4:30 pm Curriculum & University Program
Coordination

11:45 am Lunch

12:30 pm FPGA Programming models: OpenCL

1:00 pm High Performance Data Flow Concepts
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The Problem: Flood of Data
BY 2020
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Typical HPC Workloads
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https://comp-physics-lincoln.org/2013/01/17/molecular-dynamics-simulations-of-amphiphilic-macromolecules-at-interfaces/
https://comp-physics-lincoln.org/2013/01/17/molecular-dynamics-simulations-of-amphiphilic-macromolecules-at-interfaces/

Fast Evolution of Technology

We now have the compute to solve these problems today in near real-time

]

Image: 50 MB / picture Transistor density doubles Advancesin neural
Audio: 5 MB / song every 18 months networks leading to better

e Cost / GB in 1995: $1000.00 accuracy in training models
Cost/GBin2015:$0.03




1989

Intel* 486™processor
ors: 1.2 million

1993

Intel* Pentium® processor
Transistors: 3.1 million
0.8 micron

1978

rs: 29,000

2000

Intel® Pentium® 4 processor
Transistors: 42 million
18 micron

1982

Intel* 286™ processor
Transistors: 134,000
1.5 micron

21 ]

1985

Intel* 386™ processor
Transistors: 275,000
1.5 microns

2006

Intel* Core™2 Duo processor
Transistors: 291 million
65nm

-
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2015

Intel* Xeon D
Transistors: 4.3 billion
14 nm

50+ Years of Moore’s Law

Computing has Changed...



The Urgency of Parallel Computing

If engineers keep building processors the
way we do now, CPUs will get even faster but
they’ll require so much power that they won't

be usable.

—Patrick Gelsinger,

former Intel Chief Technology Officer,
February 7,2001

Source: http://www.cnn.com/2001 /tech/ptech/02/07 /hot.chips.idg/



Implications to High Performance-Computing
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Challenges Scaling Systems to Higher Performance

CPU Intensive Memory Intensive 10 Intensive
Result: Slow Performance

i N i
Result: __t ot Result:

Excessive power '~ Slow

requirements Performance
Bottleneck Bottleneck

(high latency)
= g , 'S -

Need to think about Compute Offload as well as Ingress/Egress Processing




Diverse Application Demands

”"j' : Netwe Reservoir} wDynamic
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Storage
De-dupe

Dedicated :
Hosting : Networking

~- 1/0 INTENSIVE

Accelerators can increase Performance at lower TCO for targeted workloads

Intel estimates; bubble size is relative CPU intensity




The Intel Vision

Heterogeneous Systems:

* Span from CPU to GPU to FPGA to.dedicated devices with
consistent programmingmodels;languages, and tools




Heterogeneous Computing Systems

Modern systems contain more than one/Kind of processor

= Applications exhibit different behaviors:
— Control intensive (Searching;parsing, etc..)
— Data intensive (Image/processing, data mining, etc...)
— Compute intensive (Iterative methods, financial modeling, etc...)

» Gain performance,byusing specialized capabilities of different types
of processors




Separation of Concerns

Two groups of developers:

= Domain experts concerned with gettinga result
— Hostapplication developers leverage optimized libraries

* Tuning experts concerned with performance

— Typical FPGA developersthat create optimized libraries

Intel® Math Kernel Librarya simple example of raising the level of abstraction to
the math operations

= Domain experts focus on formulating their problems

» Tuning experts focus on vectorization and parallelization
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FPGA Enabled Performance and Agility
Workload Optimization: orkloa
ensure Xeon cgres serve their _.§

highest value processing

Efficient Performance: v Pj

improve performance/watt

------

------ .

[} Real-Time: high bandwidth ¢
connectivity and low-latency \ y H > H ‘.\
parallel processing 1 -
..... Milliseconds
Developer/Advantage: code r———— -
re-use across'intel FPGA data

centerproducts

. FPGAs enhance CPU-based processing by accelerating algorithms and minimizing bottlenecks



FPGAs Provide Flexibility to Contrel the Data path

Compute’Acceleration/Offload
= Workloadagnostic compute

= FRGAaaS

= Virtualization

Intel® Falco

Intel®
Xeon®

, Processor
Intel’ HyperFlex

ﬁ FPGA Architecture
(GH BANDWIDTH MEMORY.

Inline Data Flow Processing ‘l Storage Acceleration
= Machine learning Tl , = Machine learning
= Object detection and recognition —‘ ] = Cryptography
= Advanced driver assistance system (ADAS) _l AT 4° . Compression
* Gesturerecognition -_l : } = Indexing

= Face detection




FPGA Architecture Ogp sock

Field Programmable Gate Array (FPGA)

= Millions of logic elements

Memory Block
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Thousands of DSP blocks

Programmable interconnect

Stratix*10

18G2B0LN3F43E3V0S)

High speed transceivers

Used to create Custem Hardware!

Programmable
Routing Switch

Various built-in hardened IP SN BE |

Modules




FPGA Architecture: Basic Elements

Basic Element |

| a
—wid =

A

1-bit configurable 1-bit register
operation (store result)

Configuredto perform any
1-bit operation:
AND, OR, NOT, ADD, SUB




FPGA Architecture: Flexible Interconnect
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Basic Elements are
surrounded with a
flexible interconnect




FPGA Architecture: Flexible Interconnect
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Wider custom operations are
implemented by configuring and
interconnecting Basic Elements




FPGA Architecture: Custom Operations Using Basic Elements
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FPGA Architecture: Memory Blocks

addr

data_out
data_in

Can be configured and grouped
using the interconnectto create
various cache architectures




FPGA Architecture: Memory Blocks

addr

data_in

Can be configured and grouped
using the interconnectto create
various cache architectures

data_out
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FPGA Architecture: Floating Point Multiplier/Adder Blocks

| o 0 e
| g |

data_in

Dedicated floating point
multiply and add blocks




Multiplier
18x19

X

Systolic

Register
+

DSP Blocks

Qutput
Register

Input Registers
Multiplexer and Pipeline Register

Thousands DSP Blocks in Modern
FPGASs

= Configurable to supportmultiple features

— Variable precision fixed-point multipliers

— Adders with accumulationregister

Pipeline Feedback N
*= Register [ Register

IEEE-754 Single-Precision

> Floating-Point Adder

~ »!
utpu’
egister

— Internal coefficient register bank

— Rounding

Pipeline
Register

ipeline
egister
o
&
%
e Pipeline ’e ipeline
Register egister
2
Pipeline il
c
Sipeline » ‘ I
Register |

— Single precisionfloating point
multiplication,addition, accumulation Singe cion *t

Floating-Point
Multiplier /

i

— Pre-adder to formtap-delay line for filters

96




FPGA Architecture: Configurable Routing
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FPGA Architecture: Configurable 10

The Custom data-path can
be connected directly to
custom or standard 10
interfaces
for inline data processing
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FPGA 1/Os and Interfaces

FPGAs have flexible IO features to support many-O and interface standards

» Hardened Memory Controllers

— Available interfaces to off-chip-memory such as HBM, HMC, DDR SDRAM,
QDR SRAM, etc.

= High-Speed Transceivers

= PCle*Hard IP

* Phase Lock Loops




Intel” FPGA Product Portfolio

Wide range of FPGA products for a wide rangeofapplications

MAX  Cyclone <) Arria  Stratix

FPGA FPGA=50C FPGA =SoC FPGA=50C

Non-volatile, low-cost,

Low-power, cost-
single chip smallform

Midrange, cost, power, High-performance,
sensitive performance

performance balance state-of-the-art

LON Lo

Products features differs across families

— Logicdensity,embedded memory, DSP blocks, transceiver speeds, IP
features, process technology, etc.




Mapping a Simple Program to an FPGA

Mem[100] += 42 * Mem[101]

n_—_o

AR

CPU instructions
RO €< Load Mem[100]
R1 < Load Mem[101]
R2 < Load #42
R2 €< Mul R1, R2
RO < Add R2, RO
Store RO 2> Mem[100]




First let's take a look at execution on a simple CPU

4

PC —| Fetch

4

;

Instruction

Op

Val

fr

architecture:

LdAddr LdData StAddr‘
» Load * Store
? StData
. O
Registers p _____ |
[ Aaddr ALU ‘\H |
Baddr A . g C
| g :
Caddr 3 B J .
—— S  ——0 ¢ M By

CWriteEnable T TCData

Op

___________________________________

Fixed and geheral { - General “cover-all-cases” data-paths

- Fixed data-widths



Looking at a Single Instruction

U U ir

LdAddr LdData StAddr
PC F

Load » Store
Instruction

A 4

1 stData

Registers

Aaddr

Baddr

Caddr

CWriteEnable CData

Op LU PP PP

Very inefficient use of hardware!




Sequential Architecture vs. Dataflew Architecture

Sequential CPU Architecture FRGA Dataflow Architecture

P =

load load 42

1 R
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f Time u
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Custom Data-Path on the FPGA Matehes Your Algorithm!

High-level code

Mem[100] += 42 * Mem[101]

v —_—— _——

Custom data-path

load load 42 Build exactly what you need:
Operations

= :](g)? Data widths

Memory size & configuration

@ Efficiency:

store Throughput / Latency / Power




Advantages of Custom Hardware with FPGAs

= Custom hardware!

||
. : DSP E Transceiver
= Efficient processing Blocks s Channels
=
|
= Fine-grained parallelism Nt o Transceiver

PCS

= Low power
1/O PLLs

. “r- PLLs
= Flexible silicon
. . Controllors PCle" 1P
= Ability to reconfigure and I0s

Core
Logic

= Fasttime-to-market

-l-l-i—l-_

ARREpARRRARRRRARRRENARARAARERAR

= Many available I/O standards




FPGA PROGRAMMING MODEL



FPGA Developmentand Programming Tools

Software Developer Hardware Developer

A 4
Software Developer W
o

DSP Builder
for Intel®
FPGAs

eveloper Designer

/ AP Library HDL

Intel® HLS
Compiler

Verilog

Intel® SoC VHDL

FPGA Intel® FPGA
Embedded SDK for
Design Suite OpenCL
(EDS)

Intel® Quartus Prime Design Software

Verilog, VHDL and the Intel® FPGA SDK for OpenCL are currently supported by the Acceleration Stack. High Level Synthesis can be used manually by following app note

OpenCL and the OpenCL logo are trademarks of Apple Inc. used by permission by Khronos



Traditional FPGA Design Entry

Circuits described using Hardware Description Languages/(HDL) such as VHDL or Verilog
A designer must describe the behavior of the algorithm to create a low-level digital circuit
» Logic, Registers, Memories, State Machines,etc.

Design times range from several months tojeven yeéars!

___ State Machines B Datapaths

Ve 3 N O\ 125 250
' °‘ MHz | MHz




Traditional FPGA Design Flow

Time-Consuming Effort

Behavioral Simulation

Synthesis

= PN B B
s S

I
Place & Route /Timing Analysis / Timing Closure

s Intel’Quartus Prime
Design Software

0%3@39’9 00
[ _|

uoﬂeeﬂ@eeoﬂ@ K

=y
SignalTap® m




Intel” Quartus” Prime Design Software

Ok Quartus Prime Pro Edition - C:/altera_trn/Quartus_Prime_Foundation_17_1_v1/QPF17_1/VHDL/pipemult- pipemulialc — [m] X
PP PP
File Edit View Project Assignments Processing Tools Window Help e
. . G D pipemult_lc MER A NP ORAVE S
Default Operating Environment poese 57-] & oot 8 prura @ =
Instance Entity a0 ow S |Q
8 A'I'I Tnformation provided herein 1s provided on an "as is' basis, a .
N Amria 10 10Axg:|1552ﬁ45|'|55 9 Withouf warranty of any kind. v Installed P
. . v B pipemuit %2 Modul® Name: pipemult File Name: pipemult.v ¥ Project Directory
Project Navigator . mut st mut 12 A ‘ Ho Selecton Avllzle
2 ) 13 Module Function: This file contains the top level module for the p
ram_inst ram 14 project. v Library
15
< > |26 REVISION HLSTORY: Basic Functions
= 17 revisiond. 0 12/07/2009 - Initial release
M Hierar. | E Fi. & Designu.. # |p/Compone. [ 18 IRy o P A A it R e ——————— DSP
19
e 2 & |20 LTBRARY iees;-‘ N Interface Protocols
21 USE ieee.std_logic_1164.all; H H
Project |55 ool Tool View window Low Power
23 LIBRARY Work; Memary Interfaces and Controllers
i Revisions... 24
) ] 25 [EENTITY pipemult IS Processors and Peripherals
Project Files 26 @ port/ ( u -
[0 new 27 1k : IN  S5TD_LOGIC; niversity Program
28 wren * IN  STD_LOGIC; Search for Partner IP
“ Open 29 dataa 1IN STD_LOGIC_VECTOR( 15 downto 0); B sareh for Parkner
kS H d o 30 datab : IN  STD_LOGIC_VECTOR( 15 downto 0);
TaS winaow I Add/Rerfiove Files in Project. 31 rdaddress : in  STD_LOGIC VECTOR( 5 downto 0);
32 wraddress : IN STD_LOGIC_VECTOR( 5 downto 0);
. Osys Pro 23 q : OUT STD_LOGIC_VECTOR(31 downto 0)
1 4 2
1P Catalog 35 END pipemult; IP Catalog
Assignments El )
37 EARCHITECTURE bhdf_type oF pipemult Is
¥ Device 38
, 39 H component mult is
= Seftings... 40 E port (
& 41 dataa in std_logic_vector (15 downto (others => 'x'
Pin Planner 42 d_a‘n.aE ﬁn stg 1Ugwc vector (15 downto {others => 'x"
43 clodl i st ogic X'
éAss‘g"mE"tEmtw 44 result : uut std_ '\Umc vector (31 downto
Compilati vl < > + Add
<00 00 OACOA O
o <<Filters> ~| [ Use Regular Expressions | 88 Eind. |8 Find Next
(1331 @ El ) o
Mess;ge "
© RrRunning quartus Prime Assembler -
© command: quartus_asm --read_settings_files=off --write_settings_files=off pipemult -c pipemult_lc WlndOW
q g g P1p p1p
" @ Loading final database -
% < >
;g System (4)  Processing (141)
100%  00:05:26




Intel” Quartus” Prime Design Software Projects

Description

= Collection of related design files & libraries

= Must have a designated top-levelentity

= Targeta single device

= Storesettingsin the softwaresettings file(.qsf)

= Compiled netlist information storedin qdb folder in project directory
Create new projectsiwith New Project Wizard

= Can be created using Tcl scripts




Intel” FPGA Design Store

Download complete example design
templates for specific development
Kits

Design examples include design files,
device programming files, and
software code as required

Install .par files and selectasitemplate
in New Project Wizard

https://cloud.altera.com/devstore/platform/

iﬁ@ FPGA

Dashbgard - Design Store - BESion Examples

Design Store

=Y SSUE  Development Kits

Looking for M@Re,déSIon examples? -ind them here. nterested in contributing content to the design store? Click here

@ Take a tour

Family:| Any

Deyeiopment Kt fAny

Search

Quartus

n

gory lopmentKit ~ Famil ly Version
-~ JPEG Decoder Design Example (OpenCL) StratixV | 16.0.0 A 0 )
- bps ly L]
E mory Ac pl Cyclons | 1600  Altera e

v

E P g P AX MAX 1 L]



https://cloud.altera.com/devstore/platform/

Device Selection

Ok Mew Project Wizard O X
Family, Device & Board Settings

Device Board

Select the family and device you want to target for compilation. You can install additional device support with'the Install Devices command on the Tools menu. F- l d = l-
To determine the version of the Quartus Prime software in which your target device is supported, refer to the Device Support List webpage I ter ev' Ce ISt
Choose device family Device family Show in ‘Available devices'list_ 4
& family category — |y [ama 0 tex1SK7GT 5 0 1 | eecieee FEGA( ol I
(transceiver options, Device: [Arat06x <1 | JFin count sz -
SOC OptIOI‘IS, etC.) Core speed grade: 1 4
Target device
Transceiver speed grade: | 2 A
[O)] Specific device selectedin ‘Available devices! list y
MNamne filter:
Other. n/a Show advanced devices

Available devices:

Choose specific part from list

Name Core Voltage Ifos GFIUS  M331LNanneis  FLUIe Nara IF GLoCKS MEMOry GIts M20K ~
10AX11552F451156 or0.95V 427200 980 624 72 4 55562240 2713 1
J10AX11552F451156... 0.95V 427200 960 624 72 4 55562240 2713 1
TOAXT1T5UZR45E15G 0.9V or0.95V 427200 928 480 96 4 55562240 2713 1
T0AXTI5UZF45NSG 0.9V or0.85V 427200 928 480 96 4 55562240 2713 1 o
< 4 >

Tcl: set_global_assignment-name FAMILY “device family name”
Tcl: set_global_assignment-name DEVICE <part_number>




Chip Planner

Graphical view of

» Layout of deviceresources

»= Routing channels between device resources

» Globalclockregions

Uses

= View placement of design'logic

» View connectivity between resources used in design
= Make placementassignments

» Debugging placement-related issues




Chip Planner

Tools menu or toolbar

'»:" Chip Planner - C:/labs/4kVideo/a10_dp_vip_pro_project/top - top - [final] - O X

File Edit View Tools window Help

Report B & % | coordinate: (85, 154) Editing Mode: | Assignment - 1 552 SG‘ [Nade Properties

Report not available |

v
\ " Selected elements: ram_block5a0 &
PS

Device floorplan & 8
aka Chip View / —

|
|

Report

Selected Node
window

- Properties

w €9 0> g

Tasks RE x

P Toggle Background €. *

\ram/

roperties Fan-in Fan-out

|| Report Routing Ut

i A
B Report Resources... Properties/Modes
—’I B Report Compilation M Full Name dp_core_i|vip|vfb|vfb|pkt_trans_t
T k B Mark Selection Full Name with entity N/A Layers
as s v I~ CoreReports Coordinate (84, 155) / .
v
window = B feport igh-Spec < .~ Settings

.r ;'."E;:T::wcw » blockin use Unused

Je Properties Layers Settings Color Legend
A LAB

Timing)Located Objects

Locate..s @ X ||

«3 « T«

Logic Lock Regions Window  Locate History ~ Console




Floorplan Views

Overall device resource usage

" . =
(1]
LI ll Lower level block usage
. q T Lowest level routing detail
. | » il i: i - 4 i i m i | T = _ i I i
i : i |
i

Zoom in for detailed logic
implementation & routing usage

L]

——

.ui
|
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Pin Planner

Interactive graphical tool for assigning pins

Drag & drop pin assignments
Set pin |/O standards

Reserve future |/O locations

Default window panes

Package View
All Pins list
Groups list
Tasks window

Report window

Assignments menu — Pin Planner,
toolbar, or Tasks window




Pin Planner Window

& Pin Planner - C/altera_tin/Quartus_Prime_Foundation_17_1_v1/QPF17_1/VHDL/pipemult - pipemult_ic ] x
File Edit View Processing Tools Window Help search Intel FPGA [ ]
— [Sroups a8 = Pin Legend a8 =
" = Top View - Flip Chip . N
i frames Arria 10 - 10AX11552F45115G Symbol Pin Type
k Node Name Direction O User I/O
q & daaal15.0] Input Group User assign...
& daab[15.0]  Input Group Fitter assign...
Qutp...roup
v Unbonded ...
Input Group
:]I Input Group Reserved pin
<<new group> DQ
- Das
Groups list bass
Toolbar
> CLK_p
Groups I Report I GX_X*n
GX_X*
Tasks nea x ‘ AT XP
” Early Pin Pl - ~ @ A @ YRS = TEMPDIODE
arly Pin Plannin TaS SOV
Y s $o07 mv‘“ ) i ST V] vsiG
W Early Pin Planning.. R OAC!
P Run I/O Assignment # Other PLL
W Export Pin Assignmen MSELO
W Pin Finder... MSELT
T I MSEL2
as pan e CONF_DONE
A Clock Fins beLK
& clock v nCE
< > nCONFIG ¥
* |Named; * | «2 | Edit % Filter: Pins: all -
9 2)
@ n, Node Name Direction Location IfoBank . citter Locatior I/O Standard  Reserved irrentStreng  Slew Rate  ifferential Pai B, ~
® clk1 Input PIN_G26 18V 12mA ..ault)
- dataal15] Input nIMAn2a s ow 12mA ..ault)
B dataa[14] Input . - 12mA ..ault)
& dataa[13] Input All P Ins ll st 12mA .aul)
= dataa[12] Input 12mA ..ault)
= dataa[11] Input PIN_AV35 1.8V 12mA ..ault)
|- dataa[10] Input PIN_AV33 18V 12mA _ault)
E ®- dataal9] Input PIN_AU35 1.8V 12mA ..ault) v
Z|< >

intel 49




The Programmer

Tools menu — Programmer

& Programmer - Cfaltera_trn/Partial_Reconfig/PR1E_1/Verilog/blinking_led - bﬁhrg_W{CFﬁdP

File Edit View Processing Tools ‘window Help

(.,

USB-Blaster [USB-0]

e T T

Enable real-time ISP to allow background programming when available

e —

Verify  Edank-

Examing

m File Device Checkosum Usergpde Frogramy.
ok A Lonfigure
¥ 5iop |uu'|.pu'l_fi|n‘.-j.}blinking_|.ed.!.uf YOAMY1552F45 IOTFED2F 30TFEC2F
Hﬁuln e <nanes EM22102 DO000000 _cnnr-e:-
- -y " &
% = . —

™ addFile...
S ——

- Change File...

A0aX11852Fa5 SM2210Z




State Machine Editor

Create state machines in GUI

= Manually by adding individual states,
transitions, and output actions

= Automatically with State Machine Wizard
(Tools menu & toolbar)

Generate state machine HBL code
(required)

= VHDL
= Verilog
= SystemVerilog

File menu— New or Tasks window

Select State Machine File (.smf)

&% State Machine Editor - C:/alterastrn/Quartus_Prime_Foundation_17_1_v1/QPF17_1/VHDL/pipemult - pipemult_lc - [S... - ] *

Eile Edit WView Tools \ Window: Help

Search Intel FPGA

.l = ra s yen gz

Input Table e =

Input Port
1 B clock
2 B reset
3 = inputl
4= inputz

. Y A |

Cutput Table

Cutput Port

1 = outputl

73 v

- state  Destination State

\a state2 inputl & ~input2
statel OTHERS

state3 input | input2
statel OTHERS

statel OTHERS

AT kW M A

state3 input & input2

Transition (In Verilog or VHDL ‘O HERS')

Double-click states & transitions to
edit properties: name, equations,

actions

|State Table

General /| Inputs J\Outputsj\ States [\ Tmnsitions]\Actlcmsj’




Platform Designer

Componentsin system use different o A—

interfaces to communicate (some (32-bit Master)
Bus Interface

standard, some non-standard) :

Address
Decoder

Typical system requires significant
engineering work to design custom

Interrupt
Controller

PCl Express*
(64-bit Master)

Bus Interface

interface logic

Integrating design blocksand | r——
intellectual property (IR) is.tediousand’ EE e 2
error-prone . acl

Bus Interface

Slave 3
16-Bit

Bus Interface Bus Interface

Slave 4 Slave 5
32-Bit 64-Bit




Automatic Interconnect Generation

Avoids error-proneintegration

Processor PCI Express *
(32-bit Master) (64-bit Master)

Saves development time with
automatic logic & HDL generation

Enables you to focus on value-add Platform Designer automatically
blocks generates interconnect

Platform Designerimproves
productivity by automatically

. . [ Sl 5
generating the systemihterconnect Sorcl M o G
logic




The Platform Designer GUI

Access in Tools menu, toolbar, or Tasks-window

A Qsys - sm_transfer_system.gsys {CAaltera_tr\Introduction_to_Qsys\IQSYS\Labl\sm_transfer_system.qsys) - \ A-

File Edit System Generate View Tools Help

Draggable,

A Pcatlog # - o T System Contents  oF | AddressMap 9% | InterconnectRequrements ¥ | DeviceFamiy %

4P | Use o Description Export
4 X
" x B dk (Clock Source
Project
U0 N Comporent. » o1 “ekin (Clock Input clk_clk_in
System = dkdnireset Reset Input
- Training = ke (Clock Cutput idk
g.._\.. -t T -~ dlk_reset Reset Output
1P - ‘ a plt |Altera PLL =
refek. (Clock Input clk b
Libr x + reset Reset Input [refdk]
j ( : at al 0 7 outckn (Clock Output lsys_ck
o g £ % ' eutckl (Clock Output lssram ssram_clk
Interface Protocols . | 3 R L4
Memory Interfaces and Controllers
——=— System Contents o
Processors and Peripherals | [ck]
Qsys Interconnect ‘ 4“—?—9—7 R Slave [ck] & 0x0000_0060 |1
ol extemal_connection  |Condu pushbutton_switches
B push_button_reg |Avalon Push Button RV Register
- dock (Clock Input sys_clk
} reset. Reset Input [clock]
buttorreg lavalon Memory Mapped Slave [cock] & o0x0000_a0s0 |
|Avalon Memory Mapped Master [dock]
LS ) -g0 & B av_sm_master |Avalon State Machine Master
Jsm_transfer_systen| a dack (Clock Input lsys_clk
= ck_ck in T ‘ : reset Reset Input [dack]
»= ck_ch_in_reset avalon_master |Avalon Memory Mapped Master [clock]
-#= ext_mem_bus @ B led_out LED Flasher
» greenled_out i tock (Clock Input sys_clk
= hexd_out ‘ reset lReset Input cock]
»= hexi_out S st_sink lAvalon Streaming Sink [clock]
= hex2_out T — - debug |Avalon Memory Mapped Slave [dock] & 0x0000_0000 |\~
N < - S 1 [
Hierarchy, fF==" -5=
Type Path Message
£F av_sm_master B4, 5 Warnings
ok
B don_source_to_sran 4 N sm_transfer_system.sram_controller Prop - uas -in composed mode these are ignored
0 dasoram o et | traneter_systempi = [Mess ages  -wews
o f‘;‘%”;:'“f"“ N sm_transfer_system.pll plLic g condut.
0 led
¥ led_out A, sm_transfer_system.dma_source_to_ssram|Interrupt sender dma_source_to_ssram.irqis not connected o an interrupt receiver i
ATF led_timing_adapter i B m | ¥
0 Errors, 3 Warnings Generate HDL...




RTL FLOW




FPGA PROGRAMMING MODEL:
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Can Also Be Wrapped With Higher Level Flows

:m Contents [ Address Map | ClockSettings [ Project Settings | Instance Parameters [ Systen

Functions

Intel® HLS
Compiler

Use Connections Hame Description
B clk Clock Source
cli_in Clock Input
clk_in_reset Reset Input
——— < clk Clock Output
— clk_reset Reset Qutput
B master_0 ITAG 1o Avalon Master Bridge
clk Clock Input
cli_reset Reset Input
—_— master Avalon Memory Mapped Maste
master_reset Reset Qutput
B sys_0 nios_sys
clk Clack Input
reset Reset Input
onchip_memoryZ_0.. Reset Input
onchip_memory2_0... |Clock Input
—— onchip_memoryZ_0... |Avalon Memory Mapped Slave
— mm_bridge_0_m0  |Avalon Memory Mapped Mastel
El address_span_exten... Address Span Extender
clock Clack Input
reset Reset Input
windowed_slave Avalon Memory Mapped Slave
— expanded_master  |Avalon Memory Mapped Mastel
cntl Avalon Memory Mapped Slave
El address_span_exten... |Address Span Extender
clock Clock Input
reset Reset Input
windowed_slave Avalon Memory Mapped Slave
I expanded_master  |Avalon Memory Mapped Maste!
entl Avalon Memory Mapped Slave
B hps_sys Hard Processor System
h2f_reset Reset Qutput
h2f_userd_clock Clock Output
fzh_axi_clock CIock Input
T2h_axi_slave A Slave
h2f_axi_clock Clack Input
— h2i_axi_master Ax| Master
2h_sdram_data | AX] Slave
2h_sdram0_clock | Clock Input
memary Conduit
hps_io Conduit

Platform Designer




The Software Programmer’s View

Compiler

Programmers develop in mature saftware environments

— Ideas can easily be expressed in languages'such as ‘C’
— 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
— Rich debugging tools




High Level Design is the Bridge Between HW & SW

100x More Software Engineers than Hardware Engineers
Key to wide-spread adoption of FPGA in Datacenter
Debugging software is much faster than hardware

Many functions are easier to specify in softwarethan'RTL

Simulation of RTL takes thousands times léngenthan software
Design Exploration is much easier and faster in software

We Need to Raise the Level of Abstraction

= Similar to whatassembly programmers did with Cover30 years ago

— (Today) Abstract away. FPGA Design with Higher Level Languages

— (Today) Abstract away FPGA Hardware behind Platforms

~~~~~

— (Tomorrow) Leverage Pre-Compiled Libraries as Software Services e .




HLS Use Model M\t
A =

C/C++ Code

1lib.h

-

Directives

tanar

gec/gt+
Compiler

HLS
Compiler

100% Makefile
compatible

Intel’ Quartus®
Ecosystem




Intel” HLS Compiler

Targets Intel” FPGAs

Command-line executable: 1 ++

Builds an IP block
» Tobeintegratedinto a traditionalEPGA design.using FPGA tools

C/C++ HLS
Source ‘ Compiler

Leverages standardC/C++ development environment

Platform

— [l < &
Intel’ Quartus Prime

Design Software

Goal: Same performance as hand-coded RTL with 10-15% more resources




HLS Procedure

Create Componentand Testbench in C/C++

— Functional Verification with g++ or i++
* Use-march=x86-64
Both compilers compatible with GDB

Functional

C/C++ Source Iterations

Intel” HLS Architectural

f Iterati
Compiler < / Iterations

Run Quartus” Prime Compilation on Generated IP
*  Generate QoR metrics

Integrate IP with rest of your FPGA system



Intel” HLS Compiler Usage and Output

GDB-CompatibleExecutable

Develop with C/C++:

r

src.c  ————> i++ -march=x86-64 src.c ﬁl\dout

Executable which will run calls to
_ func in simulation of synthesized IP
»
——> a.exe
Run Compiler for HLS: r All the files necessary to

/include IPin a Quartus project.
%Vcomponents/func/ i.e..gsys,.ip, .v etc
i++ -march=<fpga fam> --component

src.c —
func src
| 0‘\ ’ S a.pri/reports/ Component hardware

I I implementation reports

——> a.prj/verification/ *’Simulation testbench

LS a.prj/quartus/ <=————=Quartus projectto compile all IP

ais the default outiut name| -0 oition can be usedto siecifia non-default outiut name



HLS Procedure: x86 Emulation

Create Componentand Testbench in C/C++

Functional Verification with g++ or i++
* Use-march=x86-64
* Both compilers compatible with GDB

Functional
Iterations

C/C++ Source

Architectural

Intel’ HLS Iterations

Compiler

Run Quartus” Prime Compilation on Generated IP
*  Generate QoR metrics

Integrate IP with rest of your FPGA system



Simple Example Program: i++ andg++ flow

Terminal Commands and Outputs

Example Program $ g++ test.cpp

S/ ./a.out

// test.c
% ~Hello world

#include <stdio.h>

int main () {
printf ("Hello world\n");
return 0; S i++ test.cpp
} Q $ ./a.out
) 7 4 J Hello world

S

Using the default -march=x86-64




g++ Compatibility

Intel HLS Compiler is command line compatible with g++
= Similar command-line flags, x86 behavior;and compilation flow

* Changing“g++"to “i++"should just work
— gt++ <flags> <src>

— 1++ <flags> <src>

= x86 behavior should match g++

— Except for integer promotion(discussed later)

» No source modifications required (for x86 mode)

= Supportfor GNU Makefiles




i++ Options: g++ Compatible Options
Opton ____Desaipton

-h Display help information

-0 <name> Specify a non-default output.name

-c Instructs compiler generate the object files and not the executable
-march=<arch> Compile for architecture x86-64 (Default) or<FPGA Family>

-v Verbose mode

-g Generate debug information (default)

-g0 Do not generate debug information

-I<dir> Add to include path

—D<macro>[=<val>] Define <macro> with <val> or 1

-L<dir> -1<library> Library search directory and library name when linking

Example: i++ -march=x86-64 myfile.cpp -0 myexe




i++ Options: FPGA Related Options
opton ___________Joescripton

—--component <components> Specify a comma-separated list of function names to be synthesizes to RTL

--clock <clock spec> Optimizes the RTL for.the specified clock frequency or period

—ghdl Enable full debug-visibility and logging of all signals when verification executable is
run

--quartus-compile Compiles the resulting HDL files using the Intel” Quartus® Prime software

--simulator <simulator> Specify the simulator used forverification, “none” to skip testbench generation

--x86-only Only create the executable for testbench, no RTL or cosim support

--fpga-only Create FPGA component project, RTL and cosim support, no testbench binary

Example: i++ -march=<fpga fam> --component mycomp —--clock 400Mhz myfile.cpp

There are many other optimization options available please see the Intel HLS Compiler Reference Manual



The Default Interfaces

component int add(int a, int b) {
return a+b;

}
done éc - u% te Conduits associated with the
—> @ default start/busy interface

stall

Pointerarguments Avalon memory master interface

returndata[31:6]  Global scalarsand

Avalon memory master interface
arrays

Note: more on interfaces later

clock



Example Makefile

FILE 1= myapp
DEVICE = Arrial0
all:

gpp: S$(FILE) .cpp
g++ $(GCFLAGS) $(BTBE)wcpp -o $(FILE) .out

emu: S$(FILE) .cpp
i++ S (GCFLAGS)y SWFILE) .cpp. —~e S$(FILE) emu.out

fpga: $(FILE)mcpp
i++ 48 (GEFLAGS) $(FILE) .cpp -o $(FILE) fpga.out -march=$ (DEVICE)




x86 Debugging Tools

printf/cout
gdb
Valgrind

GDB-Compatible Executable

Develop with ++: /

src.c —%@ﬂ-march:@\src.c — > a.exe|out
r
-




Using printf ()

Requires “HLS/stdio.h”

* Mapsto <stdio.h> when appropriate

Can beincludedin the testbench ortheecompaonent

= Used with no limitations in the x86 emulation flow

printf statements insidethe componentignored for HDL generation

* |gnored in the cosimulation flow with an HDL simulator




Using printf(): Example

Example Program Terminal Commands and output
// test.cpp S it++ test.cpp
#include "HLS/stdio.h" Sv./a.out
Hello fromsthe testbench
void say hello() { Hello from the component

printf ("Hello from the compop@RrN"); S *
} :

$ i++ test.cpp —march=Arriall \

printf ("Hello from the €g5gPencha nf’) 7 ~-component say_hello
$ ./a.out
say hello();

rern o Q\v \ Hello from the testbench
‘ \ S

int main () {




Debugging Using gdb

i++ integrates well with GNU gdb

» Debug datais generated by default
— Unlike g++, -g enabled by default, use -g0to turn off debug data

-march=x86-64 flow:

» Can step through any part of the code (including the component)
-march=<fpga family>, flow:

= Can step through testbench code

= gdb does not seeithe componentside execution (thatrunsinan HDL
simulator)




gdb Example

Example Program
// test.cpp

#include "HLS/hls.h"
#include "HLS/stdio.h"

component void say hello () {

printf ("Hello from the componefit\lnh")%

}

int main () {
printf ("Hello from the ¥NgLench\ ¥ >
say hello();

} return U; \\

Terminal Commands and output

Seit++ test.cpp —march=x86-64 -o test-x86
$.gdb ./test-x86

........................................................................

<GDB .Command Prompt>

(gdbINg

S i++ test.cpp —-march=Arrial0 -o test-fpga
$ gdb ./test-fpga

<GDB Command Prompt>

(gdb)




Debugging with Valgrind

“Valgrind is an instrumentation framework ferbtilding dynamic analysis tools.”

= Valgrind tools can detect: Valg I"ind

— Memory leaks

- N
Pey =
=

— Invalid pointer uses
— Use of uninitialized values
— Mismatched use of malloc/new.vsfree/delete

— Doubly freed memory

» Use to debug component and testbenchin the x86 emulation flow
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Simple Valgrind Example

Example Program:

// test.cpp
#include “hls/stdio.h”
#include <stdlib.h>

int bin count (inf *bins, int a) {
return ++bin -@

int main () {
int *bins = (int *) malloc(::>* sizeof (int)) ;
srand(0) ;
for (int i_=%<_i < ;
int x =

i++) A

int res = DiIn count (binsy \x)3
printf("Count val: %4\, Fes) ;
}
return (;
} ) 4

TerminalCommands and output:

S it+4mtest.cpp

$ .[/a.out

Segmentation Fault

$ walgrind --leak-check=full --show-reachable=yes ./a.out

Invalid read of size 4

==9744== at 0x4006B3: bin count (int*, int) (test.cpp:5)
==9744== by 0%400723: main (test.cpp:13)

==9744== Address 0x1b31075dc is not stack'd, malloc'd or
(recently)unfree'd

==9744== Process terminating with default action of signal
11 (SIGSEGV)

==9744== Access not within mapped region at address
0x1LB31075DC

==9744== at 0x4006B3: bin count (int*, int) (test.cpp:5)

==9744== by 0x400723: main (test.cpp:13)

==9744== 64 bytes in 1 blocks are still reachable in loss
record 1 of 1

==97dd== at 0x4A06A2E: malloc (vg replace malloc.c:270)
==9744== by 0x4006ED: main (test.cpp:9)

Segmentation fault




Valgrind: Segmentation Fault Fixed

int bin count (int *bin int a) {
return ++bins [a

}

int main() {

int *bins = (int *) malloc(l€ */sizeof(int));
srand (U) ;
for (int i = 0N < ;o1+t) A

int x ='rand();
int res9=%in couat (®ins, x);
prisg R"Jount §al: Bd\n", res);

}

fre !Qiﬂs);
re£:>\‘ ;




HLS Procedure: Cosimulation

Create Componentand Testbench in C/C++

— Functional Verification with g++ or i++
* Use-march=x86-64
Both compilers compatible with GDB

Functional

C/C++ Source Iterations

Architectur

Intel’ HLS Iterations

Compiler

Run Quartus” Prime Compilation on Generated IP
*  Generate QoR metrics

Integrate IP with rest of your FPGA system



Example Component/Testbench Source

#include "HLS/hls.h"
#include "assert.h"
#include "HLS/stdio.h" ’
#include "stdlib.h"

ﬁ++ -march=<fpga family> --component accelerate mysource.cpp

decelerate () becomes an FPGA

component int accelerate(int a, int b) {

return a+b; | Component
} )
_ . . — USe =-component i++ argumentor
R oy component attribute in source
for (int i=0; i<10; ++i) {
int x= d % 10; .
ot % 1o ‘ main () becomes testbench for
int z=accelerate(x3 y);
iner (v s % w ,. X componentaccelerate ()
assert(z == @
}
return 0; \
}




Translation from C function API to-HDL module

All component functions are synthesized toHADL

» Each synthesized componentis an independentHDL module
Component functions can be declared:

= Using component keyword in source

» Specifying “--component <component_name»?<in the command-line




Cosimulation

Combines x86 testbench with RTL simulation

HDL codefor the component runsin an RTLSimulator

= Verilog

» RTL testbench automaticallycreated from'software

main () andeverythingelse called from mad n runs on x86 as the testbench
Communication usingSystemVerilog Direct Programming Interface (DPI)

» Allows C/C++ to interface SystemVerilog

» |nter-process communication (IPC) library used to pass testbench input data
to RTL simulator, and returns the data back to the x86 testbench



Cosimulation Verifying HLS IP

The Intel” HLS compiler automatically compites and links C++ testbench with an
instance of the componentrunning in an RTssimulator

= Toverify RTL behaviorof IP, just run the executable generated by the HLS
compiler targeting the FPGA architecture

— Any calls to the component function becomes calls the simulator through
DPI

[P Function Call

a.exe|out

src.c T i++ -Wga family> src.c r ! !

Data

a.prj/verification/




Default Simulation Behavior

Function calls to the simulator are sequentiatby'default

#include "HLS/hls.h"
#include "stdio.h"

component At acc (int a, fnt b) AN ugigiphvipSpEpipiyipipupEpiyAgups
return a+b; a X_20.X /4 Xat X J X a2 X I
} b 77784 00 JW A W N

start f \ }';( )/_\ J’J//‘ i/—\ ﬁ/

int main() {
int x1, x2, x3;
xl=acc(1, 2);

\

x3=acc(5, 6); done ﬁ;J[___\ ﬁ[_f___\ ﬂi_f___\___




Streaming Simulation Behavior

Use enqueue function calls to stream data into the component

#include "HLS/hls.h" clk I | | I | | I l I | ]{ | | | | | l
#include "stdio.h"
7 R 77 77 ; ; ‘ ;
component int acc(int a, int b) W // X a0 )(31 X a2 X / ]/ /
{ s ,
return a+b; ' b % & ///X b0 X b1 X7b2 X , // .

} \ :

start / \ //
int main() { X
int x1, x2, x3; \
altera_hls_enqueue(&x1l, &acc, 1 )@
altera_hls_enqueue(&x2, 8acc, 3’& retuiatan?’ /7777777777777 foataKdata dataX,

altera_hls_enqueue (&x3, &acc,

altera_hls_component_run_all(*“ac ,
\ done // / \

o




Viewing Component Waveforms

= Compiledesignwithi++ -ghdl flag
— Enable full visibility and logging of all HDL signals in simulation

= After cosimulation execution, waveform available at
a.prj/verification/vsim.wlf

= Examine with the ModelSim.GUI:

— vsim a.prj/verification/vsim.wlf




Viewing Waveforms in Modelsim

ModelSim - Intel FPGA Edition 1

Eile Edit View Compile Simulate Add Objects Tools Layout Bookmarks Window Help

5-2Wle & Ca P QN S ] ol EEBEES e v
[1 [0 o [T ] g 2 ke e L Nge e - B search:| || KRR D

@ vsim - Default —=m= 4+ & x|

¥|Instance

:l‘ th 2 jth/mymult inst/clock
e | clock_reset_lnE-F £ fthfmymult_inst/resetn
-4 component_dpi_controlh tart £ thfmymult_instjstart

+- concatenate_component “a Jthjmymult_inst/busy
ller_inst resetn Rt
Component ent. dpi 4. done " mymu_r‘ Eb

' - [+ mymult_instfreturn...
It component_dpi 4 stall = 4o fthr m, JItirst,r‘done
It_component_dpi| | =& returndata / ~

<5 mymult_inst £ _o/mymult_inst/stall
;}j mymult_internal_inst
' -0 mymult_internal afl

a:.l..d enlit FrAamPRnant cbark i Add Signals
to Waveform




Cosimulation Design Process

Compile and verify on : Simulate using

Iterate on the algorithm Examinethe FPGA reports Test functionality

: Test latency and
: e lterate on the architecture
Functional verification performance (through

of the design verification stats)

Debugging using Use the reports as feedback
gdb/valgrind on what the bottlenecks are




Main HTML Report

The Intel” HLS Compiler automatically generatessHTML report that analyzes
various aspects of your functionincludingarea; loop structure, memory usage,
and system data flow

" Locatedata.prj/reports/report shtml

Reports View repogk...~

A

Loops analysis

i Area analysis of system l

Area analysis of source >. Many Types of Reports
Component viewer ]

Project Name

Target Family, (f

-+ Veggon Component memory viewer

quartus Versior]  Verification statistics )

i++ -march=Arria10 add_excpp -

Command
Jadd_exout




Summary

. Project Name JtpEajadd_ex )|
H T M L Re p O rt u S u m m a ry Target Family, Device Afria 10,90AX1 15U1F45115G
i++ Version 17.99 Build 240 ;
Quartus Version 1790 Build 240

- H Command . \viﬂ -march=Arria10 —component add add_excpp -0 /fpgafadd_exout
Overall compile statics ~>

Reports Geperated At Tue Oct 31 10:18:13 2017

= FPGA Resource Utilization quar gt Rk Summary

1x clock fmax

= Compile Warnings S A—

m,

- Q u a rt u S ® fi tte r res u lts Quartus Fit Resogrce Utilization Summary

ALMs FFs RAMs DSPs

— Available after Quartus compilatl = *B 3 0 0

Estimated Resource Usage

= et
e C- Component Name ALUTs FFs RAMs DSPs
add 38 2 0 0
Total 38 (0%) 2 (0%) 0 (0%) 0 (0%)
Available 854400 1708800 2713 1518

Compile Warnings

I




HTML Report: Loops

Serial loop execution hinders function datafliow eircuit performance

» Use Loop Analysisreportto see ifandhoweach loop is optimized
— Helps identify component pipeline bottlenecks

Automatically unrolled?
Fullyunrolled?
Partially unrolled?
#pragma unroll implemented?

Unrolled?

What's the Initiation Interval (launch
Pipelined? frequency of new iteration)?

Are there dependency preventing optimal 11?7
No

Reasonfor serial execution?




Loop Unrolling

Loop unrolling: Replicate hardware to executemultiple loop iterations at once
= Simpleloops unrolled by the compilerautomatically
= User may use #pragma unroll Ae controlloop unrolling

* Loop must not have dependency from iteration to iteration

For Begin

lteration 1 2 3 4 5

op 1

Loop
Unroll




Loop Pipelining

Loop pipelining: Launch loop iterations as soonas-dependency is resolved

» |nitiation interval(ll): launch frequency (inCycles) of a new loop iteration
— 1I=1 is optimally pipelined
— No dependency or dependencies can beresolved in 1 cycle

For Begin
—
5 S5
o ©
= o]
o2 ° 2
=] E =5
:5.8 'r-D"rD
U('U = O
U o Q
X o ~ [T]
Ll + o X
= )
T o @ 0
5 ¢ 5
wna S
o
S,

For End




HTML Report: Loop Analysis

Loop analysis shows how loops are implemerited

— Ability to correlate with source code

Compiler-added loop, not in the code,
Loops analysis #\ Show/fully unroliéd loaps implicit infinitely loop allowing the
component to run continuously in
pipelined fashion

pipelined IL Bot tleneck Details

T 1 , Serial ‘exe: MemdPy
whiletrue.entry (Implicit infinite loop Yes 1 n/a - :

sependenty /Pipelined loop, Il=1
for.body (example.cpp:14) Yes i n/a
for.condl3.preheader (example.cpp:is) ves 2 I Memory dependenc) <+—Pipelined loop, II=2 due to memory dependency
Fully unrolled loop (example.cpp:2l n/a n/a n/a :::ﬁec oy #pragua
\Fully unrolled loop, due to user #pragma
for .body34 (example.cpp:25) Kes 1 n/a

unroll




HTML Report: Area Analysis

View detailed estimated resource consumption by system or source line
= Analyze data controloverhead

*= View memory implementation

Area report (sguice view)

u S h O WS r es O u rce u S ag e ,\\'l:t;ﬁun /FF:‘:\!') > /T‘;::;"i:ii?:l‘t’::;el\mctiux| call on line N'j¥as inlined using code on line Y.

Details

aLuts £Fs Rans osps
/ \LU I S ' &5 133 e ° « Isplensnte..
1 nple.cop:11
exarple 2 (a_buf 5 152 16 [ « Menory sys
— F FS example.cop:13 (o_but .
v

’ ? no scurcefflne 53 1168
¥ sxenple.c 37 51
— RA M S W sxemple.cppiis 24 EEes

state

- D S PS ¥ exaaple.cpp:iis s m

> axample.cppri2 1038 784

¥ exsaple.cppilé

= |dentifies inefficient uses | e N S — 1| Bre———




HTML Report: Component Viewer

Displays abstracted netlistof the HW implementation

= View data flow pipeline
— See loads and stores - °

— Interfaces including stream‘reads and'writes

— Memory structure
— Loop structure

— Possible performance bottlenecks
— Unpipelinedloops are colored light red
— Stallable points are red

Mouse over node to see tooltip and
details.




HTML Report: Memory Viewer

Memory list Component memory viewer Reset Zoom| |Clear Selection

<3 qu

Displays local memory
implementationand accesses

= Visualize memory architecture

— Banks, widths, replication,
etc

= Visualize load-store units (LSUs)
— Stall-free?
— Arbitration

— Red indicates stallable

Migank 0
MBank 1
MBank 2
Zark 3|
Dgank 4
Cgank 5
CBank6
Cgdnk 7

« {F t_matrix

[JBank 0
Ogank 1
ElBank?
Cgank 3
Cgank 4
CBank 5
[IBank 6
Cgank 7

a {F r_matrix

Cgank 0

4 {¥ q matrix - ot

SHARE |

aaaaa

Mouse over node to see tooltip and
details.




HTML Report: Verification Statisties

Reports execution statics from testbench execution, available after component

is simulated (testbench executable ran)

* Number and type of componentinvocation

= Latency of component

= Dynamic Initiation interval of Component

= Datarates of streams

Verification Statistics

A 4
dut {Unknown location)
xations (Unknown loca

Explicit component invo

Enqueued component invocations (Unknown location

ton

Measurements based on
latest execution of

testbench
t::::;x.avg) ::'ll".max,avg) Details
Hot 13 Click for details
444 n/anfan/a
444 111




HLS Procedure: Integration

Create Componentand Testbench in C/C++

— Functional Verification with g++ or i++
* Use-march=x86-64
* Both compilers compatible with GDB

Functional

C/C++ Source Iterations

Architectural

Intel’ HLS Iterations

Compiler

Run Quartus” Prime Compilation on Generated IP
*  Generate QoR metrics

Integrate IP with rest of your FPGA system



Quartus” Generated QoR Metrics for IP

Use Intel” Quartus” Prime software to generatequality-of-result reports
* i++ creates the Quartus projectin a.p%j/quartus

» To generate QoR data (final resourcewtilization, fmax)

— Runquartus sh --flew compile guartus compile

— Oruse i++ -—quartusccompile OPti o s i
= Reportpartofthe HTMLreport ~~*~ ™

— a.prj/reports/report.html T .m.w .

— Summary page }




Intel® Quartus” Software Integration

a.prj/components directory contains allthe files to integrate

» One subdirectory for each component

— Portable, can be moved to a different location if desire

2 use scenarios
1. Instantiatein HDL
2. Adding IP to a Platform Designer system




HDL Instantiation

Add Componentsto Intel® Quartus Project

" <component>.qsys to Standard Edition

" <component>.ip to Pro Edition add add_inst |

// Interface: clock (clock end)
. ) . .clock (), // 1-bit clk input

Instantiate component moduleinyour design // Interface: reset (reset end)
.resetn (), // 1-bit reset n input
// Interface: call (conduit sink)

s Use temp[ate .start (), // 1-bit valid input
.busy (), // 1-bit stall output

// Interface: return (conduit source)

.done (), // 1-bit valid output
) T () ) 1bit stall input
// Interface: returndata (conduit source)
a.prj/components/<component>/<component> inst.v e
: — : // Interface: a (conduit sink)
.a ), // 32-bit data input
// Interface: b (conduit sink)
.b () // 32-bit data input




Platform Designer System Integration Tool

Catalog of
available IP

Interface protocols
Memory

DSP

Embedded

Bridges

PLL

Custom Components
Custom Systems

Accelerate
development

5 Dlatform Designer - sm_transfer_system.qsys (CA\fpga_tm\Introduction_to_Platform DesignenIPD17_1\LabI\sm transfer_system.qsys)

Py =

File Edit System Generate View Tools Help

A A 4

1]|>Catz10g =2 =g=]
Y X8

Memory Interfaces and Controllers
Pracessors and Peripherals

Qsys Interconnect

University Program

=+ add...

£,

ch 2% | DeviceFami 3% (il =]

&m tranafer _system [am tranafer ¢ »
B= buttons

= ck

l »= ext_mem_bus

»= greenled_out

= hex0_out
= hext_out 5!
»- hex2_out
»= hex3_out

= reded_out
B reset |
& ssrem

0 ay_sm_master
¥ button_switch
b=
¥ dma_source_to_ssram

T SRR COnEnE 00| akdressap 32 ‘ e — ‘

= | || [Wl] System: sm_transfer_system  Path: ck

F use  comnectons Name Export
4 = ck
be o dkin dk
=) O cklnreset ResetInput reset
dk Clock Output
= . Reset Output
- BE.pll \Altera PLL
v refck Clock Input
b 4 reset Reset Input
outdky (Clock Outpuf
o oumkt (Clock Output ssram
| edked Conguit
B reset_debounce [Reset Button Debounce
i dock IClock Tnput
T button_debouncedin  Reset Input
button_qual Reset Output
< - button_qual_n Reset Output
I | B button_switch Btton Switch FIO
dock Clokinput
'%4) reset ResetInput
buttonreg \Avalon Memory Mapped Slave
‘ 1 butfon_tonduit Coriduit buttons
‘ 1 switch_conduit (Condut switches
B av_sm_master \Avalon State Machine Master
i dock (Clock Input
Q! g\ ]

ek

sys_ck
ssram_ck

sys_clk

it 7 W current filter:

' Messag.i@

Type Path
= A '8 Warnings

Message

sm_transfer_system.pll

|Able to implement PLL - Actual settings differ from Requested settings

sm_transfer_system.reset_debounce. button_debounce_in

No synchronous edges, but has associated dock

-4k dma ssram tolled
< iy

i

0 Ere@i8, 8 Warnings

Generate HDL.

Connect custom IP
and systems

IP1
Custom 1

IP2
IP3
Custom 2

—
——

Automate integration tasks

HDL

Simplify integration
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Platform Designer Integration

Platform Designer component generated foreéach component:
» For PD Standard—a.prj/components/<component>/<component>.qsys

» For Platform Designer — a.prj/components/<component>/<component>.ip

In Platform Designer, instantiate componentfrom the IP Catalogin the HLS project
directory

= Add IP directory to IP Catalog Search Locations

— Mayuse a.prj/components/**/*

» Can be stitched with other user IP or Intel® Quartus®IP with compatible interfaces

See tutorialsunder tutorials/usability




Platform Designer HLS Component Example

_‘S\.rstem Contents &% | Address Map %rlnterconnect Requirements &% | Details &2

Example

*e
1

D D D System: top  Pathotop_lpf_O.returndata

| Cascaded lOW—paSS f|lter ; Use | Connections Mame Description Export Clock
. . 2 B clock_in Clock Bridge
andh |gh -pass filter ™ o1 in_clk Clock Input ck exported
Lzl > . - out_clk Clock Output clock_in_o. ..
B H reseigin Reset Bridge
— -~ clie Clock Input clock_in_...
i [ in_reset Reset Input reset [cli<]
s — out_reset Resat Quiput [cli<]
|_ = top_hpflo hpf_internal
;. = alpha Conduit top_hpf_0_alpha [clock]
~| call Conduit [clock]
clock Clock Input clock_in_...
resat Feset Input [clock]
return Conduit top_hpf_0_return [clock]
£ returndata Conduit top_hpf_0_returndata [[clock]
HLS Components X Conduit [clock]
H top_Ipf_0 Ipf_internal
< alpha Conduit top_Ipf_0_alpha [clock]
= call Conduit top_Ipf_0_call [clock]
clock Clock Input dock_in_...
reset Reset Input [clock]
return Conduit [clock]
returndata Conduit [clock]
= ® Conduit top_Ipf_0_x [clock]




HLS-Backed Components

» Generic component can be used in place of actualJPcore

Library

¢ Generic Component .
* Ceneric Compongnt

» Choose Implementation Type: HLS

Component Instantiation - generic_component_0%

Templates View Advanced

Implementation Tvne:‘ IP H HDL H Blackbex H HLS ‘

Compilation Info &% =

b About Compilation Info

* Specify HLS sourcefiles
HLS files: utcon T e XN _ * Compile Component
| Compit= 4fmpon, L= Run Cosim
| Fun \-’erification.. Show Repor&l— o DISplay HTML report
HODL entity name: mymult

HDOL compilation library. mymult

IF file: Jhome /student/fpga_trn/fhls_i/mult/mult. prj/components / rymult/mymult.ip E|




HLS FLOW




FPGA PROGRAMMING MODEL:

ppppp



Intel FPGA SDK for OpenCL™ Flow

A system level view: OpenCL
Host
Program

Board Support Package

foo.cl
» Compiler

Kernel compiler:

HDL IP Core

= Optimized pipelines from C/C++

Board support package: (createdby hardware developer)

= Timing closure, pinouts, periphery planning —we've got it covered
System integrator: (Quartus runs behind the scenes)

= Optimized I/O interconnects



OpenCL

Hardware Agnostic Compute Language
Invented by Apple

= 2008 Specification donated to Khronos Group
= Now managed by Intel

OpenCLCand C++

What does OpenCL™ give us?

* Industry standard programming model

» Functional portabilitysacross platforms

= Well thoughtout specification



http://en.wikipedia.org/wiki/File:OpenCL_Logo.png

Heterogeneous Platform Model

OpenCL

Platform R Device

Model e ew
IIIIII L

cu cu cu
iinan T 1E
Global Memory
Example

Platform




OpenCL Use Model: Abstracting the FPGA away

‘ Host Code I | d OpenCL Accelerator Code I

main() { - void su
read data( .. ); __global float *a,
manipulate( .. ); __global float *b,
clEnqueueWriteBuffer( .. ); __global float *y)
clEnqueueNDRange(..., sum,..); {
clEnqueueReadBuffer( .. ); int gid = get_global_id(0);
display_result( .. ); y[gid] = a[gid] + b[gid];

Standard Altera Offline
gcc Compiler Compiler

%E Quartus Prime
=

Accelerator




OpenCL Host Program
Pure software written in standard C/C++ languages

Communicates with the accelerator devices via an APl which abstracts the
communication between the host processorand the kernels

main()
{
Copy data from Host to read_data_from file( .. );
FPGA N manipulate_data( .. );
Tell the FPGA to run a | clEnqueuelWriteBuffer( .. );
) . 1E NDR s , )3
particular kernel r 8 clEnqueueNDRange(.., sum, ..)

clEnqueueReadBuffer( .. );

Copy data from FPGA to | display_result ( .. );
Host




OpenCL Kernels

Kernel: Data-parallel function
= Defines many parallel threads

» Each thread has an identifier specified by
“get_global id"

= Contains keyword extensions to specify.
parallelism and memory hierarchy.

Executed by an OpenCL deviee
= CPU, GPU, FPGA

Code portable NOTeperformance
portable

= Between FPGAs itis!

float *result =| 7

__kernel void sum(
__global float *a,
__global float *b,
__global float *answer)

{
int xid = get global id(0);
result[xid] = a[xid] + b[xid];

}
7V

float *a . =| O 1 2 3 4 5 6 7

float *b =| / 6 5 4 3 2 1 0]

__kernel void sum( .. );
e
7 7 7 7 7

7 7

-
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Software Engineer’s View of an OpenCL System

Dataflow Processor

Global Memory (deep, fast, bursting)

Device contains compute engines that run the kernel
Host talks to global memory through OpenCL routines
Global memory is large, fast, and likes to burst

Local memory is small, fast, and supports random access

i@ . 115




FPGA OpenCL Architecture

FPGA External (
Memory Q

External
' Memory Controller I
L & PHY p—

Intel® Xeon®
Processor / - > [ PCle J
Host Processor

+xdaa

Globilﬂmmterconngct

Pipeline

Local Memory Interconnect

Modest external memory bhandwidth
Extremely high internal memory bandwidth

Highly customizable compute cores




Start with a Reference Platform (1./2)

_ Network Enabled High Performance Computing (HPC)
. Low Latency Compute Power/

m Stratix V FPGA - mngm Stratix V FPGA
l% ED —A— DDR3 « DDR3
Architecture -I —— SR
(OpenCL Keels) (OpenCL Kernels)
PCle |,

[ CIENYET T DDR and QDRI+ Large amount of DDR
10 Channels 2x10GbE (MAC/UQE) None (Minimize IP overhead)

(intel. | 117




Start with a Reference Platform (2/2)

Hostand accelerator in same package: SoC

_) Scratch
DDR

<

Global

DDR p— Camera

=P  Monitor

A
* Processor




Development Flow using SDK

Modify kernel.cl

x86 Emulator (sec) Functional Bugs?
Hardware
performance Not .
met? Optimization Report (sec) Memory Dependencies?

Profiler (hours)




Compiling Kernel
Run the Altera Offline Compiler in command prompt
" 30Cc —--board <board> <Kernel.cl>

= Runaoc --list-boards to see all available boards

AOC performs system integration to,generate the kernel hardware system and the
Quartus Prime software to compile thedesigh

/mydesigns/matrixMult$ aoc matrixMul.cl
aoc: Selected target board bittware_sSpciehq

S
; Estimated Resource Usage Summary
e T T
; Resource + Usage
e e
; Logic utilization H 52%

; Dedicated logic registers H 23%

; Memory blocks H 31%
; DSP blocks H 54%
o o e e e o R




Executing the kernel: clCreateProgramWithBinary

fp = fopen(“file.aocx","rb");

fseek(fp, @,SEEK_END);

lengths[@] = ftell(fp);

binaries[@] = (unsigned char *)malloc(sizeof(unsigned char)*lengths[0]);

rewind(fp);
fread(binaries[0],lengths[@j,, 15§p);
fclose(fp);
D 2
clGetPlat forms "\
|| dl_platform
clGetDevices . .
————\ clCreateProgramWithBinar
cl_device
- ‘
L clCreateContext

cl_command
_queue

host.c

cl_program
-~ Z . (SrC)
e Kernel (src)

cl_kernel

L File

OpenCL “Program”

Q

Bitstream




Development Flow using SDK

Modify kernel.cl

x86 Emulator (sec) Functional Bugs?
Hardware
performance Not .
met? Optimization Report (sec) Memory Dependencies?

Profiler (hours)




Emulator — The Flow

Generate emulation aocx

kernel void convolution(
global int * filter_coef,
global int * input_image,
global int * output_image
) A
int grid = get_group_id(@);

conv.cl aoc -march=emulator conv.cl conv.aocx
Run host program with emulateraoex

= Host compile does not change

= set CL_CONTEXT_EMULATOR;DEVICE (ALTERA=<number_of boards>
= S h 4

c:\opencl>aoc —-march=emulator conv.cl

c:\opencl>dir

host.exe conv.cl conv.aocx

c:\opencl>host.exe

running..
done!



Printf

Can use printf within kernelon FPGA

= Adds some memory traffic overhead

In the emulator, printfruns on A

» Useful for fast debug iterations




Development Flow using SDK

Modify kernel.cl

x86 Emulator (sec) Functional Bugs?
Hardware
performance Not :
met? Optimization Report (sec) Memory Dependencies?

Profiler (hours)




Optimization Report

Intel FPGA SDK for OpenCL provides a static report'to identify performance
bottlenecks when writing single-threaded kernels

Use —c to stop after generatingthereports
» aoc -c <kernel.cl>

= Reportis in: <kernel>/reports/report:.html




&1 Show fully unrolled loops

Pipelined II Bottleneck Details
fes 1 n/'a
Yes 11 II Memory dependency and. .. B _ -
Ql . Kk ict data_in, global float®* restrict data
fes 1 n/'a

Details

Block3:

Il bottleneck due to memory dependency between:
* Load Operation (acc.cl:12)
* Store Operation (acc.cl:13)

Largest critical path contributor(s):
# 31%: Load Operation (acc.cl:12)
* 27%: Load Operation {acc.cl:13)
* 18%: Hardened Floating-Point Multiply-Add Operation (acc.cl:12)
# 14%: Store Operation (acc.cl:12)

T ——



Development Flow using SDK

Modify kernel.cl

x86 Emulator (sec) Functional Bugs?
Hardware
performance Not .
met? Optimization Report (sec) Memory Dependencies?

Profiler (hours)




Profiler — the flow

1. Generate program bitstream with profiling enabled

}

global int *
global int *
global int *
IRt

int grid =

kernel void convolution(

filter_coef,
input_image,
output_image

get_group_id(9);

v

0O

conv.cl

aoc --profile conv.cl

2. Run host programwith instruménted aocx

c:\opencl>dir
host.exe conv.aocx

c:\opencl>host.exe
running..

done!
c:\opencl>dir
host.exe conv.aocx profile.mon

3. Runthe profiler GUI:
aocl report <aocx> <profile.mon>

conv.aocx




Dynamic Profiler

Intel FPGA SDK for OpenCL enables users to get runtime information about their
kernel performance

Bottlenecks, bandwidth, saturation, pipeline eccupancy

Performance Stats

e - Il _——— LR B =
———
s ry
Board pciadBbn_ds Board prie386n_ds
Global Memory BW (MEMORY) 26600 MB/s b4 'I Glabal Memory BW (MEMORY) 25600 MB/s v
[ source Gode | Kernel Execution [ matrixiul | [ Source Coae | wemelExecution | matrixtaun |
" widih
LrlnI Saurce Code Altributes | Stall% Occupancy® | Bans dath - Do etnal 0.00ms 41.45ms 82.90ms 124.34ms
64 a == aEnd; Iy T ! : ‘ : ‘ : :
65 4= astep, b+=bStep){
66 Device 0 matrixhul - | - - | - - - - LN | - -
&7 #Load the matrices from device memory Devicll Memory Transfers -,
68 /1o shared memory: sach thread l0ads —
69 1 ane element of each matrix Device ¥ matrixiul - - - - | - - - - | - - [l
70 AS(ly, 1) = Ala + UIWA " ty + 1], 0 _global{MEMORY] read | 0°2.93% 0: 85 8% 0 1398 51B/s, 100.00% EMciency e 1 ™ Transt f
71 B3ty b) = Bl + UiWE * ty + b 0: global{MEMORY} read | 0 0,08% 0:95.9% 0. 10.1MB/s, 100.00%EMcioncy © emeny Transiens -
72 Device 1 Memory Sapy from device) U EN EN BN BN BN BN BN BN B BN .
73 # Synchronize to make sure the matrices are loaded 0: __global{MEMORY}.read A\
7a barrier(©LK_LOCAL_MEM_FENCE); Cache Hits: 99.9% | ErEd D [ [ [ [ [ [ [ [ [ [ [ [ l
75 Non-alloned Accesses: 0.0%
76 #pragma unrol Memory site coalesced with other memahy sites.
77 for (int k = 0; k = BLOCK_SIZE; ++K) { T
78 ub = AS(ty, k) * BS(k, ) 0: __local read 0:0.0% 0985:9% 0 |
78 '
a0 ‘ |
a1 /7 Synchronize to make sure that the preceding \
az Mt computation is done before loading two new '
a3 1 sub-matrices of A and B in the next iteration
84 barrier(CLIK_LOCAL_MEM_FENGE);
85 3 4 ). N o B = i
Statistic Measured 1 Optimal |
Worse Case Stall (__global) % 6.18% 0% u
Kernel Clock Frequency 227.3 MHz na i
Global BW (MEMORY:bank1) 2783.5 NBIs 12800 MBS |
Average Write Brust 1 ‘ "
Average Read Brust 1 ||
Global BW (MEMORY:bank2) & MBS 12800 MBJs e / e
Average Read Brust 1 16 — £ -

Execution Times




HIGH PERFORMANCGE DATA FLOW



Execution of Threads on FPGA — Naive Approach

Thread execution can be executed on replicated pipelines in the FPGA

Ioad load 45 Ioad \ load load Ioad

kernel void Q % @ ?
add( global int* Mem ) { i ; .;
Mem[100] += 42*Mem[101] ; / /

}
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Execution of Threads on FPGA — Naive Approach

Thread execution can be executed on replicated pipelines in the FPGA

Ioad —-ud b 49 Ioad | —n:lad load
kernel void Q @
add( global int* Mem ) { i ; E .; i
Mem[100] += 42*Mem[101] ; / /
}

store | StO re StO re

intel' l 133




Execution of Threads on FPGA — Naive Approach

Thread execution can be executed on replicated pipelines in the FPGA

— Throughput = 1 thread per cycle
— Area inefficient

t0 t1 t2

load | 45 Ioad | load

III mﬁ\?? é\@? i\
t3 t4 t5 / /

I l I store | StO re StO re

fa

Clock Cycles

Parallel Thraads
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Execution of Threads on FPGA

Better method involves taking advantage of pipeline parallelism

— Attempt to create a deeply pipelined implementation/of kernel

— On each clock cycle, we attempt to send in new:thread

' t2 t1 to

kernel void |r load load 42

add( global int* Mem ) { @ F
Mem[100] += 42*Mem[101] ; /

}

store




Execution of Threads on FPGA

Better method involves taking advantage of pipeline parallelism

— Attempt to create a deeply pipelined implementation/of kernel

— On each clock cycle, we attempt to send in new:thread

kernel void |r load

add( global int* Mem ) { @ F
Mem [100] += 42*Mem[101] ; \ /

}




Execution of Threads on FPGA

Better method involves taking advantage of pipeline parallelism

— Attempt to create a deeply pipelined implementation/of kernel

— On each clock cycle, we attempt to send in new:thread

kernel void |r load

add( global int* Mem ) {
0 BN &
Mem[100] += 42*Mem[101] ; /

}




Execution of Threads on FPGA

Better method involves taking advantage of pipeline parallelism

— Attempt to create a deeply pipelined implementation/of kernel

— On each clock cycle, we attempt to send in new:thread

kernel void |r load

add( global int* Mem ) {
° =
Mem[100] += 42*Mem[101] ; /

}




Execution of Threads on FPGA

Better method involves taking advantage of pipeline parallelism

— Attempt to create a deeply pipelined implementation/of kernel

— On each clock cycle, we attempt to send in new:thread

—

kernel void |r load load 42
add( global int* Mem ) {
° =
Mem[100] += 42*Mem[101] ; /
}
( t1
store’

to




Execution of Threads on FPGA

Better method involves taking advantage of pipeline parallelism

— Attempt to create a deeply pipelined implementation/of kernel

— On each clock cycle, we attempt to send in new:thread

—

kernel void |r load load 42
add( global int* Mem ) { @ F
Mem[100] += 42*Mem[101] ; /
}
( t2
store

t1




Execution of Threads on FPGA

Better method involves taking advantage of pipeline parallelism
— Throughput =1 thread per cycle

- j
A Wa
r | V.
load load 42
Mem[100] += 42*Mem[101] ; i
} -
. v store

kernel void
add( global int* Mem ) {

Clock Cycles

v
o

=
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SINGLE THREADED OPTIMIZATIONS



OpenCL on Intel FPGAs

Main assumptions made in previous OpenCL programming model

— Data level parallelism exists in the kernelprogram

Notall applications well suited for this assumption

— Some applications do not map wellte data-parallel paradigms

These are the only workloadsthat'GPUs support




Data-Parallel Execution

On the FPGA, we use the idea of pipeline parallelismto achieve acceleration

kernel void

sum(global const float *a,
global const float *b,
global float *c)

{
int xid = get _global id(©);

c[xid] = a[xid] + b[xid]; \( h
} :S S

2 &}
Load -‘T Load

ti e

o)

Store

Threads can execute in an embarrassingly parallel manner




Data-Parallel Execution - Drawbacks

Difficult to express programs which have partial dependencies during execution

kernel void 2
sum(global const float *a, Load —‘ ‘7 Load
global const float *b,
global float *c) ti e

( £
int xid = get_global id (0¥ \i t0 r/
c[xid] = c[xid-1] + b[xid]; N/ -

} PR S Store

Would require complicated hardware and new language semantics to describe the
desired behavior




Solution: Tasks and Loop-Pipelining

Allow users to express programs as a single-thread

for (int i=1; i < n; i++) {
c[i] = c[i-1] + b[i];

} DA
Pipeline parallelism still leverageditoefficientlyexecute loops in Intel's FPGA
OpenCL N e
= Parallel execution inferred . ~ Load

by compiler \ ¢] i=1 :}

= Loop Pipelining ' s




Loop Carried Dependencies

Loop-carried dependencies are dependencieswhere one iteration of the loop
depends upon theresults of another iteratigniofthe loop

kernel void state machine(ulong n)

{

t state vector state = ipitial state();

= pro 5
wr'1te chx tera (0{V3

The variable stateiniiteration 1 depends on the value fromiteration 0. Similarly,
iteration 2 depends'en the value from iteration 1, etc.
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Loop Carried Dependencies

To achieve acceleration, we can pipeline each iteration of a loop containing loop
carried dependencies

— Analyze any dependencies between iterations
— Schedule these operations

— Launchthe nextiteration as soon‘as possible

kernel void state_machine(ulong n)

{

t state vector state = initial state();

At this point, we can launch
the next iteration

= process
write channel aker‘a(OUTPUT y);

}
}
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Loop Pipelining Example

No Loop Pipelining With*koop Pipelining

Clock Cycles
Clock Cycles

4 ) i i=1
i=1 X i” i=2
' i=3 Looks almost like
i=4 multi-threaded
=2 \ . i i i E execution!

. i

Finishes Faster because Iterations

No Overlap of Iterations! Are Overlapped




Parallel Threads vs. Loop Pipelining
So what's the difference?

Loop

Parallel threads la®ach,1 dependencies may

1{0) i=0
{1 =1
= i L2 € not be resolved i
e thread per clogk'gycle in " __3/ not be resolved in
i pipelined fashion " ==y 1 clock cycle
t4 ) i=4

Parallel Threads Loop Pipelining

Loop Pipelining enables Pipeline Parallelism *AND* the communication of state
information between iterations.

(ﬁ@b l1w




Image Filter

// Note that no thread identifiers anywhere in the kernel - single threaded code!
kernel void sobel { global char * restrict data_in, global char # restrict data_out,
unsigned iterations, int threshold ) {

const int filterH[31[3
const int filterW[3][3

] { {'lrﬂ:l}r {'2:3:2}J {']-JE}J-I} };
I={{1

1-2,-1}, {0,6,0}, {1,2,1} }; SRR

char rows[2 * WIDTH + 31; // Pixel buffer of 2 rows and 3 extra pixels

- - < - - - -
int count = 0;
while {count '= iterations) {

// Each cycle, shift a new pixel into the buffer

/¢ Unrolling this loop allows the compiler to infer a shift registep.

#pragma unroll

for {int i = WIDTH * 2 + 2; 1 = B8; --i} {

rows[il = rows[i - 11;
rows[0] = data_inlcountl; // Shift image data (from DDR) into one end *

int accumH=0, accumV=0;
for (unsigned y=0; y<TILE SIZE; y++) {
for {unsigned x=0; x<TILE_SIZE; x++) {
unsigned int pixel = rows[y * WIDTH + xl;

accumH += pixel * filterH[yl[x];
accumV += pixel * filterV[y][xl;
}
}

int accum = accumH*accumH + accumV™accumV;
char out val = {accum = (threshold * threshold)) ? 255 : 0;
data_outlcount++] = out_val; //output pixel (to DOR)
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CHANNELS

Harnessing Dataflow to Reduce Memory Bandwidth



Data Movement in GPUs

Datais moved from host over PClexpress

Instructions and data is constantly sent back andforth between host cacheand
memory and GPU memory

» Requires buffering larger data sets before passing to GPU 10 be processed
= Significantlatency penalty
» Requires high memoryand host bandwidth

» Requiressequential execution.of kernels

Global

Memory

Uncompress Image Filter Compress




Altera_Channels Extension

An FPGA has programmablerouting
Can'twe just send data across wires between kernels?

Advantages:
— Reduce memory bandwidth
— Lower latency through fine-grained synchronization between kernels

— Reduce complexity (wires are trivial compared to memory access)
o Lower cost, lower area, higher performances

— Enable modular dataflow design through small kernels exchanging data

— Different workgroup sizes and degrees of parallelism in‘connhected modules

Image Filter

Uncompress Compress




Data Movement in FPGAs

FPGA allows for result reuse between instructions
Ingress/Egress to custom functions 100% {lexible

Multiple memory banks of various typés'directlyaff FPGA
— Algorithms can be architected to minimize buffering to.€xternal memory or host memory

— Multiple optional memory banks can be used toallow simultaneous access

Optional Optional

Memor Memory

4 4 \

R FPGA R
100G, ! ﬁ:"' i\t 7 \ 100G,
PCle, IAA Y < PCle,
SRIO, —"‘ Kernel 1 H Kernel 2 —o‘ Kernel3  — SRIG,
USB, USB,
etc... ' ' etc...




Example: Multi-Stage Pipeline

An algorithm may be divided into multiple kernels:

— Modular design patterns

— Partition the algorithm into kernels
with different sizes and dimensions

— Algorithm may naturally splitinto both
single-threaded and NDRange kernels

Generating random data for
a Monte Carlo simulation:

624
[terations

Task

Billions of

8192

RNG’s Billions of Simulations Iterations

Task

-

NDRange Kernel Task

kernel void rng(int seed) {
int r = seed;
while(true) {
r = rand(r);
write channel altera(
RAND, r);

kernel void
int gid =
int rnd

out[gid] = do_sim(data, rnd);

}

sim(...) {

get global id(@);
read_channel altera(

RAND) ;

Single-Threaded

NDRange




Traditional Data Movement Without Channels




Data Movement Using Channels

o

EN o
HOST | System |
| Memory




Data Movement Using Host Channels




An Even Closer Look: FPGA Custom Architectures

Kernel Replication with num_computeiunits using OpenCL
= Step #1: Design an efficientkernel

= Step #2: How can we scale it up?

kernel void PE() {

¥ (task-based kernel)




Kernel Replication With Intel® FPGASDK for OpenCL

Attribute to specify 1-dim or 2-dim array of @PE 1 [ee | [re ]| ee]
3

kernels ( ) ( ) ( ) ( )
PE PE PE PE

Add API to identify kernel in the array 2 G NS SN ==
PE PE PE PE

__attribute__ ((num_compute_units(4,4))) 1
kernel void PE() { o o o PE

O _ _/ . _/
row = get_compute_id(0); 0 1 2 3

col get_compute_id(1);

L

o\ :
allows compiler to specialize each PE




Kernel Replication With Intel® FPGA SDK for OpenCL

Topology can be expressed with software constructs \
*L PE H PE PE
3

= Channel connections specified through computeIDs

channel float4 ch_PE_row[4][4]; - e o o o \
channel float4 ch_PE_col[4][4]; >
channel float4 ch_PE_row_side[4]; \

channel float4 ch_PE_col_side[4];

-’[PEHPEHPEHPE
1 J
__attribute__ ((num_compute_units(4,4))) L & 4 4 .
kernel void PE() { -.{ PE H PE H PE H PE
row = get_ compute_id(9); 0 )
col = get_compute_id(1); I L 4 N
0 1 2 3
float4 a,b;
if (row==0)
a = read_channel(ch_PE_col_side[col]);
e e o

a = read_channel(ch_PE_col[row-1][col]);

Channel/Pipe Kernel
if (col==0)




Matrix Multiply in OpenCL

Every PE / feeder is a kernel feeder S }h BE }’& FI=S

. . . *_ ( ’v ( "\
Communication via OpenCL channels feeder. PE PE PE

Data-flow network model Y | : - - JL X 4
feeder PE PE PE

Software control: \Y V., : 24 A3y 4{
— Compute unit granularity feeder [‘[ PE PE PE PE

-

241 41

feeder WP feeder WP feeder WP feeder

¥ v v v

Drain interconnect

— Spatial Locality

— Interconnect topology

' Load B
" Drain C

— Data movement

— Caching
— Banking B ,
Performance: ~1 TFLOPs Channels/Pipes

Kernels




Traditional CNN

1 1
hewldl = Y > Tgig b+ %10y + ¥ x ELxIy]

xr=—1yr=-1
Filter
Input Feature Map (3D Space)
(Set of 2D Images)
Output Feature ‘Map "

Repeat for Multiple Filters to Create
Multiple “Layers” of Output Feature Map



CNN On FPGA

Want to minimize accessing external memory

Want to keep resulting data between layers, on the device and between
computations

Want to leverage reuse of the hardware “between computations

N o gon S WP e

Parallelism in the depth of the kernel ‘[ \- A ) Max or Avg value over p x p region
window and across output features. NS F%> = 8. 500
Defer complex spatial math to'random [/ P [V |
access memory.

< - H R
Re-use hardware to compute multiple S0 T Haiott el Wil et e
Iayers. Ezl?i;nuetl (Pj‘nee;)(_z:t and width

Input Feature Map Convolution Output Pooling




Efficient Parallel Execution of Convolutions

= Parallel Convolutions
— Different filters of the same
convolution layer processed in
parallel in different processing
elements (PEs)

= Vectored Operations
(X)) e — Across the depth of feature
map

= PE Array geometry can be

Y —1\ customized to
hyperparameters of given

topolog

Intel Confidential

Programmable Solutions Group



Design Exploration with Reduced.Precision

Tradeoff between performance and accuragy
= Reduced precision allows more processing to be done in parallel
» Using smaller Floating Point formatdees not require retraining of network

= FP11 benefitover using INT8/9

— No need to retrain, betterperformance;less accuracy loss
FP16 ' HENENNENEEEEEEEEE SsSign 5-bitexponent, 10-bit mantissa

FP11 ' EEEEE Sign, 5-bit exponent, 5-bit mantissa
FP10O "rEEENRNEEEN Sign, 5-bit exponent, 4-bit mantissa
FPO EEEENEEE Sign, 5-bit exponent, 3-bit mantissa
FP8 EEEENEE Sign, 5-bit exponent, 2-bit mantissa

Programmable Solutions Group Intel Confidential ( |ntel l 167



OPENCL FLOW

Lab 3

Programmable Solutions Group Intel Confidential ( |ntel l 168




FPGA PRUGRAMMING MODEL

uilder Advanced B



The Mathworks* Design Environment

-
“ MATLAB*

= Matlab* Algorithm Development
and Analysis

9

— High-level technical computing language )
— Simple C like language _
— Efficient with vectors and matrices gasedlesian
— Built-in mathematical functions

Validated

— Interactive environment for algorithmdevelopment )
Design

— 2D/3D graphingtool for data visualization

i
Simulink Third Party Tools

— Hierarchical block diagram design &simulation tool
— Digital, analog/mixed signal & eventdriven
— Visualize signals

— Integrated with MATLAB* Hardware  DSP, Control
Software

( intel, l 170



DSP Builder for Intel® FPGASs

Enables MathWorks* Simulink for Intel i_ﬂﬂﬁgwu ST —
FPGA design

Device optimized Simulink* DSP
Blockset

= Key Features:

— High-Level Design Exploration

— HW-in-the-Loopverification L e -
— IP Generationforintel® Quartus - :;

SW / PlatformDesigner

( intel, l 171




FPGA Design Flow - Traditional

Development

System Level Design
System Level Simulation

HDL Co P{.\KJ

System Engineer

II.I\ Precision

MAT LAB*/Simulink* tooi(.- Intel

&@plify SW
@ Prime SW mm
|
[ /Il.l
([ ]
m

RTL Simulation
Hardware Verification

Verification Engineer

ModelSim* tools
Development Kits

@

Slratlx 10




FPGA Design Flow — DSP Builder for Intel® FPGAs

System Level Design HDL Co’i@ RTL Simulation
System Level Simulation DS

Hardware Verification
Algorithm- System-level

level olbak
Modeling Synthesis, RTL Simulation Verification

PreC|S|o , synplify* SW ModelSim* tools
imulink* to nte ® Prime evelopmentKits
MAT LAB*/Simulink* / I I Prime SW Devel Ki

Single Simulink*
~ @ NP J .
6 Representation




Core Technologies

= |P (ready made) library
— Multi-rate, multi-channel filters
— Waveform synthesis (NCO/DDS/Mixers)

= Custom IP creation using primitive library
— Vectorization
— Zero latency
— Scheduled
— Aligned RTL generation

= System integration
— Platform Designer

— Processor Integration

Automatic pipelining
Automatic folding and resource sharing

Multichannel designs with automatic
vectorization

Avalon® Memory-Mapped and Streaming
Interfaces

Design exploration across device families
High-performance floating-pointdesigns

System-in-the-Loop accelerated
simulation

( intel, l 174




Advanced Blockset - High Performance DSP IP

Over 150 device optimized DSP building bloCks for Intel® FPGAs
= DSP building blocks

= Interfaces | ;E ) _gi _g:
= IP library blocks Desig:n Configuration  Interfaces P
= Primitiveslibrary blocks . iy

— Math and Basic blocks Primitives Utiities

Vector and Complexdata types

intel‘ l 175




Build Custom FFTs from FFT Element Library

» Quickly build DSP designs using Complete FFT IP’Functions from the FFT Library
= Build custom radix-2% FFTs using blocksfrom the FFT Element Library

FFT Pruning and Twiddle s
FFT_float Bit vector combine — —
VFFT Butterfly Unit e
VFFT_float Choose Bits .
BitReverseCoreC Dual Twiddle Memory = >@—>
VariableBitReverse Edge Detect il e ©
Floating-Point Twiddle Gen e

Crossover Switch

( intel, I 176




Filter and Waveform Synthesis Library
P |Implementations |

) ) _ FIR Half-band
DSP Builder includes a comprehensive L -Band
waveform IP library Symmetric
Decimating

Fractional Rate
Interpolation
Single-Rate

Super Sample Rate

» Automaticresource sharingbased on
sample rate

= Support for super sample rate

architectures CIC  Decimating
* Interpolating

* Super Sample Rate

Mixer  Complex
* Real
* SuperSample Rate
NCO * Super Sample Rate
*  Multi-bank




Library is Technology Independent

= TargetdeviceusingaDevice block

= Same model generates optimized RTLforeach FPGA and speed grade

#+ DSPBuilder - Device Parameters (mymodel) — O >

Description

Marks a particular Simulink Subsystem asthe top level of an FPGA device and
sets up device options.

Device Family: Stratix 10 ~

Family membenr If\UTO

Speed grade: |1 ~




Datapath Optimization for Performance

Automatic Timing Driven Synthesis of Model

— Based on specified device and clock frequency % DSP Builderforl.. — O X
Description
Optimization Use this window to control global settings.
Pipelining Inserts registers to improve Fmax General Clock  Testbenches
Algorithmic Retiming Moves registersto balance pipelining zfii”;;'n::hm "

Bit Growth Management Manages bit growth for fixed-point designs | ciockFrequency MHz: 24

Multi-rate Optimizes hardware based on sample rate HEE2L 20 e 0
Optimizations After
BB — -8
> > | = | =
v Bit Growth
Retiming

(e |



Custom IP Generation

bo ‘I : __‘:Ir’.
: ! =g Model Primitive Features

Textbook based * \Vector support

design entr .
b, g y « Parameterizable

* Zero latency block

USC/’% « ALU folding
S/}; A )
<ero ;‘7 Ve%c Sim " What to do not when to do it
w Ory
C/\'s

( intel. l 180




ALU Design Folding Improves Area Efficiency

Optimizes hardware usage for low- PN | . J S [ v R e
throughput designs A T
. B X Multiply X
= Arrangesone of each resourcesina c W ity X
central arithmeticlogic unit (ALU)
fashion TDM TDM
A — A
» Foldingfactor = clock rate / datarate B :: —.°—> —> 5
C =—p — C
= Performed when Folding factor>500 1 1
FSM




TDM Resource Sharing

Clock Rate = Sample Rate

> F(.)

S —
N
T
>
WRITE

> F(.)

A A A

Clock Rate = 2*Sample Rate

SERIALIZE
DESERIALIZE
WRITE




TDM Design: Trade-Off Example

49-tap Symmetric Single Rate FIR Filter

Resources

898 26 0 1

Clock Rate = 72 MHz
Sample Rate = 72 MSPS

Clock Rate = 144 MHz

Sample Rate = 72 MSPS 1083 14 0 2
Clock Rate = 288 MHz

Sample Rate =72 MSPS N 8 0 4
Clock Rate =72 MHz 1082 14 0 5

Sample Rate = 36 MSPS




Clock Rate = 179.2MHz

2 Antenna DUC Reference Design

Interpolate4FIR: ComplexMixer:
ChanCount=4 ChanCount = 2 (complexchannel)
ChannelFIR: OutputSample Rate= 89.6 MSPS Sample Rate = 89.6 MSPS
ChanCount=4 OutputPeriod= 2 Period =2
OutputSample Rate=11.2 MSPS ChanWireCount = ceil(4/2) =2 I'=*cos—Q*sin
OutputPeriod=16 ChanCycleCount= ceil(4/2)= 2 Q' = I*sin + Q*cos
Output Seq.=11,12,Q1,Q2,zeros(1,16-4) OutputSeq.= 11, 12 OutputiSeq.= 11,12
QIyQ2 Demux OutputgSeqg.=Q1,Q2 (Terminated)
data data data Data(2) * ; ! %
valid FIR valid FIR Tz valid FIR T4 valid valid valid
channel channel channel channel channel Complex channel De
Mixer interleaver
) Sync ‘
Interpolate2FIR: vaid NCO vatia
Clock Rate=179:2MHz channe| | channel Deinterleaver:
ChanCount=4 NCO: Sample Rate = 89.6 MSPS

OutputSarr.1ple Rate=22.4 MSPS ChanCount = 2 (complexchannel) Period=2

OutputPeriod= 8 Sample Rate = 89.6 MSPS InputlSeq.=11,I2

Output Seq-=11,12,Q1,Q2,zeros(1,8-4) Period = 2 Antenna1Seq.=11,-
SineSeq. =sinA1,sinA2 Antenna2 Seq.=12,-

Reference Design Included with DSP Builder Cosine Seq. = cosA1,cosA2




Changing the Design without DSP-Builder

= Tedious and time consuming
= ChannelCount=8,16, 32
» ClockRate = 2x, 4x

data
R

vl FIR FIR T2 FIR T4

channel
—_

Sync

Specification:
SampleRate = 11.2
ChanCount =38




Changing the Design with DSP Builder

= Modificationsdonein minutes

= Design still looks the same

splittér
i i Il%

data data data Data(4) i2
— * q >

valid FR | v FIR TZ valid FIR T4 valid vaid | | vald

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn Complex | e | De

Mixer interleaver
Sync
NCO
Specification: cccccc H 1

SampleRate =11.2
ChanCount:=8




Five Designs Iterations < 1 Hour

Arria® 10 Arria 10 Arria 10 Stratix® 10 Stratix 10
6 channel 6 channel | 12 channel 6 channel 12 channel
Requested Clock \

(MHz) 250 450 450 450 450

(]
AAN—V
Actual Fmax

(slow model, 85C) 351 ' 458 458 524 484.5

Multiplier Count

(18x18) 10 ° 6 10 6 10
Logic Resources | ) [N

(registers) . 686 465 818 1267 1863
gle(:)gci)(ul:/(lzeens](zrk)tl)its) 0 o) 0 0 25.8




Generates Reusable IP for Platform Designer

= Platform Designeris the System Integration _
Environment for Intel® FPGAs DSP Builder

= DSP Builder designs fully compatible with 1

. g &
Platform Designer

* |Integrate with other FPGAIPs Bl

— Processors D Sianer

— State machines Project A Project B
acn - L
— Streaming interfaces i v i i 7 i

= Design reuse fully supported

( intel. l 188




Typical Design Flow

ldentify system architecture, design filters andchoose desired Fmax and device

Set the top level system parameters in the MATLAB® software using the ‘params’
file - number of channels, performance, etc.

Build the system using the Advanced.Blocksetteol
Simulate the design using Simulink® and ModelSim® tools
Targettheright FPGA family'and compite

As system design spets changes, edit the ‘params’ file and repeat

i@ l 189




Design Flow -Create Model

Create a new blank model

Select New Model Wizard from DSP Buildermenu
rﬂ Simulink Library Browser . n\ ) A e o =] = |

» - Enter search term - “

Libraries | Library: SimulinkiAdditional Math & Discrete )_Search Results: (none) | Most Freguenthy | 4 3 #
=8 | simulink

‘ Additional Additionsl Mat-
-~ Commonly Used Blocks Discrete h: Increment -.

c?ntmufzu%_ \ded o e

-~ Discontinuities
- Discrete F|Ie Edit View Simulation Format Tools [DSP Builder | Help
- Logic and Bit Operations u % | é{] E | &= ir | New Model Wizard I v”
- Lookup Tables .
F ) Design Checker
- Math Operations ) )
- Model Verification Verify Design
- ModelWide Utilties. Resource Usage... ]
- Ports & Subsystems View Memory Map
- Signal Attributes. Run Quartus II
-~ Signal Routing Run ModelSi
- Sinks un ModelSim
- 3oUrces
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Top Level Testbench

Hardware Generation is on
Address Width: 10 =L ?:_i:: Fh;:g&;l}
Data Width:18 bus @ 368 TEMHz Test_Model
Big Endian -
Control Signals

- h 10
data out =d
A ———p
Channel Viewer channe! 1
4 channels
o - v

e ¥
valr W
c
U
ann
I
scalar vector L channel out &
scalar A channel 2
k

Ban
Sequence ¥YYYY dut YYY Scope

Deserialized
Scope Design Inputs I:l - Scope Design Outputs Outputs

Top-level of a DSPB-AB design is a testbench
Mustinclude Controland Signals blocks

(intel, l 191




Design Flow - Synthesizable Model

Test |

File Edit View Simulation Format Tools DSPBuilder Help

M & yom e [Noma ] & BEBe
Mode| Brow 3| BL| x

B

G ] dut

Enter the designin the subsystem L =

Device block marks the top level of the FPGA




Design Flow — ModellP Blocks

iy 5 S A P2 R

Ind

In vecwlat ing Int temo\ sting

r—»y "'““‘:L:’:“’z v———#ay vy
Inv Length 41 Lergmzs

Symmetrical Seale Symmetrical

c—— pachangchen— e c

n—b shift q_exp
Seale

[ S——

Inc.

FIR1

\mwlam byZ i

DUC_BYPASS_Cicio]

OXDOFE (Write)

CIC_Bypass_Register

Filters Library

- Single rate, multi-rate, and
fractional rate FIR filters

- Decimating and interpolating
cascaded integrator comb (CIC)
filters

Note: Supports super-sample rate (data
rate > system clock freq).interpolation by 2
filters.

e

v
av—— P ‘
CIC Filter
Interpolate by 2.0,
18 channels *

e— pachan gchan— pc
‘ Becn J.;;.J achen—

cicscaled

Trzoutscaled

InterpolatingCIC

n—-/i

[ —]

Ly cos
CicScale »
4 channel
phass
PhaseOffsat
(D » sync
Sync

Waveform Synthesis Library
- Real and complex mixer

- Numerically controlled
oscillator (NCO)

Note: The NCO block supports frequency
hopping (each channel can hop to different
frequency from a pool of frequencies)

SyncMixSumsel



Design Flow — ModelPrim Blocks

Channelln and ChannelOut
blocks to delineate the
B i boundary of a synthesizable [rag

File Edit View Simulation Format Tools DSP Builder ri itive Su bs Ste
DeE&E i) hig 50000... [Nomal p m y m
il Sum Scal

av @ Lkl av, Ly q
(€D »

ac

- ae > e

) ok

din Syme

4 o nco_d > Lt sum 2 q
cassin
(&) |0 o Nete: This is sqivalent o & Hote: This is equivalent to a

oot Complextixer ModelIP block Scale Modell tlock
= >

nooV Synthesisinfo

Note: Greateraptimizstion can be achieved by collsting il these inta s
| single primitive subsystem. The saving is about 300LUTS for this example
b4 i BN
Syndln
=
Synchronize NCO and datapath Add S th I f Bl k t
e et ntnesisinro OCK O

control pipelining and
latency and to view resource
usage of the subsystem




Design Flow — Parameterize the Design

5 \
Dl B2 ¢ 0B - Aem b -8R 80BN BS | smbse -] fr BOE &0
BB -0 |+ sha |x [0
1 %% Test Model param - DSPBA Design Parameters Start o
2 -  clear Test Model param; F
File Edit View Simulation Format Tools DSPBuilder Help 5
= a %% System Parameters
B fela N - i
DSHS L B@| s [DE|r oo [Nomd oDzl REEY 5= Test Hodel parem.Chencomss - % R ——
odelBrow ) 3] x 6-  Test Model param.ClockRate = 368.76000; N rate in Miz
7-  Test_Model param.SampleRate = 92.130000; % MSps (mega-samples second)
[owiEAEy &~ Test_tousl_param.Clocmiargin = 0.0; B ertors
L] dut — 2
Harduare Generstion is.on E—— 2 10 %% Data Type Specification
o] o0s @ 308 TN 12~ Test Madel param.impus_fraceien lengsh = 16; + Inpus data: fractien wids
13
13- Test Model param.cucpuc_word lemgth = 17; % Outpuc dete: bit widen

15 - Test_Model param.output_fraction length = 16; % output dat ction widen
15
17
18 %% ModelTP setup
18 %% Filter 1
20 - Test_Model param.filterl.SampleRace = Test_Model param.SampleRates % Inpuc rate at filterl =
21~ Test_Model param.filterl.Filcerlength of Taps
G el —— 22~ Test Model param.filterl.Interpolation
s 23 - Test_Model param.filterl.cosff word length bit width
25 - Test_Model_param.filterl.cosff_fraction_length : : fraction width
~alid o
o ot 27 - Test_Model_param.filterl.coeffs(l,:) = £i(firl(Test_Model_param.filterl.FilterLength-1, 0.1, 'DC-1' ), 1,Test_Model param.filterl.coes
’E} 28 - Test _Model param.filterl.coeffs(2,:) = fi(firl(Test Model param.filterl.FilterLength-1, ([0.1 0.5], 'DC-0' ),1,Test Model param.filterl.coef
“Ghanal count sgnal B
channel
> “Shantal ot
Bank
Sequence YYY dut

SRR | E—

structure like template

uns when modelis opened or simulationis run
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Design Flow — Processor Interface

ﬂ Function Block Parameters: InterpolatingCIC u‘
Drop memory and p Parameters
. . . Input Rate per Channel/MSPS
registersin the design /
1 2 Number of Channels:

- 9 s *° i 4 l wedma_meduc.ChanCount
ModellPs have builtin Number of Stages

—wav gv—— v o1 Filter wedma_meduc. CICH
1

memo ry map ped Scale Interpolate by 8.0 Interpolation Factor

18 channels

interface to control N N wedma_meduc,CICRate

Differential Delay

registers, coefficient ( e
. — shift q_exp bypass
registers — Pl Decimaion

DUC_BYPASS_CIC[o],

Ox00FE (Write) [ OK H Cancel ” Help

CIC_Bypass_Register




Design Flow - Running Simulink Simulation

Creates files in location specified by Controlbloek

= VHDL Code |%
- i ) beaalibeles s och froe  J@spe- BEES
= Timing constraints file (.sdc) s x
Lo dut

= DSPB-AB subsystem Quartus®IPfile




esign Flow - Documentation Generation

Get accurate resource utilization of allmedules right after

imulati ith lace &
simulation,without place & route ™%
Shows the resource usage of the lab_dsbdm model.
= &y o
DSP Builder > Resource Usage bog)
50 Tab_dsbdm 9237, 108/ 16448
DSP Builder > View Address Map oo D 2 R R
= 1. DSB_Demod SYNTH 9221 108! 16448
® NCO NCO 1153 g 16448
= . =] # PreDetectionHPF FRRS 2035, 32 0
2 DSP Builder - Memory Map (lab,dsbdm- [ESHECEL x|
— # PreDetectionLPF FRRS 2035, 32 0
et ¥ N * Scale SCALE 159 0 0
Shows the memory map for the lab_dsbdm model. # Scalel SCALE 439| 0 0
MNodes Register bits... Reset || Word address #-Saaled SCALE 459 0 0
- P #® Scaled SCALE 399 0 0
= | FIR Coefficient Registers
- # SingleRateFIR FIRS 2035 32| 0
=1 lab_dsbdm/DSB_Demod_Chip/DSB_Demod/PreDe... B sync_Mix SYNTH 125 4 0
# FIR Coefficient Register 0 15...0 (16) -1524 040 ® DualMem 0 DUALMEM 28 P o
# FIR Coefficient Register 1 15..0 (16) 688 Oxd1 #® DualMem_1 DUALMEM 28 0 0
# FIR Coefficient Register 2 15..016) 66 Oxd2 #* Mukt0 MULT 0 2| 0
# FIR Coefficient Register 3 15..0 (16) 718 0xd3 ® Mult 1 MULT 0 2| 0
# FIR Coefficient Register 4 15..0 (16) 722 Oxdd # Id_Channelln_dV_s_to_... |DELAY 4 0 0]
# FIR Coefficient Register 5 15..0/(16) 639 045 # Id_Channelln_din 0 to_...|DELAY 16 0 0
# FIR Coefficient Register 6 15..00 (16} 434 D6 # Id_Channelln_din 1 to_... |DELAY 16| 0 0
@ FIR Coefficient Register 7 15..0 (16) 73 Dxd7 # |d_Channelln_dC_s_to_... |DUALMEM 24 0 0
® FIR Coefficient Register 8 1500 (16) 434 0348 # 1d_Channelln dC_s to.... |COUNTER 4 0 0
# |d_Channelln_dC_s_to_... |REG 2| 0 0
# FIR Coefficient Register @ 15..0 (16) -1065 0x49
# |d_Channelln_dC_s_to_... |CONSTANT 0 0 0
# FIR Coefficient Register 10 15..0 (16) -1776 Oxd &y ® 1d_Channelln_dC_s.to_.. |REG 1 o 0
# FIR Coefficient Register 11 15..0 (16) -2499 0x4B @ Id_Channelln_dC s to REG 1 0 0
# FIR Coefficient Register 12 15..0 (16) -3166 0xd C ® Id_Channelln_dC s to._... |LOGICAL 0 0 0
# FIR Coefficient Register 13 15..0 (16) -3704 0x4D # 1d_Channelln_dC_s_to_... |LOGICAL 1 0 0
# FIR Coefficient Register 14 15...0 (16) -4052 0xdE # |d_Channelln_dC_s_to_... |LOGICAL 1 0 0
# FIR Coefficient Register 15 15...0 (16) 28594 0xdF # |d_Channelln_dC_s_to_... |LOGICAL 1 [4] 0
| lab_dsbdm/DSB_Demod_Chip/DSB_Demod/PreDe... # busReadSelector SELECTOR 32| 0 0]
| lab_dsbdm/DSB_Demod_Chip/DSB_Demod/Single... # busReadSelector SELECTOR 16 0 0
'/ NCO Phase Increment Registers (sin Inversion@MSE...
| lab_dsbdm/DSE_Demod_Chip/DSB_Demod/NCO (...




Design Verification

B Test Model

O =EHS

File Edit View Simulation Format Tools | D5P Buslder | Help

todel BIDL-'W % x

y dut

Run ModelSim block loads
the design into the ModelSim
simulator

:= wave - default
File Edt Cursor Zoom Bookmark Format  Window

[ & EE®

EHE rBBI XX Y €QQQ

6
. F'amm.—j ]

[ RTL Simulation

&G % New Model Wizard _Ll =
1 Design Checker
Verify DeSign
Rescurce Usage. . k
Miew Mamory Maj —
H"'d: P 38.76 MHz
Fun Quartus I ictive Highl
N Ie8. TelHz
—
sfici7_Enid .
Ll
|
Y¥YYY

=fei7_Enig E:
dout

data out

boolean
walid out

wout

uintd
channel out

dut




4 Options

Design Flow — System Integration
. =

Category IP Search Path Options
ECEE  p search Patn

|| C:fattera_trn/Working/DSP/rtl'w cdma_multichannel_duc_mixer/chip/*

Add <subsystem>_hw.tcl directory
to Qsys|P Search Path

Qsys-> Tools -> Options -> IP Search Path

s Qsys =
Fie Edit System Wiew Tools Help V - y <
Component Library System Contents |(Address Map | Clock Settings | Project Settings ||instance Parameters | System Inspector | HDL Example | Generation
3 Y4 “E’ Use Conn... * Name Description Export Clock Bas
Project x o H ek_0 . Clock Source
..l Mew component . [ | clk_fn Clock Input clk
m . - o clk_in_reset Reset Input reset
[=-Altera DSP Builder Advanced i I cli Clock Output clk_0
) FY *— clk_reset Reset Output
BT - Bl wedma_mukichannel d... [chip
[#-Clock and Reset = - cleck Clock Input unconnected
[#-Configuration & Programming . - clock_reset Reset Input [clock]
#-DSP ? — exp Conduit
#-Embedded Processors —* bus Avalon Memory Mapped Slave [bus_clock]
— bus_clock Clock Input unconnected
— bus_clock_reset Reset Input [bus_clock]

Add subsystem from

the Component pick
list

QL
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ACCELERATION STACK FOR XEON WITH FPGA



Using FPGAs Just Got Easier

Orchestration / \ Openc

Rack Management

SW Application T picl ’ '. .: : - . '.' ate
Software Frameworks ~
In{egse .
Abstraction Ao S
Lo
Increase
Open Programmable Ease ofiUse Pre-built

Acceleration Engine (OPAE) FPGA Interface Manager
N (Standard I/O Interfaces)

Accelerator
Solutions
(ecosystem)

OS Driver .
D

Xeon inside"T p Intel® FPGA Programmable
Accelerator Card (PAC)

* Other names and brands may be claimed as the property of others.

OpenCL and the OpenCL logo are trademarks of Apple Inc. used by permission by Khronos



ACCELERATIONSTACK FOR INTEL™ XEON-CPU WITH FPGAS

COMPREHENSIVE ARCHITECTURE FOR DATA CENTER DEPLOYMENTS

Rack-Level Solutions RaS&en

User Applications = Fully validated Intel® board
A( » “Standardized frameworks and high-level compilers

Industry Standard Software Frameworks (\‘ » Partner-developed workload accelerators

Y
Acceleration Libraries nefiire

Intel Developer Tools = Supported in VMware vSphere* 6.7 Update 1*

(Intel Parallel Studio XE, Intel FPGA SDK for OpenCL™, Intel Quartus®Prime) = Rack management and orchestration framework integration
Acceleration Environment

(Intel Acceleration Engine with OPAE Technology, FPGA Interface Manager (FilM)

0S & Virtualization Environment = Upstreaming FPGA drivers to Linux* kernel

Intel® Hardware

OpenCL and the OpenCL logo are trademarks of Apple Inc. used by permission by Khronos.

» Qualified by industry-leading server OEMs

= Partnering with IP partners, OSVs, ISVs,
Slis, and VARs

* Demonstrated at VMWorld Las Vegas - August 28-30, 2018
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Acceleration Stack Provides FPGA Orchestration in Cloud/Data Center

IP.Store
— ) — End User P
W by 1| e | b Developed IP
%H - = Intel
: . Workload
96 Workload 1 | e accelerators
—— = = 3rd part
- = IcJc Developed IP
Selyider ’ q
Launch workload
Software - \ o (FF ‘ Ie Virtualized
. 4 b °,
Defined y 4 \N - rHiize
Infrastructure
Place
workload

Resource Pool

Static/dynamic

Compute FPGA programming

Secure

Programmable Solutions Group
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Server Virtualization for the Acceleration Stack
with VMware

Out-of-the-box support
~ / from VMWare for
ion Intel Arria 10 PAC and

Acceleration Stack in
vmwake

upcomingvSphere6.7 Ul

Server

| Arria 10 PAC Server virtualization enables
_ o e customers to deploy
— Q ° FPGA workload acceleration

Intel Arria 10 Programmable ith | total
Acceleration Card with lower tota

with Acceleration Stack Compute Solution Stack cost of ownersh ip
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Migrating FPGA-Accelerated Workload with vMotion*

Virtual
CPU + FPGA Machine

Image inference

Image inference workload
workload
! VMware ! !
| ESXi* | |
: .@j | - j l
xG%oDN | xG%oDN | E = |
Server1l Server 1
1. Run Application on ' 2. Impleméntson
Bare Metal ESX* Hypervisor ;
Server composition
# — Unoptimized, proof-of-concept with Lenovo xClarity
code. Not part of a shipping product. Pod Manager* and

See supplementary slide for system

*
configuration details. VMware vSphere

Programmable Solutions Group * Other names and brands may be claimed asthe property of others.



Components of Acceleration Stack:.Overview

PCle* Drivers
Provided by Intel

FPGA Interface Manager
Provided by Intel

Qualified and Validated for
volume deployment
Provided by OEMs

Programmable Solutions Group

Intel®
Xeon®
CPU

l Developed by User

él (Domain Expert)

User, Intel, and 39 Party

Libraries (Tuning Expert)

Open Programmable
Acceleration Engine (OPAE)
Provided by Intel

Diivers

V A "\
Intel FPGA FPGA

Programmable
Signaling and Acceleration

Managem ent Card
User, Intel, or 3"9-Party IP
Plugs into AFU Slot

(Tuning Expert)

Acceleration
Functional Unit

(AFU)
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PAC with Intel® Arria® 10 FPGA

» Low-profile (half-length, half height) PCle* slot card * 128 MB Flash
* 168 mm x 56 mm » For storage of FPGA s Board Management Controller (BMC)
* Maximum component height: 14.47 mm configuration * Server class monitor system
* PCle x 16 mechanical * Accessed via USB or PCle
ntel® Programmable MAC ID PR \
Acceleration Card with ’ v

Intel® Arria® 10 GX FPGA

USB » USB 2.0 port for
Hub “ board firmware
update and FIM
image recovery

QSFP+ 4x 10Gb T ' L DDR4 w/ECC
Networking Interface ‘
DDR4 w/ECC
QSFP+ slot
accepts =
pluggable

optical modules + 2 -Banks of DDR4-2133 SDRAM, 4 GB each

N v - 64 bit data, 8 bit ECC
’ « Total 8GB

* PRowered from PCle+12V rail
+ 70 W total board power PCle x8 Gen3

* 45 W FPGA power connectivity to
Intel® Xeon® host

Programmable Solutions Group




PAC with Intel® Stratix® 10 FPGA

* 128 MB Flash
+ For storage of FPGA configuration * Board Management Controller (BMC)

%, length, full height, dual slot PCle* slot card + For BMC firmware * Server class monitor system
* e Accessed via USB or PCle

Intel® Programmable i \Y
Intel E % usB
Acceleration Card with etk bk -

Power Solutions

Intel® Stratix® 10 SX FPGA A
, BMC _ usB
Intel MAX® 10 Hub \
FPGA
QSFP28 4x 25Gb ?G USB 2.0 port for

Networking Interface board firmware

update and FIM
/ QSFP28 4x 25Gb

Image recovery
e 2X QSFP+ slot ac cept kl g Interface " /

pluggable optical DDR4 w/ECC

modules
* Up to T00GbE each

* 4 -Banks of DDR4-2400 SDRAM, 8 GB each
* 64 bit data, 8 bit ECC
’ » Total 32GB
« Powered from PCle+12V rail PCle Gen3 x16 connectivity to
+ 225 W total board power Intel® Xeon® host
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Nearly Transparent Software Application Use Model

T—
. : Start / stop
: Acquire Allocate / define :
Discover / :
N ownership of user —* shared memory —> czrggu;ﬁgovr\lla(i)tn
resource space -

v

: "Q'»\ . Deallocate  _, Unmap MMIO  —» Relinquish
v

shared memory ownership
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Enumeration and Discovery

fpga token token

fpga properties PYXoOp

fpgaEnumerate()

objtype: FPGA_ACCELERATOR <internal reference to accelerator
guid: Oxabcdef resource>

| fgga_p;copertie_s prop; -
fpga token token;

FPGA A. LERATOR fpga guid myguid; /* Oxabcdef */
fpgaGetProperties (NULL, &prop) ;
AFU_ID: Oxabcdef

fpgaPropertiesSetObjectType (prop, FPGA ACCELERATOR) ;
fpgaPropertiesSetGUID (prop, myguid) ;

fpgaEnumerate(&prop, 1, &token, 1, &n);

fpgaDestroyProperties (&prop) ;
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Acquire and Release Accelerator Resource

4 Q — fpga handle handle
a en o
KN pgaop

<internal reference toaccélerator <internal reference to accelerator
resource® resource>

fpga token token;
FPGA_ACCELERATOR // ... enuf@ration ...

fpga handle handle;

AFU_ID: Oxabcdef
fpgaOpen(token, &handle, 0) ;

fpgaClose (handle) ;
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Memory-Mapped I/O
¢
link o a?puc;t'i)\o

SW application process
address space
(virtual)

TEXT

DATA

BSS

mmio ptr
control register
control register

control register

control register

'—'ﬁ I S S S -
fpgaMapMMIO (.., &mmio ptr)
I FPGA_DEVICE
I libopae-c
FPGA_ACCELERATOR

I control register QUAE ) 4

: fpgaReadMMIO ()
| control register fpgaWriteMMIO()
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Management and Reconfiguration

;hakion

(with n privj )

— -

fpgaReconfigureSlot (.., buf,
len, 0) Storage

FPGA_ACCELERATOR

AFU ID: Oxbelle5 GBS metadata
GBSfile interface id

I Partial configuration xyz.gbs afu id

e e e e =

Programmable Solutions Group



Management and Reconfiguration

fpga handlegghandle; /* handle to device */
FILE *gbhs file;
void *gbs ptr;
size t gbs sizes

L* Read B stream f e/
gbs ptr = malloc (gbs size);
fread (gbs _ptr, %, gbs len, gbs file);

& Program @S to RPGA */

fpgaReconfigureSlot (handle, 0, gbs_ptr, gbs_size, 0);
/* ...

FPGA_ACCELERATOR

AFU ID: Oxbelle5

Programmable Solutions Group




Self-Developed

Higher Productivity Performance Optimized

C/C++ Programming
Language VHDL or Verilog

l

Intel® HLS Compiler — Quartus'Prime
Design Software

Intel® FPGA SDK for
OpenCL™

Programmable Solutions Group

Externally-Sourced

Ecosystem Partner



Growing the Xeon+FPGA Ecosystem

IPAND SOLUTIONS  DEVELOPER COMMUNITY" UNIVESITI SV PARTNERS

Portfolio of Accelerator Enabling software developers access Reaching over 200,000 Expanding the reach for
Solutions developed by Intel via: students per year with systemvendors with
and third-party technologists «(" IntelBuilder programs FPGA publications, platforms and ready-to-
to expedite application b s NAl Academy workshops and hands-on use application workloads.
developmentand deployment s, IntelDeveloperZone (ID2) researchlabs

*  Rocketboards.org Committed to Open

Source vision

Programmable Solutions Group ( |ntel |




Growing List of Accelerator Solution.\Partners

~\ N
Oyr
7 atlof
ALGO- i fpig?tre.z'i'rr\
/”‘(cellze LOGILC é.\D\PTI\E\H(RO WARE b P
CASi Y alcon 9Abra

napatech™

MEGH
TI \ E evyX (ﬁ- COMPUTING 2 =
myrtle.ai

ANAGASE

§) enyx (L 'swarmod /

ot * TENIAC

( intel, I 218

Programmable Solutions Group




INTEL PAG TOP SOLUTIONS FOR DATA GENTER ACCELERATION

I
FENIAC  @bswarmss | Falcon ngE s CAMEGH L] eyyx

I
Cassandra PostgreSQL  Genomics _ JPEG2Lepton, . BigData Financial Network

GATK :JPEGZWebp Streaming  Black Scholes Security/

" Analytics Monitoring

96% latency | 1A TCO 275X 3-4X 5X 8X 3x
reduction pexformance | ‘performance | performance | performance | performance




CASE STUDY: 8X SPARK SQL / KAFKA PERFORMANCE INCREASE

Customer Application: Big Data Applications runningon
Spark/Kafka Platforms

Current solution: Run Spark/SQL on a cluster of CPUs

Challenge: For many applications in the
FinServ/Genomics/Intelligence Agencies/etc. Spark
performance does not meet customers SLA
requirements, especially for delay sensitive streaming
workloads

Solution Performance - AccelerateSpark SQL/Kafka by 8x
Ease of Use - Zero Code Change

Valu_e_ Scalability - Hardware Agnostic
Proposition Lower TCO



CASE STUDY:5X RISK ANALYTICS PERFORMANCE INCREASE

Customer Application:Risk Management
acceleration framework (financial back-testing)

Currentsolution: Deploy a cluster of CPUs or
GPUs with complex data access

Challenge: Traditional risk management
methods are compute intensive, time
consumingapplications - > 10+ hours for
financial back-testing

Solution >5x Performance Improvement

Perform Risk and Pricing Calculations Simultaneously
Value Abstraction - Integrated Solution

Proposition with Apache Spark,SSD Access and FPGA Implementation



Leverage FPGA Developers and Build Your Own

HDL Programming Pro?ﬁzirz?rll_ing
ASE OPAE Intel® Quartus : Intel® HLS )
from Intel from Intel Prime Pro Compiler : . A

S ¢ Nov
. C HDL é OpenCL ‘ / . \
Host Kernels

! ! = ! !

SW Syn. Soencl
Compiler PAR - ¢ sw g pen.l
Compiler ompiler
e AFU

Image

vy
Sm_1ulat|on OPAE . | OpenCL SPAE
Environment Software Emulator Software

e CPU CPU

Programmable Solutions Group
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AFU RTL

AFU Overview Flow

Test &
Validate AFU
OPAE SW
Application Hardware System
Generate the
FPGA AF

AF Simulation Environment (ASE) enables seamless portability to real HW

= Allows fast verification of, OPAE software.together with AF RTL without HW

— SW Applicationleads ASE library and connectsto RTL simulation

= For execution on HW, application loads Runtime library and RTL is compiled by Intel®
Quartus into FPGA bitstream
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FPGA Components of Acceleration-Stack

Partial
Reconfiguration
N - (PR) Region

FPGA
<P Interfgce Core Cache DDR4
Unit Interface } {

Accelerator E'V"F Local
' Functional Unit (AFU) Memory

Interfaces
High Speed } EMIF** DDR4**

Serial 10Gh/40Gb

I?Itjrsfe;:l‘)a R EMIF** DDR4**

\_____'

* Could be otherinterfacesin the future (e.g. UPI)
** Stratix 10 PAC Card
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AFU Development Flow Using OPAE SDK

AFU requests the ccip_std afutop level interfaeeclasses
NafUW
AFU RTL files implementing acceleratedfunction
i Pl STHe Ll
List all source files and platformiconfigurationfile

)T'h‘ \ ,‘ J J/hen‘qv

In terminal window, efnterthese commands:

R

Programmable Solutions Group

SpeC|fy the Platform
Conﬁguratlon

DeS|gn the AFU

Conﬁguratlon

Generate the ASE
Build Environment

J
I
—— )
|
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AFU Development Flow Using OPAE SDK

Compile AFU and platform simulation models and start simulationy server process

Specify the Platform
Configuration

L

Design the AFU Id—

Specify Build
Configuration

In 2"d terminal window compile the host.application andstartthe client process ) '
Generate the ASE
TR0 /s amr ~ Build Environment

.

I Verify AFU with ASE

o8 hd\/’ 5 /!r ‘I \T\ €
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AFU Simulation Environment (ASE)

Hardware software co-simulation environment for the IntehXeon FPGA development
Uses simulator Direct Programming Interface (DPI) ferdW/SW connectivity

= Not cycle accurate (used for functional correctness)

= Converts SW API to CCl transactions

Provides transactional modelfor theCare Cache lnterface (CCI-P) protocoland memory modelfor
the FPGA-attached local memary

Validates compliance to
= CCI-P protocol specification
= Avalon® Memory Mapped (Avalon-MM) Interface Specification

= Open Programmable Acceleration Engine
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Simulation Complete

[APP] ki
[APP] Iss #
[APP] MMIO R #
[APP] MMIO R £
AFU DFH REG = 1000010000000000 #
[APP] MMIO R #
[APP] MMIO R esp ¢ tid
AFU ID LO = 9?22d433?5b61c66 #
[APP] MMIO R d %
[APP] MMIO R R d #
AFU ID HI = 850adcc26ceb4b22 #
[APP]  MMIO R t B
[APP] MMIO R esp : #
AFU NEXT = 00000000
[APP] MMIO R #
[APP] MMIO R R : ¥
AFU RESERVED = @0000000 #
[APP] MMIO R : Tes P
[APP] MMIO R ! i o Al
Readlng Scratch Reglster (Byte Offset ) = 7 [§8M] Semfing kXL comma
MMIO Write to Scratch Reglster (Byte foset 00000080) 123456789abcdef #  [SIM] Simulation kill command received.
[APP] ab #
[APP] ti # count | VA Lo VHI | MCL-1 MCL-2 MCL-4
[APP] MNMIO Read R tid . |
Reading Scratch Reglster (Byte Offsetzﬂﬂﬂﬂﬂﬂsm = 123456?89abcdef # MMIOWrReq
Setting Scratch Register (Byte Offset= 00000080) = 00000000 # QM IORER
[APP] MMIO : #
[APP] # (
[APP] =L # [
Readlng Scratch Reglster (Byte Offset= 00000080) 00000000 # ( ) 0| [¢] 0 0
Done Running Test ‘: ( ) 0|
[APP] Deinit n session # ¢ ) o | [¢] 0
[APP] n # [ ) 8 | 0 ]
[APP] # ( ) 0|
[APP] i °] ) 0|
[APP] #
[APP] ing MMIO map # ** Note: $finish ¢ /home/student/fpga_trn/AccelStack Workshop/hello afu/build sim/rtl/cc]
[APP] ng memory 4)
[APP] # Time: 21620047500 ps Iteration: 2 Instance: /ase top/ccip_emulator
[APP] # End time: 12:34:40 on Aug 21,2018, Elapsed time: ©:28:57
[APP] ec # Errors: @, Warnings: 3
[APP] Session l/home/student/’fpga trn/AccelStack Workshop/hello afu/build sim

AFU Simulator Window (server Application SW Window (client
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AFU Development Flow Using OPAE SDK

Specify the Platform
Configuration

Generate the AF build environment: !

i Oy, i Design the AFU Iq—

.

Specify Build
Configuration

!

Generate the AF ] Generate the ASE

Build Environment

.

I Verify AFU with ASE

i <

QOWhir Sk

Generate the AF
Build Environment

|

[ Generate the AF I
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Using the Quartus GUI

Compiling the AFU uses a command line-drivem PR compilation flow

= Builds PR region AF as a .gbs file to be‘loaded into OPAE hardware platform
Can use the Quartus GUI for the follewing’ types ofiwerk:

= Viewing compilation reports

= |nteractive Timing Analysis

= Adding SignalTap instances and nodes

Programmable Solutions Group



Acceleration Stack-Demo

Lab 3




Getting Started with Acceleration

Buy Server
w/ PAC Server OEM

(e.g. Dell)

Install _
Server OS OS Vendor Website

(e.g. CentOS, RHEL)

N ‘

Deployment Download & Install
Flow Deployment Package
of Acceleration Stack

/ (Y- ]

Downlocad & install . Download &lnstall Downioad & C_reate &
Developer Package HLS or OpenCL Install Simulator Simulate
of Acceleration Stack [ SEER(CIIEVRER Workload

Download & Write Host
L ( Install Workload Application

-_

Development
Flow

Intel Website Vendor Website

Programmable Solutions Group [ intel‘ .



Getting Qualified Hardware is Step.\l

DALEMC

Now:
Dell PowerEdge*

R640, R740,

R740xd, R840,
R940xa

O
FUJITSU

Now:

PRIMERGY*
RX2540 M4

Available soon:

HPEProLiant*
DL360,DL380

CSact inspur

And more coming.....



Programmable Acceleration Cards-(PAC)

Intel® Arria® 10 Intel Stratix® 10
Accelerator Card Accelerator Card

Broadest Deployment at owest Power Highest Performance and Throughput
40G, PCle*Gen3 x8 2x 100G, PCle Gen3 x16
Y% length, %2 height, single-slot PCle card Y. length, full height, dual-slot PCle card
Lowest power 66W TDP Up to 225 W maximum
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the power of Intel® FPGAs.

Intel® portal for all things related
to FPGA acceleration

_ *07.orgis an open source community site

INTEL FPGAACCELERATIONHUB =

A new collection of software, firmware, and tools that allows all developers to leverage

X
Acceleration Stack for Intel® Xeon® with FPGAs
FPGA Acceleration Platforms
Acceleration Solutions & Ecosystem
Knowledge Center

FPGA as a Service
Ol.org*

25



NEXT STEPS



https://www.intel.com/content/www/us/en/programmable/
F OI I OW' O n COU rS eS support/training/overview. html

Introduction to Cloud Computing

Introduction to High Performance Computing (HPC)

Introduction to Apache™ Hadoop

Introduction to Apache Spark™

Introduction to Kafka™

Introduction to Intel® FPGAs for Software Developers

Introduction to the Acceleration Stack for Intel® Xeon® CPRU with FPGA

Application Development on the Acceleration Stack for Intel® Xeon® CPU with FPGAs

Building RTL Workloads for the Acceleration Stack for Intel® Xeon® CPU with FPGAs

OpenCL™ Development with the Acceleration Stack for Intel® Xeon® CPU with FPGA

Intel FPGA OpenCL Trainings and HLS Trainings
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https://www.intel.com/content/www/us/en/programmable/support/training/course/ointrocloud.html
https://www.intel.com/content/www/us/en/programmable/support/training/course/ointrohpc.html
https://www.intel.com/content/www/us/en/programmable/support/training/course/ointroaphadp.html
https://www.intel.com/content/www/us/en/programmable/support/training/course/ointroapspk.html
https://intel-my.sharepoint.com/personal/bill_jenkins_intel_com/Documents/Training/OLT/IntroSpark/Introduction to Kafka™
https://www.intel.com/content/www/us/en/programmable/support/training/course/oaccelintrofpga.html
https://www.intel.com/content/www/us/en/programmable/support/training/course/oaccelintro.html
https://www.altera.com/support/training/course/oaccelsw.html
https://www.altera.com/support/training/course/oaccelrtl.html
https://www.intel.com/content/www/us/en/programmable/support/training/course/oaccelopncl.html
https://www.altera.com/support/training/catalog.html?keywords=opencl
https://www.intel.com/content/www/us/en/programmable/support/training/catalog.html?keywords=HLS
https://marketing.altera.com/ts/training/Schedule/Forms/AllItems.aspx?InitialTabId=Ribbon.Document&VisibilityContext=WSSTabPersistencehttps://www.intel.com/content/www/us/en/programmable/support/training/overview.html
https://www.intel.com/content/www/us/en/programmable/support/training/overview.html

Teaching Resources

University-focused content & curriculum

= Semester-long laboratory exercises for hands-on.learning with solutions
» Tutorials and online workshops for self-study.on keyuse cases

» Free library of IP common for studentprojects

» Example designs and sample projects

Easy-to-use, powerful softwaretools

= Quartus Prime CAD Environment

ModelSim

Intel FPGA Monitor Program for assembly & C development

Intel® SDK for OpenCL™ Applications

Intel OpenVINO™ toolkit (Visual Inference & Neural Network Optimization)

Programmable Solutions Group



Teaching Resources (cont.)

Hardware designed for education

= 4 different FPGA kits with a variety of peripherals-to match project needs
» Compact designs with robust shielding to provide lohgevity

» Reduced academic prices (range: $55$275)

= Donations available in some circumstances

Support
= Total access to all developer resources
— Documentation
— Design examples
— Support forum
— Virtual or on-demand trainings

Programmable Solutions Group



DE-Series Development Boards

DE10-Standard DE1-SOC DE10-Nano DE10-Lite
CycloneVFPGA+SoC CycloneVFPGA +SoC CycloneVFPGA+SoC Max 10 FPGA
$259 $175 $99 $55

website
www.terasic.com
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https://www.altera.com/support/training/university/boards.html
https://www.terasic.com/

Beginner FPGA Dev Kit

FPGA+SoC Academic Dev Kit

Full-Featured
Academic Dev Kit

DevKit INTEL DET0-LITE INTEL DET0-NANO INTELDEI-S0C INTEL DE10-STANDARD
Academic Price $55 $99 $175 $259
FPGA Max® 10 Cyclone® V Cyclone® V Cyclone® V
Logic Elements 50,000 110,000 85,000 110,000
ARM Cortex-A9 Dual-Core
System-on-Chip (SoC) x 800 MHz 925 MHz 925 MHz
1 GB.DDR3 SDRAM (HPS), 64 MB 1 GB DDR3 SDRAM (HPS),
Memory 64 MB SDRAM 1 GB DDR3 SDRAM (HPS) SDRAM (FPGA) 64 MB SDRAM (FPGA)
PLLs 4 9 9 9
GPIO Count 500 469 469 469
7 Segment Displays 6 x 6 6
Switches 10 4 10 10
Buttons 2 2 4 4
LEDs 10 8 10 10
Clocks (2x) 50 MHz (3x) 50 MHz (4x) 50 MHz (4x) 50 MHz
GPIO Count 40-pin header (2x) 40-pin header (2x) 40-pin header 40-pin header
Video Out VGA 12-bit DAC HDMI VGA 24-bit DAC VGA 24-bit DAC
ADC Channels x 8 8 + programmable voltage range | 8 + programmable voltage range
VideoIn X $ 4 NTSC, PAL, Multi-format NTSC, PAL, Multi-format
. Line In/Out, Microphone In (24 bit; Line In/Out, Microphone In
Audio In/Out * ¢ Audio CODEC) (24 bit Audio CODEC)
Ethernet X Gigabit 10/100/1000 Ethernet (x1) 10/100/1000 Ethernet (x1)
USB OTG X 1x USB OTG 2x USB 2.0 (Type A) 2x USB 2.0 (Type A)
LCD X X X 128x64 backlit
Micro SD Card Support x v v v
Accelerometer v v v v
PS/2 Mouse/Keyboard Port x x v v
Infrared x x v v
HSMC Header x x x v
Arduino Header v v x x
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Undergrad Lab Exercise Suites: Digital Logic

Firstdigital hardware coursein EE, CompEngor €S curriculum
Traditionally introduced sophomore year

Offered in VHDL or Verilog

Lab 1 - Switches, Lights, and Multiplexers Lab 7'- Finite State Machines

Lab 2 - Numbersand Displays Lab 8 - Memory Blocks

Lab 3 - Latches, Flip-flops, and Registers Lab 9 - A Simple Processor

Lab 4 - Counters Lab 10 - An Enhanced Processor

Lab 5 - Timersand Real-Time Clock Lab 11 - Implementing Algorithms in Hardware
Lab 6 - Adders, Subtractors, and Multipliers Lab 12 - Basic Digital Signal Processing




Undergrad Lab Exercise Suites: Comp Organization

Typically second hardware coursein EE, CompEng or CS curriculum
Introduction to microprocessors & assembly language program

Use ARM processor (on SOCkits) of NIOS Il soft proCessor

Intel FPGA Monitor Programfor,compiling & debugging assembly & C code

Lab1 - Using an ARM Cortex-A@3yXemor NJBRA ;5 Using Interrupts with Assembly Code

[l System

IF_)ab 2 - Using Logic Instructionswith the ARM Lab 6 - Using C code with the ARM Processor
rocessor

Lab 3 - Subroutines and Stacks Lab 7 - Using Interrupts with C code

Lab 4 - Input/Outputin an Embedded System Lab 8 - Introduction to Graphics and Animation




Intel FPGA MONITOR PROGRAM

Design environment used to compile, assemble, download & debug programs for ARM*
Cortex* A9 processor in Intel's Cyclone®V SoC*FPGA devices

» Compile programs, specified in assembly language or C,and download the resulting machine code into
the hardware system

» Display the machine code stored in memory

* Runthe ARM processor, either continuously or by single=stepping instructions

= Modify the contents of processor registers

» Modify the contents of memory;as well as memory-mapped registersin /O devices

» Setbreakpointsthat stop the executionofaprogram ata specified address, or when certain conditions
are met

Clean and simple UX
Tutorials at fpgauniversity.intel.com
Download independently or as part of University Program Installer (always free!)

Programmable Solutions Group



Undergrad Lab Exercise Suites: Embedded Systems

Typically third hardware coursein EE, CompEng'er CS curriculum
Combines hardware and software

Introduction to embedded Linux

Lab 1 - Getting Started with Linux Lab 5 - Using ASCII Graphics for Animation

Lab 2 - Developing Linux Programs that
Communicate with the FPGA

Lab 3 - Character Device Drivers Lab 7 - Using the ADXL345 Accelerometer

Lab 8 - Audio and an Introduction to Multithreaded
Applications

Lab 6 - Introductionto Graphicsand Animation

Lab 4 - Using Character Device Drivers

Programmable Solutions Group lntel l 245



Lab Exercise Suites: Machine Learning Basics

Machine Learning on FPGAs

Senior or grad-level coursein EE, CompEng,\CS or data science curriculum

Teaches how to use the Intel® SDK forOpenCL™ Apptications with FPGAs

Basic understanding of Al fundamentals recommended*

Lab 1 — Introductionto OpenCL

Lab 2 — Image Processing

Lab 3 — Lane Detection forAutonomous
Driving

Lab 4 — Linear Classifier for Handwritten Digits

Lab 5 — Neural Networks
Lab 6 — Using the Deep Learning Accelerator Library

Lab 7 — Integration OpenCL Accelerators into
Existing Software

Programmable Solutions Group

Intel Al Academy



https://software.intel.com/en-us/ai-academy/

Al Academy Course Outline

Runsin Cloud on Arria 10 PAC card

Contains Slides, Lab exercises, and recordings for.each class
https://software.intel.com/en-us/ai-academy/students/kits/dl-inference-fpga

Class 2 - Building a deep learning computer vision
application w/ Acceleration

Class 3 - Introduction to the OpenVINO™ toolkit

Class 4 - Introductionto the Deep Learning
Accelerator Suite for Intel FPGAs

Class 1 - Introduction to FPGAs for deeplearning inferencing

Lab™ - Deploy an application on an Intel CPU
using DL framework

Lab 2 - Deploy an application on an Intel CPU
using the OpenVINO toolkit

Lab 3 - Accelerate the applicationon an Intel FPGA

Class 5 - Introduction to the Acceleration Stack for Intel Xeon CPU with FPGAs

Programmable Solutions Group



https://software.intel.com/en-us/ai-academy/students/kits/dl-inference-fpga

In-Person Workshops

Throughout the year our technical outreach team visits universities and industry
conferencesaround the world to conducthands-on‘workshops that train professors and
students on how to use Intel FPGAs for educationand research.

Topics:
7 . . . .
Intro to FPGAs and Quartus (%N N deed Design using Nios 1l (4 hrs.)
High-Speed 10 (4 hrs.) High-level Synthesis (4 hrs.)
Static Timing Analysis of DEI@I'\UI'(S glhls\\ Machine Learning Acceleration (4 hrs.)
Simulation & Debug (4 hrs.) Modern Applications of FPGAs (1 hr.)
A 4

Embedde\hxx (4 hrs.) How to Get Hired in the Tech Industry (1 hr.)

EPGAUniversi intel.com

Programmable Solutions Group
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Find Materials: FPGAUnNjversity.INTEL.com

intel' FPGA PRODUCTS | SOLUTIONS | SUPPORT | ABOUT | BUY LOGIN & Search Q

Intel FPGA and SoC > Support > University Program

Overview Boards Members Suppgdrt

Ed uca%ional Materials

Our educational materials include tutorials, laboratory exercises, ip cores, example computer systems and software. They are
intended for use in courses on digital logic, computer organization, and embedded systems.

Available Materials:

e Tutorials

* |aboratory Exercises
s |P Cores

e Computer Systems
e Software

e External Links

i@ l 249




Membership: FPGAUnNjversity.INTEL.com

(intel/ FPGA PRODUCTS | SOLUTIONS | SUPPORT | ABOUT | BUY LOGIN 8B Search  Q

Intel FPGA and SoC > Support > University Program

Overview Boards Materials Support

Membership Overview

The Intel® FPGA University Program offers donations of licenses for software and/intellectual property (IP), and donations of FPGA
hardware. To submit a donation request, youmust be registered as a member of the Intel FPGA University Program. Membership is
available to faculty and staff of universities and colleges: To enroll in the program or to make requests, click on the links to the
online forms below.

Students are ineligible to be members. But students can downlead and use Quartus® Prime Lite Edition software free of charge,
and can purchase boards at the academic price from Terasic* Technologies.

Online forms:

e Enrollment Request: Become a member

* License Request: Free academic licenses for software and IP
e Hardware Request: Board and device donations

* Purchase Request: Boards and devices at academic prices

e My Account: View your profile and request history




Contact the University Team

eVvif
Outreach Manager Senior Manager
Intel FPGA University Program New User Experience Group
| | h@intel | landis@intel



mailto:rebecca.l.nevin@intel.com?subject=FPGA University Program
mailto:lawrence.landis@intel.com?subject=FPGA University Program

BACKUP

GPU Comparison



How do GPUs Deal With Fine Grained Data Sharing?

Some GPU techniques involve implicit SIMT synchronization

Reduction Shuffle (warp-level

Step/ internal register swap)
Stride

1

2 <

Jo— o — ?\\\\\\\\\\\\\\\\\\\\
=|18|1|7|-1|0|-2|2|5|ﬂ1s3 1[4 |3 2 [T T 1]
(_//

[ []o [afalsTesd « [ s [« ] 5]

FPGA threads arenwwarp-locked, so implicit sync doesn't make sense

4

* FPGAs do exactly what you ask them to do the way you code it
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An Even Closer Look: CUDA Execution Model
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FPGA Execution Model

Single Block of Data

Multiple Blocks of Data, with Multlple Instructions
0 ——

All execute in parallel




Divergent Control Flow on GPU

) ) . for (i=0;i<N;i++)
Single instruction i (x[1]<y[i])

— Thread-locked work items running through different foo() else bar();
branches

— Serialized

— Major performance factor ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

GPU uses SIMT pipeline to save area on eontrol logic ‘ ; ; ‘ ; ‘ ; ;

el ;% oy [N
r.nask = ~&

N PatQj Vol
CPUs offer branch prediction ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘




Divergent Control Flow: Just Finefor FPGA

FPGA data path already has all operations in silicon

= Speculatively execute

Branch

Path -

}

Branch

&

Pat@Path A

Path B

==

Compress the
schedule

Branch. Path B. Path A

No longer any control flow

Overlap branch
Branch condition

\/ computation

Absorb into
one block




Memory Hierarchy

1. Register data: )

Registersin FPGA J

fabric \ § § 5 5 5 5 5 5 §
' ==l

2. Private data: e ———— — — L L

Registersin FPGA =~ w

fabric

3. Local memory:
On-chip RAMs @‘

4. Global memory:
Off-chip external
memory

Global




External Memory Dynamic Coalescing

For CPU/GPU the cache and memory controller handle

For FPGA, we create dynamic coalescing hardware matched toe,specific memory characteristics connected to
— Re-order memory accesses at runtime to exploit datalocality

— DDRis extremely inefficient at random access

— Access with row bursts whenever possible
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On-chip FPGA Memory

“Local” memory uses on-chip block RAM resources
— Very high bandwidth, 8TB/s,
— Random access in 2 cycles

— Limited capacity

The memory system is customized to your application

— Huge value proposition over fixed-architecture accelerators

Banking configuration (number of banks, width), and intereonnect all customized for your kernel

— Automatically optimized toeliminate or minimize access contention

Key idea: Let the compiler minimize bank contention

— Ifyour code is optimized for another architecture (e.g. array[tid + 1] to avoid bank collisions), undo the
fixed-architecture workarounds

— Can prevent optimal structure from being inferred

(e |




FPGA Local Memory

M20K || M20K || M20K | M20K || M20K| M20K | M20K || M20K

Q»
BankO| Bankl| Bank2 Banl&mﬁn\4 Ba@ Bank6| Bank7

A A A a 2 A

Load/Stor lkoad/Stor Load/Stor Load/Stor
Split memory into logicdl banks ™ © € €

= An N-bank configuration can‘handleN=-requests per clock cycle as long as each request
addresses a different bank

= Manipulate memory addresses so that parallel threads likely to access different banks -
reduce collisions




Local Memory Attributes

Annotations added to local memory variables to improve throughput or reduce
area

Banking control:
— numbanks
— bankwidth

Port control:

— numreadports/numwriteports

— singlepump/doublepump




numbanks(N) and bankwidth(N) memory attribute

What does it do?

Specifies the banking geometry for your lecalmemory system

A bank = singleindependent memorysystem

What is it for?

Can be used to optimize ESUsto-memery connectivity in an effort to boost
performance

Banking should be'setup to maximize “stall-free” accesses




numbanks(N) and bankwidth(N) memory attribute

local int lmem([8][4];

#pragma unroll
for(int i = 0; i<4; i+=2)
{

lmem[i] [x] = ..;

}

Not stall-free

o > 0,0 0,1 0,2 0,3

1,0 1,1 1,2 1,3

ﬁ 2,0 2,1 2,2 2,3

/ 30 3,1 3,2 33

4,0 4.1 4,2 4,3

arbitration

50 51 5,2 53

6,0 6,1 6,2 6,3

7,0 7.1 7,2 7,3

local int lmem([8][4]




numbanks(N) and bankwidth(N)-~memory attribute

Stall-free

local int

__attribute ((numbanks(8),
bankwidth (16))) Bank O
Ilmem([8] [4]; 1,0 1,1 1,2 13 | Bank 1

> | 20 | 21 22 | 23 | Bank 2

ags
v

#pragma unroll
for(int i = 0; i<4; i+=2) Bank 3

{
lmem[i] [x & O0x3] = ..; 40 | 41 | 42 | 43 | Bank 4

} \ 7 5,0 5,1 52 5.3 Bank 5
AN

60 | 61 62 | 63 | Bank6

Mask aceessito tell compiler

Bank 7
no out=ef-bounds accesses an

local int lmem([8][4]




numreadports/numwriteports and
singlepump/doublepump memory attribute

What does it do?

num<read/write>ports: specifies the numberof read/write portsin the local
memory system

<single/double>pump: specifies theypumping ofthe local memory system (1x/2x
clock)

What s it for?

Controls the numberef memory blocks used to implement the local memory
system




numreadports/numwriteports and
singlepump/doublepump memory attribute

local int read O
__attribute ((singlepump, M20k
numreadports (3) , read 1 >
numwriteports(1l)))) read 2
lmem[16] ; M20k
write
M20k
lmem
local int
___attribute ((doublepump, read 0 >
numreadports, (3, read 1 <
numwr iteportsi() )))
Imem{l6]; read_2 > M20k
write >
lmem




