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9:00 am    Welcome

9:15 am    Introduction to FPGAs

9:45 am    FPGA Programming models: RTL

10:15 am  FPGA Programming models: HLS

11:00 am  Lab 1 HLS Flow

11:45 am  Lunch 

12:30 pm FPGA Programming models: OpenCL

1:00 pm   High Performance Data Flow Concepts

1:30 pm  Lab 2 OpenCL Flow

2:15 pm  Introduction to DSP Builder

3:00 pm  Introduction to Acceleration Stack

4:00 pm  Lab 3 Acceleration Stack 

4:30 pm  Curriculum & University Program 
Coordination

Agenda
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5

Typical HPC Workloads

Astrophysics Molecular Dynamics*

Big Data Analytics Cyber SecurityFinancial

Artificial Intelligence

Weather & CLimate
* Source: https://comp -physics-lincoln.org/2013/01/17/molecular -dynamics-simulations -of-amphiphilic -macromolecules -at-interfaces/

Genomics / Bio-Informatics
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Bigger Data Better Hardware Smarter Algorithms
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Fast Evolution of Technology

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

Image: 50 MB / picture
Audio: 5 MB  / song
Video: 47 GB / movie

Transistor density doubles 
every 18 months
Cost / GB in 1995: $1000.00
Cost / GB in 2015: $0.03

Advances in neural 
networks leading to better 
accuracy in training modelsIn
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Implications to High Performance Computing
50 GFLOPS/W

~100MW

2022
In

te
l P

ro
pr

iet
ar

y

fo
r L

RZ



I/O I/O

Challenges Scaling Systems to Higher Performance

10

Memory

Result:
Slow
Performance
(high latency)

CPU Intensive

System

Result:
Excessive power 

requirements

IO Intensive 

Bottleneck

BottleneckBottleneck

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

Memory Intensive 
Result: Slow Performance
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Diverse Application Demands

11

In
te

l P
ro

pr
iet

ar
y

fo
r L

RZ









15

In
te

l P
ro

pr
iet

ar
y

fo
r L

RZ



16

FPGA Enabled Performance and Agility

z

Workload N
Workload 2

Workload 1

Efficient Performance: 
improve performance/watt

Workload Optimization: 
ensure Xeon cores serve their 
highest value processing

Real-Time: high bandwidth 
connectivity and low -latency 
parallel processing

Milliseconds

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

Developer Advantage: code 
re-use across Intel FPGA data 
center productsIn
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FPGA Architecture: Basic Elements

19

1-bit configurable 
operation

Configured to perform any 
1-bit operation:

AND, OR, NOT, ADD, SUB

Basic Element

1-bit register
(store result)
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FPGA Architecture: Memory Blocks

23

Memory
Block
20 Kb

addr

data_in
data_out

Can be configured and grouped 
using the interconnect to create 

various cache architectures
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FPGA Architecture: Memory Blocks

24

Memory
Block
20 Kb

addr

data_in
data_out

Can be configured and grouped 
using the interconnect to create 

various cache architectures

Lots of smaller 
caches

Few larger 
caches
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FPGA Architecture: Floating Point Multiplier/Adder Blocks

25

data_in

Dedicated floating point 
multiply and add blocks

data_out
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FPGA Architecture: Configurable Routing

27

Blocks are connected into 
a custom data -path that 
matches your application.
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FPGA Architecture: Configurable IO

28

The Custom data -path can 
be connected directly to 
custom or standard IO 

interfaces
for inline data processing
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Looking at a Single Instruction

33

Very inefficient use of hardware!

B

A
A ALUOp

Val

Instruction

Fetch

Registers
Aaddr

Baddr

Caddr

PC Load Store
LdAddr StAddr

CWriteEnable

C

Op

LdData

StData

Op

CData
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Sequential Architecture vs. Dataflow Architecture

Sequential CPU Architecture FPGA Dataflow Architecture

A

AA

AA

A

load load

store

42 R
e
s
o
u
r
c
e
s

Time

34
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Custom Data-Path on the FPGA Matches Your Algorithm!

35

Build exactly what you need:
Operations
Data widths

Memory size & configuration

Efficiency :
Throughput / Latency / Power

load load

store

42

High-level code

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

Custom data-path
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RTL

37
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FPGA Development and Programming Tools

Algorithm
Designer

DSP Builder 
for Intel® 
FPGAs

IP Library
Developer

HDL
Designer

Intel® HLS 
Compiler

Software Developer

Intel® SoC 
FPGA 

Embedded 
Design Suite

(EDS)

Intel® FPGA 
SDK for 
OpenCL

Intel® Quartus Prime Design Software

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

Hardware DeveloperSoftware Developer

Verilog 
VHDL

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

Time-Consuming Effort

Place & Route / Timing Analysis / Timing Closure

SynthesisHDL

Behavioral Simulation

Board Simulation & Test
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Project Navigator

Tasks window

41

Intel ®Quartus®Prime Design Software

Messages 
window

Tool View window

IP Catalog

Default Operating Environment
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43

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 select as template 
in New Project Wizard 

Intel ®FPGA Design Store

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

Tasks 
window

Device floorplan 
aka Chip View

Tools menu or toolbar

Layers 
Settings

Selected Node 
Properties

Report 
window

Unused 
LAB

Memory 
block in use
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Floorplan Views
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Overall device resource usage

Lower level block usage 

Lowest level routing detail 

Zoom in for detailed logic 
implementation & routing usageIn
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Pin Planner Window

Package 
View

All Pins list

Groups list
Toolbar

Tasks pane
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Components in system use different 
interfaces to communicate (some 
standard, some non -standard)

Typical system requires significant 
engineering work to design custom 
interface logic 

Integrating design blocks and 
intellectual property (IP) is tedious and 
error -prone

Platform Designer

Address

D
ata

D
ata

Processor 
(32-bit Master)

Slave 1
8-Bit

Slave 2
32-Bit

Slave 3
16-Bit

Slave 4
32-Bit

Slave 5
64-Bit

Address
Width Adapter Width Adapter Width Adapter Width Adapter Width Adapter

Arbiter

Address
Decoder

Bus Interface

PCI Express* 
(64-bit Master )

Bus Interface

Bus Interface Bus Interface Bus Interface Bus Interface Bus Interface

Interrupt 
Controller
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Avoids error -prone integration 

Saves development time with 
automatic logic & HDL generation

Enables you to focus on value-add 
blocks

Platform Designer improves 
productivity by automatically 
generating the system interconnect 
logic

Automatic Interconnect Generation

Address

D
ata

D
ata

Processor 
(32-bit Master)

Slave 1
8-Bit

Slave 2
32-Bit

Slave 3
16-Bit

Slave 4
32-Bit

Slave 5
64-Bit

Address
Width Adapter Width Adapter Width Adapter Width Adapter Width Adapter

Arbiter

Address
Decoder

Bus Interface

PCI Express *
(64-bit Master )

Bus Interface

Bus Interface Bus Interface Bus Interface Bus Interface Bus Interface

Interrupt 
Controller

Platform Designer automatically 
generates interconnect
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The Platform Designer GUI

54

Draggable, 
detachable tabs

System Contents

Hierarchy

IP 
Catalog

Messages

Access in Tools menu, toolbar, or Tasks window
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Lab 1
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High Level Synthesis
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C++ 
IP

C++ 
IP

C IP

57

Can Also Be Wrapped With Higher Level Flows

RTL

Intel© HLS 
Compiler

Platform Designer

Functions
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HDL IP

60

HLS Use Model

Standard
gcc/g++ 
Compiler

EXE

main

f f

t1

f11

f

t2

f

f21

f22 f23

f12 f13

C/C++ Code

HLS 
Compiler

FPGA

IP

IP

Directives

Intel ®Quartus® 
Ecosystem

100% Makefile
compatible

src.c

lib.h

g++ <options> a.exei++ <options>
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The Default Interfaces

69

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

}

add

start
busy

a[31:0]

b[31:0]

done

stall

returndata [31:0]

clock Note: more on interfaces later

C++ Construct HDL Interface

Scalar arguments Conduits associated with the 
default start/busy interface

Pointer arguments Avalon memory master interface

Global scalars and 
arrays Avalon memory master interface
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Example Makefile

FILE := myapp
DEVICE := Arria10

all :

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

emu: $(FILE) .cpp
i ++ $(GCFLAGS) $(FILE) .cpp - o $(FILE) _emu.out

fpga : $(FILE) .cpp
i++ $(GCFLAGS) $(FILE) .cpp - o $(FILE) _fpga.out - march= $(DEVICE)In
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x86 Debugging Tools

printf /cout
gdb
Valgrind

src.c

lib.h

i++ - march=x86- 64 src.c a.exe|out

Develop with C/C++:
GDB-Compatible Executable

71
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Valgrind : Segmentation Fault Fixed

int bin_count ( int * bins , int a) {
return ++bins [ a % 16];

}

int main () {
int * bins = ( int *) malloc ( 16 * sizeof ( int ));
srand ( 0);
for ( int i = 0; i < 256 ; i ++) {

int x = rand () ;
int res = bin_count (bins, x);
printf ( "Count val : %d \ n" , res );

}
free (bins);
return 0;
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Viewing Waveforms in Modelsim

Locate 
Component

Add Signals 
to Waveform
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Cosimulation Design Process

Compile and verify on 
x86

Iterate on the algorithm

Functional verification

Debugging using 
gdb/valgrind

Compile for FPGA

Examine the FPGA reports

Iterate on the architecture 
of the design

Use the reports as feedback 
on what the bottlenecks are

Simulate using 
Modelsim

Test functionality

Test latency and 
performance (through 

verification stats)

88
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Lab 2
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OpenCL

108
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http://en.wikipedia.org/wiki/File:OpenCL_Logo.png


OpenCL
Platform
Model

111

Heterogeneous Platform Model

Host

Example
Platform

x86

PCIe

Device Device
Host Memory

Global Memory
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FPGA

FPGA OpenCL Architecture

Modest external memory bandwidth

Extremely high internal memory bandwidth

Highly customizable compute cores
116

Kernel 
Pipeline

Kernel 
Pipeline

Kernel 
Pipeline

PCIe

D
D

R
*

Intel® Xeon® 
Processor /

Host Processor

External
Memory Controller

& PHY

BRAM

BRAM

BRAM

BRAM

BRAM

BRAM

Global Memory Interconnect

Local Memory Interconnect

External
Memory Controller

& PHY
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Network Enabled High Performance Computing (HPC)

Requirement Low Latency Compute Power/
Memory Bandwidth

Architecture

Global Memory DDR and QDRII+ Large amount of DDR

IO Channels 2x10GbE (MAC/UOE) None (Minimize IP overhead)

Start with a Reference Platform (1/2)

OpenCL API

HAL

UMD

KMD

DDR3 DDR3

DMA

PCIe
(OpenCL Kernels)

OpenCL API

HAL

UMD

KMD
(OpenCL Kernels)

DDR3 DDR3

DMA

PCIe

CPLD 
Bridge

10
G

 
U

D
P

10
G

 
U

D
P

Stratix V FPGA
Stratix V FPGACPLD FLASH
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Start with a Reference Platform (2/2)

118

Host and accelerator in same package: SoC

FPGA

P
ro

ce
ss

o
r

OpenCL 
Kernels

Global
DDR

FPGA 
Memory

Scratch
DDR

DVI

DVO

Camera

Monitor

$99 $175 $250 >$1000
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Development Flow using SDK
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Modify kernel.cl

x86 Emulator (sec)

Optimization Report (sec)

Profiler (hours)

Functional Bugs?

Memory Dependencies?

Hardware 
performance Not 

met?

DONE!In
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Development Flow using SDK
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Modify kernel.cl

x86 Emulator (sec)

Optimization Report (sec)

Profiler (hours)

Functional Bugs?

Memory Dependencies?

Hardware 
performance Not 

met?

DONE!In
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Development Flow using SDK
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Modify kernel.cl

x86 Emulator (sec)

Optimization Report (sec)

Profiler (hours)

Functional Bugs?

Memory Dependencies?

Hardware 
performance Not 

met?

DONE!In
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Optimization Report Example

127
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Development Flow using SDK
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Modify kernel.cl

x86 Emulator (sec)

Optimization Report (sec)

Profiler (hours)

Functional Bugs?

Memory Dependencies?

Hardware 
performance Not 

met?

DONE!In
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Dynamic Profiler

130

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

Bottlenecks, bandwidth, saturation, pipeline occupancy

Execution TimesPerformance Stats
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Data-Parallel Execution

144

On the FPGA, we use the idea of pipeline parallelism to achieve acceleration

Threads can execute in an embarrassingly parallel manner

kernel void
sum(global const float *a,

global const float *b,
global float *c)

{
int xid = get_global_id ( 0);
c[ xid ] = a[ xid ] + b[ xid ];

}

Load Load

Store

+
t0

t1

t2
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Data-Parallel Execution - Drawbacks

145

Difficult to express programs which have partial dependencies during execution

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

Load Load

Store

+

kernel void
sum(global const float *a,

global const float *b,
global float *c)

{
int xid = get_global_id ( 0);
c[ xid ] = c[xid - 1] + b[ xid ];

}

t0

t1

t2
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Loop Carried Dependencies

147

Loop-carried dependencies are dependencies where one iteration of the loop 
depends upon the results of another iteration of the loop

The variable state in iteration 1 depends on the value from iteration 0.  Similarly, 
iteration 2 depends on the value from iteration 1, etc.

kernel void state_machine ( ulong n)
{

t_state_vector state = initial_state ();
for ( ulong i=0; i<n; i++) {

state = next_state ( state );
unit y = process( state );
write_channel_altera (OUTPUT, y);

}
}
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Loop Pipelining Example

149

No Loop Pipelining

i=0

i=1

i=2

With Loop Pipelining

C
lo

ck
 C

yc
le

s

No Overlap of Iterations!
Finishes Faster because Iterations

Are Overlapped

i=0

i=1
i=2

i=3
i=4

i=5

C
lo

ck
 C

yc
le

s

Looks almost like 
multi -threaded
execution!
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Image Filter 
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Memory

F[3][3]

MemoryIn
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Harnessing Dataflow to Reduce Memory Bandwidth
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FPGA

Kernel

157

Traditional Data Movement Without Channels

PCIe

DMA DMA

Memory
Controller

HOST

DDR

Kernel

System
Memory
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Data Movement Using Channels

FPGA

Kernel

PCIe

DMA DMA

Memory
Controller

HOST

DDR

KernelFIFO

FIFO FIFO

Data In Data Out

System
Memory
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FPGA

159

Data Movement Using Host Channels

PCIe

DMA DMA

DDR

Memory
Controller

HOST
System
Memory

Kernel
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