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Goals for Today

* High-level synthesis:
— What is it?
— Main steps of HLS
— Overview of underlying HLS algorithms
— Limitations of HLS

* Ways to improve auto-generated HW:
— Constraints to the HLS tool
— Change your input program



Lab Portion
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* Use HLS to implement convolution in hardware, as in a
convolutional neural network (CNN)

* Use HLS constraints + code changes to achieve nearly
5X performance improvement vs. baseline

Input Feature Maps

Output Feature Maps




Introduction — Who Am |?

Professor in the Computer Engineering
section of the ECE department of the
University of Toronto.

Joined the university in 2008 after working
about 10 years in the computer chip
(semiconductor) industry...

In my career, | went back and forth
between the university and industry...
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High School

Doing
engineering
work

My Career Path

B.Sc. (Manitoba)

v
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Ph.D. (Toronto) +
Industry Part-Time

M.A.Sc. (Toronto)

v

v

Industry (California +
Toronto)
(3 years)

Industry (California)
(4 years)

Doing
engineering
management
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Advisor




Spawn of LegUp Computing Inc. _

Ruolong Lian, Prof. Jason Anderson

M.A.Sc, COO

* Incorporated in 2015 WUTES
* Seed funding from Intel in 2018 (iisnl:e!) Capital

Jongsok Choi,
Ph.D, CTO

Andrew Canis,
Chief Scientific Advisor

Ph.D, CEO



@MICROCHIP Products Solutions Tools and Resources Support Education About Order Now Q o B

About / Microchip Acquires High-Level Synthesis Tool Provider LegUp to Simpl...

i

@Mlcnocmp l =
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Microchip Acquires High-Level Synthesis Tool
Provider LegUp to Simplify Development of
PolarFire FPGA-based Edge Compute Solutions

Software engineers can now map applications coded in C/C++ directly
into PolarFire FPGAs and SoCs that are the industry’s lowest-power mid-
range fabric solutions for acceleration

m

CHANDLER, Ariz., Oct. 21, 2020 — Microchip Technology Inc. (Nasdaq: MCHP) today announced it acquired
Toronto-based LegUp Computing Inc., expanding its Field-Programmable Gate Array (FPGA)-based edge compute
solution stack with a high-level synthesis (HLS) tool. Commercialized from University of Toronto research, the LegUp
HLS tool will make it easier for a larger community of software engineers to harness the algorithm-accelerating

power of Microchip’s PolarFire® FPGA and PolarFire System on Chip (SoC) platforms.
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Desigh Methodology

Write software
* Easy

* Flexibility = lower performance

Design Custom Circuits
e Efficient, low power
* Need specialized knowledge



FPGA Hardware’s Potential

XILINX

CAST

GZIP Compression

The GZIP accelerator provides an
hardware-accelerated gzip
compression up to 25X faster than

Acceleration vs CPU: 25x

Get Started in Accelstore >

Data Analytics

BigZetta
Systems

Hadoop Map-Reduce
Accelerator

Contains FPGA based accelerators
for sort and merge phases of Map-
Reduce.

Acceleration vs CPU: 10x

Applications

Products

Tools and Services
Reconfigure

Go Language to FPGA
Platform

Build custom, reprogrammable,
low latency accelerators using
software defined chips.

Acceleration vs CPU: 100x

Get Started >

Financial Computing

POLITECNICO

MILANO 1863

High Performance Monte
Carlo Option Pricing

This repository includes F1-
optimized implementations of four
Monte Carlo financial models,

Acceleration vs CPU: 42x-540x

Developers

Support

Data Analytics

GraphSim

GraphSim is a graph based SSSP
algorithm by ArtSim. It is a pre-
configured, ready to run image for

Acceleration vs CPU: 100x

Get Started in AWS Marketplace >

Data Analytics
Aot et i

Hyperon - HW Acceleration
for Big-Data Applications

Generate business analytics in
near real time.

Acceleration vs CPU: 50X

HEVC Encoder - V01

Using an F1 instance, offload
HEVC encoding to an FPGA. This
version of the NGCodec Encoder

Acceleration vs CPU: N/A

Get Started in AWS Marketplace >

Machine Learning

@ inaccel

InAccel's Accelerated
Machine Learning

Accelerate your Apache Spark
applications using Logistic
Regression, K-means and



Hardware Design is Difficult

 FPGA “success stories” are pervasive, yet the
technology remains inaccessible to software
engineers

* Requires use of hardware description languages:
Verilog and VHDL

 Hardware design skills are rare:

— 10 software engineers for every hardware
engineer®

*US Bureau of Labor Statistics



Hardware Design is Difficult

* FPGA “success stories” are pervasive, yet the
technology remains inaccessible to software
engineers

e Requires use of hardware description languages:
Verilog and VHDL

 Hardware design skills are rare:

— 10 software engineers for every hardware engineer*
* What is needed:

1. Make hardware design easier for hardware engineers

2. Allow software engineers to design hardware and reap its
energy/performance benefits



35

A Solution

— —
TOTRES =
Flexibility/ High-level High-performance/
Sythesis Energy-efficiency

Ease of Use
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Customizability
Design efficiency

4 )
FPGA
Hardware by HW designer
design
>

Performance



>

HLS Value Proposition

Can be updated
regularly

h FPGA Can be done by both
SW/HW designers

Customizability
Design efficiency

Software +
Software
/ HLS programmable
4 )
FPGA
Hardware by HW designer
design

>
Performance



Generated Gate Size

Productivity

KGate

140 !

120 >4 = ¢ ANSI C
/ y = 28.73X - = Verilog

100 N

Source:

B. Carrion Schafer
Tool:

NEC CWB

5 10 15 20 25 KL
Code Size
RTL (Verilog) 4 gates/line

Behavioral C 28 gates / line

= 7x more productive




Benefits of HLS

Shorter time-to-market (lower NRE)

Easier modifiability/maintainability
— Design spec is in SW

— Important for some appls where spec isn’t firm or
changes frequently, e.g. finance models

Rapid exploration of HW solution space

Make FPGA HW accessible to SW engineers

— Bring the energy and speed benefits of HW to
those with SW skills



LegUp HLS for FPGAS

* HLS framework that takes a C program as
input, and compiles to either:

— 1) hardware alone
— 2) a hybrid processor/accelerator system

* Under development since 2009

* 5000+ downloads since first release in 2011
— License for non-commercial research purposes

http://legup.eecg.toronto.edu
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LegUp Processor/Accelerator Flow

int FIR(int ntaps, int sum) {

}

inti;

for (i=0; i < ntaps; i++)
sum += h[i] * z[i];

return (sum);

Program code

Altered SW binary (calls HW accelerators)

Hardened
program
segments

C Compiler

High-level

synthesis

Suggested
program
segments to
target to
HW

b Execution Cycles

Self-Profiling
Processor

@filing D@

Power

Cache Misses
\ /




LegUp Pure HW Flow

int FIR(int ntaps, int sum) {
inti;
for (i=0; i < ntaps; i++)
sum += h[i] * z[i];
return (sum);

}

Program code

0)oono
oaoo

C Compiler

High-level
synthesis

43



High-Level Synthesis Framework

* Leverage LLVM compiler infrastructure:
— Language support: C
— Standard compiler optimizations

 We support a large subset of ANSI C:

Supported Unsupported

Functions Dynamic Memory (FPL'19)
Arrays, Structs Recursion

Global Variables

Pointer Arithmetic

Floating Point



How Does High-Level Synthesis Work?



High-Level Synthesis Flow

C Compiler Optimized LLVM IR

C Program (LLVM)

Target H/W

Allocation Characterization

User Constraints
* Timing
« Resource

Scheduling

Binding

RTL
Generation

Synthesizable Verilog



LLVM Compiler



LLVM Compiler

Open-source compiler framework
— http://llvm.org

Used by Apple, NVIDIA, AMD, Xilinx, others
Competitive quality with gcc
LegUp HLS is a “back-end” of LLVM

LLVM: low-level virtual machine



LLVM Compiler

* LLVM will compile C code into a
control flow graph (CFG)

* LLVM will perform standard optimizations
— 50+ different optimizations in LLVM

C Program

CFG

}

int FIR(int ntaps, int sum) {

int i;

for (i=0; i < ntaps; i++)
sum += h[i] * z[i];

return sum;

Compiler S0

- =

BB2




Control Flow Graph

* Control flow graph is composed of basic blocks

* basic block: is a sequence of instructions
terminated with exactly one branch

— Can be represented by an acyclic data flow graph:
CFG |
B2

B




LLVM Details

* [nstructions in basic blocks are primitive
computational operations:

— shift, add, divide, xor, and, etc.
* Or are control-flow operations:
— branch, call, etc.
* The CDFG is represented in LLVM’s

intermediate representation (IR)
— LLVM IR is machine-independent assembly code



High-Level Synthesis: Scheduling



Scheduling: Key Aspect of HLS

* How to assign the computations of a program
into the hardware time steps?

— Defines the HW's finite state machine

C

BH Q QO X N

language snippet:

atb;
= c+d;
= Z+X;

Programs do not contain the notion
of “time steps”.
Here, we have:

3 add operations

1 subtract operation

1 multiplication operation



Scheduling

Questions:
C language _ .
snippet : * Which operations can be scheduled
in the same time step?
z = atb; * Which operations are dependent
X = c+d; on others?
q = z+X; .. .
q = g-2; * |f addition takes 5ns, subtraction
r = q*2; takes 5ns and multiplication takes

10ns, how to schedule?
— Target clock step length is 10ns



Scheduling
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Scheduling

10
ns

parallel operations

10
ns

/U /
L
Lo

chaining

10
ns

éj/z

/

/



LegUp Uses “SDC Scheduling”

 SDC &> System of Difference Constraints

— Cong, Zhang, “An efficient and versatile scheduling algorithm based on SDC
formulation”. DAC 2006: 433-438.

* Basic idea: formulate scheduling as a
mathematical optimization problem

— Linear objective function + linear constraints
(::’ <:’ >=)
 The problem is a linear program (LP)

— Solvable in polynomial time with
standard solvers



Define Variables

* For each operation i to

schedule, create a variable x;
‘ @ * The x;s will hold the cycle # in
which each op is scheduled

‘ e Here we have:

— Xadds Xshiftr Xsub

Data flow graph (DFG):
already accessible in LLVM



Dependency Constraints

In this example, the subtract

can only happen after the
add and shift

Ksub ~ Xagd >= 0
X

sub

sub Xshift >=0

Hence the name
difference constraints



Handling Clock Period Constraints

e Target period: P (e.g., 10 ns)

* For each chain of dependant
operations in DFG, find the

Q path delay D
— E.g.: D from mod -> or = 23 ns.

 Compute: R =ceiling(D/P) -1
—E.g.:R=2
* Add the difference constraint:

_ Xor B Xmod >=2



Resource Constraints

e Restriction on # of operations of a given type
that can execute in a cycle

* Why we need it?
— Want to use dual-port RAMs in FPGA

* Allow up to 2 load/store operations in a cycle

— Floating point

* Do not want to instantiate many FP cores of a given
type, probably just one

* Scheduling must honour # of FP cores available



Resource Constraints in SDC

* Res-constrained scheduling is NP-hard

* Implemented approach in [cong & zhang DAC2006]

C G

o ()



Add SDC Constraints

Generate a topological ordering of the resource-
constrained operations

NN
ABCEFDGH

We have K (=2) adders in the HW,
start at position i (initially K) and create constraint between
op i and op i-K:
Xc—X,>=1
Bump up i and repeat:
Xe-Xg>=1
Resulting schedule will have at most

K adders in a cycle



ASAP Objective Function

* Minimize the sum of the variables:

minimize(f = le.)

1€0ps

* Operations will be scheduled as early as
possible, subject to the constraints

* LP program solvable in polynomial time



High-Level Synthesis: Binding



High-Level Synthesis: Binding

 Weighted bipartite matching-based binding

— Huang, Chen, Lin, Hsu, “Data path allocation based on bipartite weighted
matching”. DAC 1990: 499-504.

* Finds the minimum weighted matching of a
bipartite graph at each step

— Solve using the Hungarian Method (polynomial)

operations
edge costs

hardware functional units




Binding
* Bind the following scheduled program

State 1 >< ><

State 2 ><

State 3 ><




Binding

* Resource Sharing: requires 3 multipliers

- BIE

State 1 >< ><

State 2 ><

State 3 ><




Binding

* Bind the first cycle Functional Units
State 0 @ @ @ @ 1
State 1 >< ><

® 1
v | R R

State 3 ><




Binding

* Bind the second cycle Functional Units
State O @ @ @ @ 2
State 1 >< ><

Q) o
v | R X 1

State 3 ><




Binding

* Bind the third cycle Functional Units
State 0 @ @ @ @ 2
State 1 >< ><

(X) 2
State N @ 2

State 3 ><




Binding

* Bind the fourth cycle Functional Units
State 0 @ @ @ @ 3
State 1 >< ><

(X) 2
State X @ 2

State 3 ><




Binding

* Required Multiplexing: Functional Units

\l%l/ll/ bi 4 @ X
by 4 @ 2

Y @




Exploiting Parallelism



Generating Parallel Hardware

* Easy to extract instruction level parallelism using
dependencies within a basic block

 But C code is inherently sequential and it is
difficult to extract higher level parallelism

* LegUp provides two ways to generate parallel
hardware

— Loop pipelining
— Pthreads/OpenMP



Loop Pipelining —
Loop-Level Parallelism



Loop Pipelining Example

for (inti=0; 1 <N, I++)
sum[fij=a+b+c+d
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Loop Pipelining Example

for (inti=0;1<N; I++)
sum[fij=a+b+c+d

1. Sequential Execution

Cycles: 1 2
o
1

3 4 5 6 7 8 9

2



Loop Pipelining Example

Not efficient!

. « AL . « 3 Cycles/Iteration
for (inti=0;1<N; i++) . Total Cycles: 3N
Sum[i] =g+b+c+d - Adders: 3
« Adder Utilization: 33%

1. Sequential Execution

Cycles: 3 4 5 6 / 8 9

1 2




Loop Pipelining Example

for (inti=0;1<N; i++)
sum[fij=a+b+c+d

2. Parallel Execution : Loop unrolling

Cycles: 1 2 3
:
=
‘
:



Loop Pipelining Example

for (inti=0; 1 <N, I++)
sum[fij=a+b+c+d

2. Parallel Execution : Loop unrolling

1 2

Cycles: 3

Not efficient!
3 Cycles/Iteration

Total Cycles: 3

« Adders: 3N
 Adder Utilization: 33%



Loop Pipelining Example

for (inti=0;1<N; i++)
sum[fij=a+b+c+d

3. Parallel Execution : Loop pipelining

Steady-state



Loop Pipelining Example

Efficient!
. . . . « 1 Cycles/Iteration
for (Int | = O! | < Na |++) (steady-state)
Sum[i] =ag+b+c+d - Total Cycles: N+2
« Adders: 3

3. Parallel Execution : Loop pipelining Adder Utilization: 100%

Cycles: 3 4 5

-0 -- .......................................

Steady-state



Loop Pipelining

* Overlap execution of adjacent loop iterations
* Can be combined with loop unrolling

* HLS tools typically use an algorithm called:

* |terative Modulo Scheduling



Loop Pipelining Example

for (inti=0;i<N;i++){
ali] = b[i] + c[i]
}

* Each iteration requires:

e 2 loads from memory
* 1 store

* No dependencies between iterations



Loop Pipelining Example

for (inti=0;i<N;i++){
ali] = b[i] + c[i]
}

* Cycle latency of operations:
* Load: 2 cycles

e Store: 1 cycle
 Add: 1 cycle

* Single memory port



LLVM Instructions
for (inti=0;i< N;i++){ %i.04=phii32 [0, %bb.nph],

ali] = b[i] + c[i]

[ %3, %bb |
%scevgep5 = getelementptr
%b, %i.04
%0 = load %scevgep5
%scevgepb = getelementptr
%c, %i.04
%1 = load %scevgepb
%2 = add nswi32 %1, %0
%scevgep = getelementptr
%a, %i.04
store %2, %scevgep
%3 = add %i.04, 1
%exitcond = eq %3, 100
br %exitcond, %bb2, %bb



LLVM Instructions
for (inti=0;i< N;i++){ %i.04=phii32 [0, %bb.nph],

ali] = b[i] + c[i]

[ %3, %bb |
%scevgep5 = getelementptr
%b, %i.04
%0 = load %scevgep5
%scevgepb = getelementptr
%c, %i.04
%1 = load %scevgepb
%2 = add nswi32 %1, %0
%scevgep = getelementptr
%a, %i.04
store %2, %scevgep
%3 = add %i.04, 1
%exitcond = eq %3, 100
br %exitcond, %bb2, %bb



LLVM Instructions
for (inti=0;i< N;i++){ %i.04=phii32 [0, %bb.nph],

ali] = bli] + cli]

[ %3, %bb |
%scevgep5 = getelementptr
%b, %i.04
%0 = load %scevgep5
%scevgepb = getelementptr
%c, %i.04
%1 = load %scevgepb
%2 = add nsw i32 %1, %0
%scevgep = getelementptr
%a, %i.04
store %2, %scevgep
%3 = add %i.04, 1
%exitcond = eq %3, 100
br %exitcond, %bb2, %bb



LLVM Instructions
for (inti=0;i< N;i++){ %i.04=phii32 [0, %bb.nph],

ali] = b[i] + cfi]

[ %3, %bb |
%scevgep5 = getelementptr
%b, %i.04
%0 = load %scevgep5
%scevgepb = getelementptr
%c, %i.04
%1 = load %scevgepb
%2 = add nswi32 %1, %0
%scevgep = getelementptr
%a, %i.04
store %2, %scevgep
%3 = add %i.04, 1
%exitcond = eq %3, 100
br %exitcond, %bb2, %bb



LLVM Instructions
for (inti=0;i<N;i++){ %i.04 =phii32 [0, %bb.nph],

ali] = b[i] + c[i]

[ %3, %bb |
%scevgep5 = getelementptr
%b, %i.04
%0 = load %scevgep5
%scevgepb = getelementptr
%c, %i.04
%1 = load %scevgepb
%2 = add nswi32 %1, %0
%scevgep = getelementptr
%a, %i.04
store %2, %scevgep
%3 = add %i.04, 1
%exitcond = eq %3, 100
br %exitcond, %bb2, %bb



Scheduling LLVM Instructions

Cycle:

%1.04 = phi 132 | 0, %bb.nph |, [ %3, %bb |
Y%oscevgeph = getelementptr %b, %i.04
%0 = load %scevgepb

Y%oscevgepb = getelementptr %c, %i.04
%1 = load Y%scevgepb

%2 = add nsw 132 %1, %0

Y%scevgep = getelementptr %a, %i.04
store %2, Y%scevgep

%3 = add %i.04, 1

Y%exitcond = eq %3, 100

br %exitcond, %bb2, %bb

0

1

2

3

4

—

Y

_

—] \\\\\\\ﬁj

Y




Scheduling LLVM Instructions

Cycle:

%1.04 = phi 132 | 0, %bb.nph |, [ %3, %bb |
Y%oscevgeph = getelementptr %b, %i.04
%0 = load Y%scevgepb

Yoscevgepb = getelementptr %c, %i.04
%1 = load %scevgepb

%2 = add nsw 132 %1, %0

Y%scevgep = getelementptr %a, %i.04
store %2, Y%scevgep

%3 = add %i.04, 1

Y%exitcond = eq %3, 100

br %exitcond, %bb2, %bb

0 1 2 3 4 5)
!_ i z z z
_,m_ Memory Port Conflict
ol
S S NN

I3
L

Y




Loop Pipelining Example

for (inti=0;i<N;i++){
ali] = b[i] + c[i]
}

* |nitiation Interval (Il)

* Constant time interval between starting
successive iterations of the loop

* The loop requires 6 cycles per iteration (11=6)
 Can we do better?



Minimum Initiation Interval

e Resource minimum ll:
— Due to functional units
— ResMIl = Uses of functional unit

# of functional units

e Recurrence minimum ll:

— Due to loop carried dependencies

* Minimum Il = max(ResMIl, RecMII)



Resource Constraints

* Assume unlimited functional units (adders, ...)
* Only constraint: single ported memory controller

* Reservation table:
1 2 3 4 5! 6
700 = load Yscevgeph :W: :
71 = load Yscevgepb \\\W : 5
store %2, Yoscevgep \\\\\\\\

e The resource minimum initiation interval is 3



Iterative Modulo Scheduling

 There are no loop carried dependencies so
Minimum Il = ResMIl =3

* [terative: Not always possible to schedule the
loop for minimum Il

Attempt to modulo
schedule loop with Il Eail

Success



lterative Modulo Scheduling

Operations in the loop that execute in cycle:
i

Must also execute in cycles:
i+ k*II k=0to N-1

Therefore to detect resource conflicts look in
the reservation table under cycle:

(i-1) mod Il + 1
Hence the name “modulo scheduling”



New Pipelined Schedule

0 1 2 3 4

o
(=
|

%i.04 = phi i32 [ 0, %bbaph ], [ %3, %bb ]| )
Y%scevgeph = getelementptr %b, %i.04 “\\\\\\*

%0 = load Y%scevgeph m

Y%scevgepb = getelementptr %c, %1.04 m |

%1 = load Yscevgepb _’k\\\\\\\\\\\\\w

%2 = add nsw 132 %1, %0

Y%scevgep = getelementptr %a, %i1.04 ;;

store %2, Y%scevgep

Y

%3 = add %1.04, 1 | : |
%exitcond = eq %3, 100 —m—

br %exitcond, %bb2, %bb L >




Modulo Reservation Table

e Store couldn’t be scheduled in cycle 6

e Slot=(6-1) mod 3+ 1=

* Already taken by an earlier load

%0 = load %scevgep5
%1 = load %scevgep6

store %02, Yoscevgep

3

1

2

T

NN

|




lterative Modulo Scheduling

Now we have a valid schedule for 11=3

We need to construct the loop kernel,
prologue, and epilogue

The loop kernel is what is executed when the
pipeline is in steady state
— The kernel is executed every Il cycles

First we divide the schedule into stages of ||
cycles each



Pipeline Stages

Stage: 1 2
o [ 1t [ 2] 3] 4

ot

(op)
—

\I

%1.04 = phi 132 [ 0, %bb.nph |, [ %3, %bb |

Yscevgeph = getelementptr %b, %1.04

%0 = load %scevgeph

Yoscevgepb = getelementptr %c, %1.04

%1 = load %scevgepb

%2 = add nsw 132 %1, %0

N .
mj :
P S o o o o
;lllllllll‘j
: lllllllll

Yoscevgep = getelementptr %a, %1.04

store %2, Y%scevgep

%3 = add %i1.04, 1
Y%exitcond = eq %3, 100

br %exitcond, %bb2, %bb B e




Pipelined Loop Iterations

3 Cycles

—
stege 1 [ M| R R
Stago 2 ENEN KN
Stage 3 ENEN ElET
| Y 4 Y |

!

Prologue Kernel Epilogue
(Steady State)




Loop Dependencies
for(i=0;i< M; i++)

Depends on previous iteration
for(j=0;j<N; j++
alj] = bl ali-1) // 5,

* Dependence distance: 1

* Induction variable: |



Recurrence Minimum ||

for(i=0;i<N;i++){
ali] = b[i] + a[i-1];
}

* How does this loop dependence affect the
minimum initiation interval?



Cycles in Dependence Graph

cycle

1 a[i] address b[i] address ali-1] address

2 \ \ Load ali-1]
3 /

Dependence

Cycle

4 -

| —

\/




Recurrence Minimum ||

for (j=0;j<N; j++) {
alj] = b[i] + a[j-1];

 Dependence cycle has a length of 4
 Dependence distanceis 1

 RecMIl = Length of cycle in dependency graph
Loop dependence distance

* RecMIl=4/1=4




Loop Pipelining Summary

Crucial concept in HLS to produce high-speed
hardware

Want Il to be as low as possible. Why?
— Total cycles spend in loop is approx.: N*Il
Ability to minimize Il limited by:

— Resource constraints

— Cross-iterations dependencies

Results impacted by way in which input
program is structured



Spatial Parallelism



Motivation

Speed benefits of HW arise from spatial
parallelism

Extracting parallelism from a sequential
program is difficult

Auto-parallelizing compilers do not work well!

Easier to start from parallel code
Pthreads/OpenMP can help!



Programming Models

* LegUp has support for two standard parallel
programming methodologies:

— Pthreads and OpenMP

. C Standard .
Sequential Pthreads/OpenMP Massively Parallel

C/C++ CUDA/OpenCL

/ @ T

Programming Models




Pthreads/OpenMP

Allows software engineer to express parallelism

Multiple hardware accelerators running in parallel
Each thread = one hardware accelerator
Support for thread synchronization: mutexes and barriers

( A[O]

-

B[O] >, Thread 1
A0l + S SU m Thread 2 sum
Aol BT T Thread 3
A[30] ;[30] Thread 4

~
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Pthreads Example

int main() { void *add(void *threadarg) {
for (i=0; i<4; i++) { for (i=startldx; i<endidx; i++) {
pthread_create(&threads]i], sum = A[i] + BJi];
NULL, add, &datali]); }
}
}

for (i=0; i<4; i++) {
pthread_join(threads][i],
(void™*)&result[i]);

}
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}
}

for (i=0; i<4; i++) {
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}




Pthreads Example

int main() { void *add(void *threadarg) {
for (i=0; i<4; i++) { for (i=startldx; i<endidx; i++) {
pthread_create(&threadsli], sum = A[i] + B[i];
NULL, add, &datali]); }
}
}

for (i=0; i<4; i++) {
pthread_join(threads]i],
(void™*)&result[i]);

}




Pthreads Example

int main() { void *add(void *threadarg) {
for (i=0; i<4; i++) { for (i=startldx; i<endidx; i++) {
pthread_create(&threads]i], sum = A[i] + B[i];
NULL, add, &datali]); }
}
}

for (i=0; i<4; i++) {
pthread_join(threads][i],
(void™*)&result[i]);

}




Pthreads Example

int main() {

for (i=0; i<4; i++) {
pthread create(&threads]i],
NULL, add, &datali]);

}

for (i=0; i<4; i++) {
pthread_join(threads][i],
(void™*)&result[i]);

}

void *add(void *threadarg) {

for (i=startldx; i<endidx; i++) {
sum = Ali] + BJ[i];
}
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Pthreads Example

int main() { void *add(void *threadarg) {
for (i=0; i<4; i++) { for (i=startldx; i<endidx; i++) {
pthread_create(&threads]i], sum = A[i] + BJi];
NULL, add, &datali]); }
}
}
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Pthreads Example

int main() { void *add(void *threadarg) {
for (i=0; i<4; i++) { for (i=startldx; i<endidx; i++) {
pthread_create(&threads]i], sum = A[i] + BJi];
NULL, add, &datali]); }
}
}

for (i=0; i<4; i++) {
pthread_join(threadsli],
(void**)&result[i]);

}




Pthreads Example

int main() {

for (i=0; i<4; i++) {
pthread_create(&threads]i],
NULL, add, &datali]);

}

for (i=0; i<4; i++) {
pthread_join(threads]i],
(void**)&result[i]);

}

void *add(void *threadarg) {

for (i=startldx; i<endidx; i++) {
sum = A[i] + BJi];
}
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Pthreads Example

int main() {

for (i=0; i<4; i++) {

pthread_create(&threads]i],

NULL, add, &datali]);
}

for (i=0; i<4; i++) {
pthread_join(threads][i],
(void™*)&result[i]);

}

void *add(void *threadarg) {
for (i=startldx; i<endidx; i++) {

sum = Ali] + BJ[i];
}

add add add add

35



Pthreads in LegUp

int main() {

for (i=0; i<4; i++) {
pthread_create(&threads]i],
NULL, add, &datali]);

}

for (i=0; i<4; i++) {
pthread_join(threads][i],
(void™*)&result[i]);

}

void *add(void *threadarg) {

for (i=startldx; i<endidx; i++) {
sum = Ali] + BJ[i];

}
| HLS

[20]

4 HW Accelerators




Pthreads vs OpenMP

OpenMP provides an easy/implicit way for
narallelizing a section of code (e.g. loops)

Pthreads require explicit thread forks/joins

Pthreads can be more work but gives more
control to programmer

Pthreads can execute different functions in
parallel



OpenMP/Pthreads Support in LegUp

 Allow Pthreads and

OpenMP to be used to

specify parallel hardware.

* Automatically infer
accelerators for the

narallel-operating
parallel-operating threads.

* Permits a easy exploration of a broad
parallelization landscape.

— Incl. support for nested parallelism.



Nested Parallelism

Pthreads

Fd



Nested Parallelism

Pthreads

adf suf multf



Nested Parallelism

Pthreads

adf suf multf
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Nested Parallelism

Pthreads

adf suf multf
OMP OMP OoOMP



Nested Parallelism

Pthreads

OOOOOOOOO

aaa



Nested Parallelism

oLl

On-chip Cache

¢

Off-chip Mem




Nested Parallelism

el

On-chip Cache

¢

Off-chip Mem




Streaming (Dataflow)



Streaming (Dataflow) Benchmarks

Interconnected computational “kernels” with optional
intermediate FIFOs

A given kernel can accept new inputs every Il cycles
(Il called initiation interval)

Kernel may have multiple “tokens” in flight
Streaming leveraged frequency in audio, video processing,

machine learning
Kernel optional FIFO
2 ?ZZz

Kernel Kernel

1 4
Kernel /@V
3




Specifying a Streaming Function

To generate a streaming interface you must specify
the function in the LegUp tcl configuration file:

function_pipeline FIRFilterStreaming -ii 1

The initiation interval (ll) is the number of cycles
between successive inputs to the streaming kernel

The user can specify the initiation interval

l1=1 is best but may not be possible due to
dependencies and resource usage



Manual Transformations to C code

* Changes are likely needed to the original C
code

e Streaming function should be passed a LegUp
FIFO datastructure instead of passing an array:
void gaussian filter(FIFO *input_ fifo,

FIFO *output fifo) {
int input = fifo _read(input fifo);
 Reduce memory accesses using static arrays in
function

e Restructure loops
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FIR Filter

e 16-tap FIR filter block diagram
* New input/output every clock cycle. First output after 16 cycles

int FIRFilterStreaming (int in);

source 1 sink ‘ source 1| sink
: |
FIRFilterStreaming
<€<—— in_ready out ready
—>1 in_valid out vald p—>
—><—> in_data out data =7%>
32 32
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Streaming summary

* LegUp-generated block (ready/valid):

in_ready €«— <«— out_ready
in_vald —— FIR Filter ——> out_valid
in_data ——> —> out_data

in_valid |
in_data —<D0 g}m <>D2 <>D3<>34<>DS<)36>
out_valid |_

out_deta (o o s o

iIn_ready = out_ready = 1




o b~ -

Streaming Pixel Inputs

* New pixel arrives every cycle
 We would like to perform convolution as each pixel arrives




o N -

Required Pixel Memory

* Which pixels do we need to store in memory?
* Observe: we only need the previous two rows of pixels
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Pixel Shift Register

* We store the previous two rows in a shift register
e Efficient hardware implementation

|
RO AT N
pEr T EAR: T ANE
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Pixel Shift Register

* Now we shift in every new pixel and discard oldest pixel
* Perform dot product on 9 highlighted pixels




Best Applications for HLS

* Video/image/audio stream processing (algorithmic-heavy)

Image Filtering Audio Beamforming Image Recognition

e

* Avoid using C code for describing:

— Unique hardware structure: FFT butterfly
— Cycle-accurate hardware: Bus controller

e e
W A=
N >
N




HLS Research Challenges



Quality of the Hardware

* Performance of HLS-generated circuits not as
good as human-designed circuits

s ~

v

&

A~

* However, HLS-generated circuits are already
better than SW in many cases



FFT: Hard to Auto-Synthesize

______

_1 Wi ‘v




Syntactic Variance / Constraints

* HLS tool QoR highly sensitive to style of input
code + constraints

 LegUp HLS example:

for (i = 0; i < 100; i++) {| for (i = 0; i < 100; i++) {

if (A[i] & 1) templ sum + A[i];
sum += A[i]; temp2 = sum — A[1];
else sum = (A[1] & 1) ?
sum -= A[i]; templ : temp2;
} }

Cannot loop pipeline Can loop pipeline




Syntactic Variance / Constraints (2)
SW vs. HW Latency

262144

32768

i
o
(Vo)
(@)

512

(o))
SN

Latency in ns (log scale)

PathDelays PathGains ChannelFunction
M Baseline (ns) ® Restructured (ns) = Bit-width (ns) ® PUP (ns) ®m SW (ns)

Matai et al., “Designing a Hardware in the Loop Wireless Digital Channel Emulator for
Software Defined Radio”, FPT 2012.



Debugging

* [nvariably... things go wrong, e.g.:

— Integration of synthesized HW in system

— Silicon issues: timing, reliability (SEUs

* Today’s HLS:
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Visualization

* Today’s HLS:

for (i = 0; i < 4%Nk; i+
W[i] = key[i]:

for (i = Nk; i < Nb*(Nr+
{
tewmp = Wh[i-1]:
if [((i%Nk) == 0]

temp = SubByte (R
WMh[i] = Wh[i - Nk]"te
¥

“Black box”

(hundreds/tens) thousands
of lines of HDL code



Visualization (2)

Jfcallgrind.out.22504 [.folsrd KcCachegrind

File View Go Settings Help

X/ scheduler
[ search: | | [iNoGrewping) [~]|| [7ype | Calers | AlCalers | Sowce | CalesMap |
| incl | seif ‘ Called ‘ Function ‘ Incl. | Distance | Called | Caller
99.92 1[" schedk 2 100.00 4 1 0x000008C0 (Id-2.4.50)
0.89 739 588 [ list_remove 2l 100.00 3 1l 0x0804D2C0 {olsrd)
7.09 895 709 M olsr_spf_del_cand_tree B 100.00 2 1 M (below main) (libe-2.4.s0)
052 205 383 1 stremp B 100.00 1 1 j1f main (olsrd: main.c)
1 1.1 0.52 3 853 Ml parse_packet
0.52 052 517 568 M avl_insert_after
0.53 051 122 918 |l 0x00063DA0
0.53 051 127 132 1| 0x000646C0
0.44 0.44 366 487 M olsr_calc_tc_edge_entry_etx
0.41 0.41 754 951 [l list_is_empty

11

W-engineer comprehensible”
HW visualization capabilities are needed
that guide HW optimization

1 16.39 u.ls 32 853 Jl poll_sockets
0.18 018 140 682 Wlinrangehi
0.32 017 73287 | avl_delete_worker'2
3.56 015 32 897 ] 0x0007CECO
021 014 65 376 i olsr_lookup_neighbor_table_alias
013 013 1 645 [l olsr_time_out_hna_set
1.03 013 127 015 W olsr_malloc J1963% [Je75%
0.67 011 32936 11| 0x0007CSAD -

011 011 816 556 1 0x000156D0
0.10 010 82736 M lookup_link_status

olsr_spf_add_cand tree L

0.19 0.10 1 645 M olsr_output_lq_tc 1963 % -

0.09 0.09 83027 5 me_to_double

0.16 0.09 264 W olsr_calculate_lq_mpr

3.08 0.08 181 W olsr_hello_tap

0.08 0.08 9 717 M olsr_check_dup_table_proc

0.90 0.08 11939 Wolsr_insert_rt_path

0.69 0.08 45167 M olsr_del_dup_entry L
M 5036 0.07 33064 Molsr_process_changes =

0.58 0.07 74 076 M olsr_lookup_tc_entry @ — | =

e \ FIDIN

0.06 0.06 46 003 M olsr_lockup_mprs_set

a1 \

Caller Map \ | call Graph ‘ Callees iA_IICaIIees ‘Assemhler \

callgrind.out.22504 [1] - Total Instruction Fetch Cost: 1501 733 321




Common Benchmarking

* No accepted benchmark suite for HLS

— CHStone circuits don’t stress capabilities of
modern tools

* No accepted benchmarking methodology:
— Push button?

— Constraints, pragmas?

* “Insecurity” among HLS commercial vendors

— Vendors do not permit results to be published



Questions?
http://janders.eecg.utoronto.ca

janders@ece.utoronto.ca
@ reveller



http://janders.eecg.utoronto.ca/
mailto:janders@ece.utoronto.ca

