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Introduction

€ Gordon Moore: co-founder of Intel
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Introduction

- @ Most circuits are now heterogeneous Multiprocess
Systems-on-Chips (MPSoCs)

~+.1. Embedded microprocessors.
2. Memory controllers.
3. Memories.
4. Dedicated hardware accelerators.

Single- or Dual-Core Processor

HPSIIO ; =
Hard Processor System (HPS)
ARM Cortex-A9
USB OTG Ethemet
FPGA NEON/FPU
. L1 Cache (X2) (x2)
L2 Cache GPIO rC
(x2)
JTAG 64-KB Timers SPI CAN
DebugiTrace!! RAM (x11) (x2) (x2)
NAND QSPI SD/SDIO/ DMA UART
Hard Memory Flash (12} Flash Ctr MMC (x2)
Controller*
Shared Multiport DDR HPSto FPGA to FPGA
3.125-Gbps and 5-Gbps SDRAM Controlleri2! FPGA HPS Configuration
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Introduction

€ Due to the pressure to tape-out these chips at shorter
design cycles, companies often rely on third party
Intellectual Properties (3PIPs) to meet their tight schedules.

®High-Level Synthesis (HLS) to increase their design productivity.

Vendor Tool Name Supported Languages
Cadence (Forte) | Cynthesizer SystemC

Cadence C-to-Silicon C, C++, SystemC
Calypto CatapultC C++, SystemC

NEC CyberWorkBench | C, SystemC

Xilinx Vivado HLS C, C++, SystemC

At the same time SystemC (C++ class for HW design) has emerged as
a common language for these HLS tools
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‘ Contribution --1

S2CBench benchmark suite

‘&i‘:\\ Test cases to perform HLS Design Space Exploration (DSE)
e experiments at the department.

Deals with HW/SW co-design

AS2CBench : Accelerated SZCBench benchmarks In partICUIar SyStem'IeVEI DSE'(CSOC)

e D S No available benchmarks are available
- 1‘7:*; \4
= AS2CBench benchmark suite
S (HPS) = 0 Benchmark suite for HW/SW co-design,
FPGA especially on CSoCs
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'

It would be interesting to compare the simulation
based results with the prototyped ones. | actyal final platform
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Contribution --2

A Cycle-Accurate Model

1.Slow : PC 2. Can’t be exactly modeled,
PC executes sequentially Hence the results can slightly differ.

l

Prototyping on real configurable SoCs,
e.g. Altera’s Cyclone V SoC or Xilinx's Zynq FPGA.

100% Accurate




- International Technology Roadmap for Semiconductors
(ITRS)

By 2020 a 10x productivity increase is needed

Designing complex SoCs

.

Re-use of components New design methodologies.
l.e. HLS

Raise abstraction level

The following will introduce how HLS is applied in HW/SW design
on heterogeneous system.
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‘ High Level Synthesis Introdu

Behavioral Model
(ANSI-C/C++/SystemC)

P iiii— | 2t 1. Allocation
gy ‘_ | High Level Synthesis | »4 2. Scheduling
\‘:\‘;\ P — — 3. Binding

Register Transfer Level (RTL)
(Verilog/VHDL)

v

Why HLS? : :
1. Reduces the complexity of hardware design Logic Synthesis
2. Less number of lines of code are required. \l,

3. Less bug..

Gate Level Netlist

4. Easy to verify

A 4
Physical Synthesis
(Place and Route)

GDSII/Bitstream
(ASIC/FPGA)
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I‘igh Level Synthesis Introducti

T~ int A.B.C.D:
N int E.F: ©

Constrain Allocation | void main(){ Y

int x:
add32s:1 U Delay,Area
| X=A1B; Frequency

mul32s:1 E=X*D:

\\-..._____...--"/
}
Scheduling

Clock cycle

Clock cycle

Binding

v\

Clock cycle O
............ |:>\?>

Clock cycle
< Add #1

< Mul#l




hgh Level Synthesis Introducti

€ Area vs. Performance trade-offs
€ Without having to modify the original behavioral description.

Behavioral Model
(ANSI-C/C++/SystemC)

Function Inline or Not I I I | I I Unroll loops or Not
© Different Constrain File ©
Constrain ¢ \l/ \l/ ¢ Constrain
add32s:1 @ add32s:2
mul32s:1 : mul32s: 2
~£\rea
[* Cyber unroll_times=0*/ ._._ K.’ [* Cyber func=inline*/
I.
[*Cyber array =RAM*/ _
i i Latency
BIP trade-off curves
THE HONG KONG € This unique features will be leveraged in the thesis.
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‘ FPGA Basic Structure

In 1984, Xilinx introduced the modern Look up Table (LUT)
based FPGA architecture.

e ———

Qut

FPGA Basic Structure

1. 4-input 1-output LUT.
2. Flip-Flop(FF) to register the LUT output.
3. Multiplex(Mux) to use registered output or non-registered.

Q THE HONG KONG
Q’b POLYTECHNIC UNIVERSITY
T T R




FPGA Basic Structure

Map the following gate
netlist onto a 4-input LUT
FPGA

e S T = = R

Rst
Clk
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) Configurable System-on-Chip

M ros
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IR-out
— |R-in

POLYTECHNIC U
HFHEM T RE

qu THE HONG KON Switch x10 Button x4




"Sobel: Sobel'is a 3x3 edge detection filter.
Qsort: Sorts packets of ten numbers in
ascending order using a quicksort
algorithm.

Kasumi: Kasumi is a block cipher algorithm
used in mobile communication

systems.

snow3G: Snow3G is a stream cipher which
produces a key stream

consisting of 32-bit blocks using a 128-bit key.
Interp: This design is a 4-stage interpolation
filter

Ann: Artificial Neuronal Networks (ANN)
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| AS2CBench

Table 5.1: AS2Cbench Benchmark Characterization [

Design SW I—;WHET'IE&L Latency
[lines] || SygtemC | Verilgg

sobel 529 364 757\ 5
fir 428 4 303 1,255 12
gsort 418 |7 308 1,151 § 12
adpcm 418 | 337 1,507 [\ 7
kasumi 456 554 65,423 ‘| 36
snow3G 428 | 623 5,883 |1 4
ann(2layers) | 1,579 | 472 12832 [} 6
ann(4layers) | 1,584 | 471 27,141 : 9
idct 492 i 1,614 | 30,704 |1 258
aes 490 | 645 | 31,699 |[; 105
md5Sc 452 | 577 19,996 [ 72
decim 456 |v 549 6,142 | 23
interp 429 ||\ 341 1,950 4 7
disparity | 788 | \580 | 20,679 | 416
avg. | 639 | 853 [ 16,886 | 337

A S

’

IDCT: IDCT is a inversédiscrete cosine

transform

Adpcm: Adaptive Differential Pulse-Code
Modulation
Disparity: This program estimates the
disparity in a stereoscopic image.




J AS2CBench m

& Accelerated Synthesizable SystemC benchmark suifé

The benchmarks are open source and can be downloaded from [2].

Configurable SoC

---------------------------------------- \
:' ARM FPGA !
S ~s ! I
- Sa! | main()f i
'\Linputs.txt/bmp ]:,‘1—» I
~<——— =<1 | while(){ |
1
| sendls uuT :
! receive(); I
————— - I
- - "N_‘ : } :
l{golden.txt/bmp ]_‘.:_p compare_results(); I
' A ) :
S - —’, I\ ,,

_________ F-—mmm e TT T

[ Results.txt ]
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Master

for(num=0;num<WDSIZE;num++){
alt_write_word(h2p_Ilw_UUT _addr,WData[num]);

'm .\
| (e

- ‘ R .
Disparity

while(1){
outvalid=alt_read word(h2p_Iw_outvalid_addr);
if Coutvalid==True) {
for(num=0;num<RDSIZE;num++){
alt_write_word(h2p_Ilw_outvalid_addr,true);
UUT _out[num] =alt_read_word(h2p_lw_UUT_addr);
}
break; }

¥

AS2CBench

32bit AXI Bus

Slave

while (1) {
input_valid=input_valid_signal.read();/* get status */
if (input_valid == True) {

WData[num]=UUT _in.read();

if ((++num) == WDSize) break;}

output_valid_signal.write(True);
while(1){
output_control =output_control_signal.read();
if (output_control == True) {
UUT_out.write(RData[num]);

if ((++num) == RDSize) break;}
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Multi-process Design

ARM A9 ARM A9

FIR Sobel
Bus < 8 A L A D
N n n | 4
FPGA FPGA
UUT_FIR UUT_Sobel

In this work, a design in which two of benchmarks are
executed concurrently is also included in the benchmark

suite.
In particular the FIR and sobel filter (FIR+sobel).
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AS2CBench Result

The first 3 versions are pure SW versions, while the last Is the
"' proposed accelerated version

|7 processor ARM Cortex A-9 ARM Cortex A-9+FPGA

\_\‘/

|
|—ATNSI-C SystemC ANSI-C ANSI-C +SystemC
gcc

g++ gcc gcc +HLS
100.00%
00.00% ® ANSI-C (i7 processor) TSystemC = TSystemC/ (TANSIC + TSysteme + TARM + TARM+FPGA)
B SystemC (i7 processor)
80.00% |
M ANSI-C (ARM Cortex-A9)
70.00% - B ANSI-C+FPGA (ARM Cortex-A9+Cyclone V)
=T TTTEEN]
60.00% | ,7 S
4 A Y
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AS2CBench Result

Spend long time sending and receiving data and hence the
communication overhead weights down any potential speed-up.

- There are four notable exceptions:
snow3G, aes (cipher and decipher) and the disparity estimator.

m ARM

80% -

60% . .
B Communication

Overhead
® FPGA

40% -

20% -

0%




‘ AS2CBench Result

looks closer at the comparison between these two versions
(ARM vs. ARM+FPGA)

® The salient point here is that for smaller designs with very small
latencies, the pure SW version achieves better results and hence it
does not make sense to have an accelerated HW version.

E.g. the aes has to perform 9 times the subbyte, shiftrows, mixcolumns
and addroundkey functions before returning the result to the processor.

ARM Versus ARM+FPGA
speed-up of 15%
3.50
3.00

2.50

2.00

1.50

M Speedup

EEREREE B EE R B
- <&

1.00

wan B |
0.00
\




AS2CBench Result

HLS >>> different area vs. performance trade-offs

~ without having to modify the behavioral description.

56%
54%
52%
50%
48%
46%
44%
42%

40%

4% difference.

B High Performance

B Low Performance
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RGN S PSS E & & & ,§§’° @00 & &
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‘ AS2CBench

The source code is open source and fully available at [2],
- ®FPGA configuration file (SOF)

@ pre-compiled SW program (EXE),

which allow to immediately have a HW/SW co-designing system up
and running.

AS2CBench : Accelerated S2CBench benchmarks
, ... o EREE BRES ER

Home / Browse / ASECEench

S o —
S (OISR, - =
< AS2CBench ey
Accelerated S2CBench benchmarks 8 e - W paa e e
Brought to weu by schaferben YA S s ©, ' ~ : m ~E
. SELN ST |—— —
Ssummary  Files  Reviews Support  Wiki Code . TESTBENCH
ARM (HPS) g9 (S8 @
* 4dd a Review t - S —
+ 1 Download _—-
Last TUpdate: 2015-06-29 FPGA -




: In Situ CSoCs-Based DSE

€ Motivation and Target Platform

1B, ..TB BIP, ... BIP

N

s

Observation 1.
Using less processors should lead to
systems with lower overall throughput.

Observation 2;
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In Situ CSoCs-Based DS

Different Mapping
Numbers of mappings in each case can be calculated as [35]:

v 1 - k—i k -1l
S(n, k) = o] > (-1 ]
" i=0

[/

Masters (processors) I’

Mappings 1 2 3 4
{(D), (2,3,4} {1, 2), (3), D}
{(2), 1,3,49} | {1, 3), (D), (4}
{(1,2, | {(3), (1,2,D} {1, D, (2), (3} | {(D), (2),
Combinations || 3,4)} [ {(4), (1,2,3)} | {(1), (2,3), D} | 3), D}
{(1,2), 3,49} [{(D), 2,4, (3}
{(1,3), 2,4} | {(D), (2), (3,4}
{(1,4), (2,3)}

Mapping : 1 7 6 1
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: In Situ CSoCs-Based DSE

BF(Brute Force Search) Fast In Situ System Explorer
1 2,3,4 1 2,3,4
1 3,2,4
........................ Stifing
1,2 3,4 1,2 3.4 Number of
All Permutations Second Kind
— 2,1 4,3 —
Stirling Number of
Second Klnd ........................
1,2,3 4 1,2,3 4
2,3,4 1
_ ARM1 ARM2 ARM1 ARM2 | |
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&

Every optimal solution

‘ In Situ CSoCs-Based DSE

=

1. All possible permutations
2. All different Mapping

l

periodically repeating task execution

THE HONG KONG
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Exploration

P=M-1 P=M 4 P=M+1 e~
\
£

Area [LUTSs]

\
A N
Throughput 25;

BIP trade-off curves

This step continues until the smallest configuration with the same
performance of the configuration composed of the largest, but
fastest designs of each BIP is found.
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’ Result

@ HLS tool : CyberWorkBench v.5.4 from NEC

When synthesized in Quartus Il 15.0,
The Logic utilization (in ALMSs) for the largest system is :
30,989 / 32,070 (97 %)

Table 6.2: Complex System Benchmark

& Altera Bench DSE | S1|S2|S3|S4|S5|S6|S57|S8
Cyclone V SoC aes_cipher 3 1|1 1|1 1|1
qsort 3 1 1111111

--- dual-core ARM interp 3 1 1 111
Cortex A-9 processor aes decipher | 3 | 1 1|1 ]1)1 1
(Ubuntu 32Bit Machine) Task 217271273 3131 4
Design 6l 6| 6|9 9] 09912

€ -- Aes_cipher is the Advanced Encryption Standard algorithm
€ -- Aes_decipher the aes decryption part of aes.
€ -- Qsort is a quick sort algorithm
€ -- interp a 4 stage interpolation filter.
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Result

Hypervolume: The smaller the value, the higher the

guality of the result is.
Pareto Dominance: This index is equal to the ratio

between the total number of points in the Pareto set

being evaluated, also present in th reference Pareto
set. The higher the value, the better the Pareto set is.

A | ArealumT s

min

Throughput




: Result

-- up to 42% for the BF case
-- up to 33% for our fast method,
while on average by 23% and 20% respectively.

Table 6.3: Quality of Reusults (QoR) Comparison between Exhaustive Search and
Fast In Situ System Explorer (FISSE)

S1 S2 S3 S4

Masters 1 2 1 2 1 2.1 1 2
BF 0.77 0.77] 0.92 0.94] 0.67,0.67 p0.81 0.79
FISSE 0.77 0.97 | 0.92 0.97| 0.67 0.67 | 4.81 0.81

Dominance | 4/4 4/5 | 3/4 4/5| 3/3i 3/3 | /6 3/4
Hypervolume | 0.03 0.01 | -0.06 0.10 | -0.12, 0.00 |,0.00 0.03

S5 S6 S7~~==* S8 Avg
Masters 1 A= 1 2 1 2 1 2 Lo
BF 0.72 £0.58 [ 870 0.70[ 0.78 0.95]0.73 0.85 |/ 0.77
FISSE 0.72{ 0.72 | 070 0.70 | 0.78 0.99|0.73 0.87 { 0.80

n
1
QbT Dominance | 10/10\ 5/6 | %/7 7/8 |9/12 7/9 | 7/9 7/11 86/’1{)0,1'
Q&% Hypervolume | -0.01 %0.00 | .02 0.05 | -0.02 0.06 | 0.00 0.02 +,0.004,/

N Tam’




Result

- on average only 3% worse while on average 15X faster,

showing that it can lead to very good results quickly.

Table 6.4: Running Time Comparison [min]

LT

A

g

Bench | S1 S2 S3 S4 S5 S6 S7 S8 [ Avg \

BF 1.3210.91 | 1.00 | 21.71 | 14.75 | 12.75 | 11.32 346.6:: 51.30
FISSE | 0.25 1 0.30 | 0.24 | 2.17 | 1.13 | 1.35 | 1.59 | 21.8%] 3.60

SpUp | 5.4 | 3.0 | 43 | 10.0 | 130 | 95 | 7.1 | 159 N14.3.]

-

-—_—’
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Result
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Fig. 6.4: System Exploration trade-off curves for each benchmark for 1 processor
(P=1) and 2 processors (P=2) comparing the brute force (BF) and our

THE HONG KONcProposed fast heuristic (FISSE). Page 49
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‘onclusions and Future

@ This thesis first presented an accelerated version of the
... S2CBench benchmark suite to experiment on HW/SW co-
"'design for configurable SoCs(CSoC).

€ Secondly, and the main contribution, is the development of a
fast method to characterize complete HW/SW systems mapped
onto these CSOCs using Behaviors IPs as slaves to accelerated
different tasks.
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& Future work

(1) larger CSoC with more than 2 HPS
(2 Comparing the efficiency of our proposed

method compared to a offline simulation.

Master 1

Master 2

(Tssk ) AT
v -\\E_TaskB .
."'_____"‘-u. - - 1
( Task2 ) \—

Master Interface

Slave Interface

\‘-\.

C Taskm

Master N

3

—~
-

I AMBA AXI BUS

Slave 3

P s

Slave n

PN
-\\_HTaskn P )

Q T Slavel
sz P' ( - Taskl > <Tj€i<2__ /) 'C:__TaskB >

Bus Parameters:
Type: AHB/AXI

Bus bitw=32bits
Arbiter: round robin

2y

Masters: Ml, M M

API_burst_write(0x1000ff00, fifo, DSIZE);
API_single_write(0x1000ff00, out0);

Slaves: S, S.,...,S

1r Fprrdy

while{1){

API_poll_req(&stat); /* get status */

if (stat.req == API_WRITE_REQ) {
API_set_response(API_OKAY);
array[num] = API_get_data();
num++;}

if(num == DSIZE) break; }

Bus, To

High-Level Synhesis

Cycle-accurate SoC model

Timing report slaves

Slaves IF: SIF,, SIF,,..., SIF,
Masters IF: MIFI,MIF

BIPy/TB:, BIPy’TBi,..., BIPy/TBy

Generate C-Based SoC
(Number masters, map tasks)

|

—

Bus definition file

Bus Type: AHB/AX]
Bus bitwidth=32bits
Arbiter: round robin
Memory map

#Masters=M
#5laves =N

Bus Generator

MIF

210 N

" Conclusions and Future Work ,’
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Publication

' @ S. XU, B. Carrion Schafer, ""AS2CBench:Accelerated
\ ' .. Synthesizable SystemC Benchmark Suite for HW/SW
N\ " Co-design", under review.

€ S. XU, Y. Liu, B. Carrion Schafer, "In-situ C-based
Configuration SoCs Design Space Exploration™,
submitted.

Q THE HONG KONG
Q’b POLYTECHNIC UNIVERSITY
HFHEH T K2




&

&® Refer to the Thesis P.55-P.56
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