Project: AXIOM - Agile, eXtensible, fast I/O Module for the cyber-physical era
Grant Agreement Number: 645496
Call: ICT-01-2014: Smart Cyber-Physical Systems

H2020 FRAMEWORK PROGRAMME
ICT-01-2014: Smart Cyber-Physical Systems

PROJECT NUMBER: 645496

AEIOM

Agile, eXtensible, fast I/O Module for the cyber-physical era

D4.3 — Evaluation of the compiler and tools infrastructure

Due date of deliverable: 31* January 2018
Actual Submission: 14™ February 2018 (agreed extended date)

Start date of the project: February 1%, 2015 Duration: 36 months
Lead contractor for the deliverable: BSC

Revision: See file name in document footer.

Project co-founded by the European Commission
within the HORIZON FRAMEWORK PROGRAMME (2020)
Dissemination Level: PU
PU | Public
PP Restricted to other programs participant (including the Commission Services)
RE | Restricted to a group specified by the consortium (including the Commission Services)
CO | Confidential, only for members of the consortium (including the Commission Services)

Change Control

Version# | Date Author Organization Change History

0.1 05/02/2018 Xavier Martorell BSC/UPC Evaluation of Om-
pSs@FPGA

0.2 07/02/2018 Daniel Jiménez- BSC/UPC Evaluation of Om-

Gonzalez pSs@Cluster

0.3 07/02/2018 Paolo Gai EVI Evaluation of Om-
pSs@Cluster

0.8 08/02/2018 Carlos Alvarez BSC/UPC 1* internal review

0.9 09/02/2018 David Oro HERTA 2™ internal review

Release Approval

Name Role Date

Xavier Martorell WP-leader 12.02.2018

Roberto Giorgi Coordinator 14.02.2018

Deliverable number: D4.3
Deliverable name: Evaluation of the compiler and tools infrastructure
File name: AXIOM_ D43-v11.docx Page 1 of 31



Project: AXIOM - Agile, eXtensible, fast I/O Module for the cyber-physical era
Grant Agreement Number: 645496
Call: ICT-01-2014: Smart Cyber-Physical Systems

The following list of authors will be updated to reflect the list of contributors to the document.

Xavier Martorell (UPC/BSC)
Daniel Jiménez-Gonzalez (UPC/BSC)
Paolo Gai (EVI)

Carlos Alvarez (UPC/BSC)

© 2015-2018 AXIOM Consortium, All Rights Reserved.

Document marked as PU (Public) is published in Italy, for the AXIOM Consortium, on the www.AXIOM-project.eu web site
and can be distributed to the Public.

All other trademarks and copyrights are the property of their respective owners. The list of authors does not imply any claim
of ownership on the Intellectual Properties described in this document.

The authors and the publishers make no expressed or implied warranty of any kind and assume no responsibilities for errors
or omissions. No liability is assumed for incidental or consequential damages in connection with or arising out of the use of
the information contained in this document.

This document is furnished under the terms of the AXIOM License Agreement (the "License") and may only be used or copied
in accordance with the terms of the License. The information in this document is a work in progress, jointly developed by the
members of AXIOM Consortium ("AXIOM") and is provided for informational use only.

The technology disclosed herein may be protected by one or more patents, copyrights, trademarks and/or trade secrets owned
by or licensed to AXIOM Partners. The partners reserve all rights with respect to such technology and related materials. Any
use of the protected technology and related material beyond the terms of the License without the prior written consent of
AXIOM is prohibited. This document contains material that is confidential to AXIOM and its members and licensors. Until
publication, the user should assume that all materials contained and/or referenced in this document are confidential and pro-
prietary unless otherwise indicated or apparent from the nature of such materials (for example, references to publicly available
forms or documents).

Disclosure or use of this document or any material contained herein, other than as expressly permitted, is prohibited without
the prior written consent of AXIOM or such other party that may grant permission to use its proprietary material. The trade-
marks, logos, and service marks displayed in this document are the registered and unregistered trademarks of AXIOM, its
members and its licensors. The copyright and trademarks owned by AXIOM, whether registered or unregistered, may not be
used in connection with any product or service that is not owned, approved or distributed by AXIOM, and may not be used in
any manner that is likely to cause customer confusion or that disparages AXIOM. Nothing contained in this document should
be construed as granting by implication, estoppel, or otherwise, any license or right to use any copyright without the express
written consent of AXIOM, its licensors or a third-party owner of any such trademark.

Printed in Siena, Italy, Europe.

Part number: Please refer to the File name in the document footer.

EXCEPT AS OTHERWISE EXPRESSLY PROVIDED, THE AXIOM SPECIFICATION IS PROVIDED BY AXIOM TO MEMBERS "AS
IS" WITHOUT WARRANTY OF ANY KIND, EXPRESS, IMPLIED OR STATUTORY, INCLUDING BUT NOT LIMITED TO ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT OF
THIRD PARTY RIGHTS.

AXIOM SHALL NOT BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL OR CONSEQUENTIAL DAMAGES OF
ANY KIND OR NATURE WHATSOEVER (INCLUDING, WITHOUT LIMITATION, ANY DAMAGES ARISING FROM LOSS OF USE
OR LOST BUSINESS, REVENUE, PROFITS, DATA OR GOODWILL) ARISING IN CONNECTION WITH ANY INFRINGEMENT
CLAIMS BY THIRD PARTIES OR THE SPECIFICATION, WHETHER IN AN ACTION IN CONTRACT, TORT, STRICT LIABILITY,
NEGLIGENCE, OR ANY OTHER THEORY, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

Deliverable number: D4.3
Deliverable name: Evaluation of the compiler and tools infrastructure
File name: AXIOM_ D43-v11.docx Page 2 of 31



Project: AXIOM - Agile, eXtensible, fast I/O Module for the cyber-physical era
Grant Agreement Number: 645496
Call: ICT-01-2014: Smart Cyber-Physical Systems

TABLE OF CONTENTS

L L0 1 7 N 2 ¥/ 5
EX@CULIVE SUMIMATY ..coioiiiiiamnnnssmsnsssmssssssssssssssssssssssssssssssssssss sssssssssssssssssssssssssssssnss snssassssssnssansss 6
B I 010 000 X0 L) U0 o 7
T TR D T Y1804 U] 4 L o ot 1 7
1.2  Relation to other deliverables..........cconiinnmnnnnn s ————— 7
1.3  Tasks involved in this deliverable ... ——— 7

2 Development of the compiler and tools..........ccoiiisninirrnnmnn e —————— 7
20 R 00 1110 ) 1 Tl a0 ol 1P 1) o U 8
2.1.1 Code transformations 9
2.1.2 Hardware Generation 11
2.1.3 autoVivado Performance Tuning 13
2.1.4 Compilation and Compiler Options 13

207/ 1111 U0 01 T ] 1) o 14
221 Execution environment 15

2.3 Impact of the achievement on project/WP........immn s e 16

3 Evaluation and tuning of the FPGA compilation system .........couunnsmsnsessennsnnns 17
4 Evaluation and tuning of the OmpSs@Cluster SyStem........cousemmrumsemsemsessensssssesses 20
4.1 Communication Thread vs Hybrid communication Thread ........ccocuocrismnnsessnsannens 20
4.2 Communication Thread: Pre-send (remote submit) Impact.......ccccouvrrimncncrsnsennens 24
4.3 AXIOM dedicated conduit vs MPI conduit overhead...........cccocusmnrrssnnsnssssnssnsnssessnnnns 25

5 Confirmation of DOA ODJECLIVES ... s ssssssssssssssses 28
COTN 071 1 Uod 11 1) () 4 29
2] 23 (=3 1 Lol L 30

Deliverable number: D4.3
Deliverable name: Evaluation of the compiler and tools infrastructure
File name: AXIOM_ D43-v11.docx Page 3 of 31



Project: AXIOM - Agile, eXtensible, fast I/O Module for the cyber-physical era
Grant Agreement Number: 645496
Call: ICT-01-2014: Smart Cyber-Physical Systems

TABLE OF FIGURES

FIGURE 1. BOARDS SUPPORTED BY THE AXIOM PROJECT .uevvurtereeressssesesesssseesssssassssssssssssessssassssssss essssssssssssssssssssssssssssen sasses 8
FIGURE 2. STRUCTURE OF THE COMPILATION TOOLCHAIN ...uttttseseresesssssesessss eressssssssesssssssssssssssessss sesesssssssssnsssssssssssessensssessen 8
FIGURE 3. ORIGINAL CODE ANNOTATED WITH THE OMPSS DIRECTIVES ...cuvtruseseresessssssesesssssesesssssssesssssessasssssessas sesesssssesssaes 9
FIGURE 4. HEADER OF THE WRAPPER FUNCTION GENERATED BY MERCURIUM ....coviurereusenesesssssesessessesessssssessssssesessssssenes 10
FIGURES.  BODY OF THE WRAPPER FUNCTION (COPY 1IN, EXECUTION OF THE IP, COPY OUT) urunseeerssseserssesesssssssenssens 10
FIGURE 6. RESOURCE OCCUPANCY REPORT «.uutereueussreseusssssesssssssessassessessssssessassasssssss sestssassssssssssssssssssasssss nssssasssssssssssssssases 11
FIGURE 7. INSTANCES OF THE VECTOR_MULT ACCELERATOR IN THE BLOCK DESIGN c.uucvuueeteerunesasessssssesscssssssssssssssasssanesns 12
FIGURE 8. SPEEDUP OF THE PERFORMANCE DESIGNS GENERATED COMPARED TO THE AREA HARDWARE DESIGNS FOR
DIFFERENT MATRIX SIZES AND ONE ACCELERATOR. cuucurtureueeusessessessesssssessssssssssssssssssssssssssssss esssssssssssesssssssssssssesss sesassesses 13
FIGURE 9. ARCHITECTURE OF THE NANOS++ RUNTIME SYSTEM TO ENABLE SUPPORT FOR FPGA ACCELERATION ....... 15
FIGURE 10. MATRIX MULTIPLY WITH OMPSS AND VIVADO HLS ANNOTATIONS ..cvvureserereeuseresessssseesssssesssssesesssssessssnses 17
FIGURE 11.  EVALUATION OF MATRIX MULTIPLICATION ON THE AXIOM BOARD .....ovveviureresnseresessseseesssssesssssesessssssessssnses 18
FIGURE 12.  EXECUTION INTERNALS OF THE FPGA IPS, ON A MATRIX MULTIPLICATION OF 1024%x1024 SINGLE
PRECISION ELEMENTS, IN BLOCKS OF 128x128, SHOWING THE BEHAVIOR OF THE USE OF 3 FPGA IPS......cccecvvenennne 19

FIGURE13.  COMPARISON BETWEEN TWO OMPSS@CLUSTER EXECUTIONS WITH POLLING (TOP) AND WITH BLOCKING
(BOTTOM). THE BLACK REGIONS IN THE BOTTOM PART ARE RELATED TO CPU TIME FREED DUE TO THE USAGE OF
BLOCKING INSTEAD OF POLLING eueuutteteusssesessssssssesessrssessassssssssssssessussesssss ssessesssssesssassssssssassesess sesessessasssssssssssesssssssses sssnsessen 21

FIGURE 14. PARAVER EXECUTION TRACE VISUALIZATION OF A PART OF THE OMPSS@CLUSTER EXECUTION OF THE MxXM.
THIS TRACE ONLY SHOWS THE MASTER NODE EXECUTION OF 4 THREADS RUNNING SMP TASKS. THE SECOND THREAD
CORRESPONDS TO THE COMMUNICATION THREAD....ucuuureureuresresressessessssssssssssssssssssssssssssssas sesssssssesssssessssssssessesses sessssssssses 22

FIGURE 15.  FOUR DIFFERENT CONFIGURATIONS OF THE COMMUNICATION THREAD AND THE SLAVE WORKER THREAD FOR
AN OMPSS@CLUSTER MXM APPLICATION USING FPGA ACCELERATORS AND SMP THREADS .....cvureeereresereressssnsenens 23

FIGURE 16.  FOUR DIFFERENT CONFIGURATIONS OF THE COMMUNICATION THREAD AND THE SLAVE WORKER THREAD FOR
AN OMPSS@CLUSTER MXM APPLICATION USING ONLY FPGA ACCELERATORS ...cuvvruresurereensssesesssssesessssssessssssesessssssenes 23

FIGURE 17.  EXECUTION TIME OF AN OMPSS@CLUSTER MXM USING TWO NODES AND MPI CONDUIT FOR TWO
DIFFERENT CONFIGURATIONS OF THE SLAVE WORKER THREAD AND THE COMMUNICATION THREAD. DIFFERENT PRE-
SEND NUMBER OF TASKS ARE ANALYZED ....cueteteeueessessessssesesssssssssssssssssssssssssssssasessesssssssssssssssssssssssss susssssssssssssssssssssssenes 24

FIGURE 18.  SPEEDUP OF THE OMPSS@CLUSTER MXM MULTIPLICATION WHEN USING TWO NODES COMPARED TO ONE
NODE, BOTH USING THE MAXIMUM NUMBER OF WORKER THREADS AVAILABLE. AXIOM IP CONDUIT IS USED FOR
PERFORMING COMMUNICATIONS . .cuutteteuesseresasssssessas seressussessessssssssssssssssses sessesssssessssssssssssassssssss ssesssssasssssssssssesssassssess snsasnssen 24

FIGURE 19.  SPEEDUP OF THE OMPSS@CLUSTER MXM MULTIPLICATION WHEN USING TWO NODES COMPARED TO ONE
NODE, BOTH USING THE MAXIMUM NUMBER OF WORKER THREADS AVAILABLE. MPI CONDUIT IS USED FOR

COMMUNICATIONS w.vurtueeeeesessessessesssssssssessesssssssssssssssssssssss sesssssssssssssssssssssssssssses seseessssssssssessessesssssssses sesssssssssssssssssansesssssanes 25
FIGURE 20.  EXTRA cOPY IN THE GASNET AXIOM CONDUIT NEEDED FOR THE AXIOM RDMA.......cmvrrncrrere e 25
FIGURE 21. LAUTERBACH TRACE THAT SHOWS THE TIME USED BY THE MEMCPY () TO MOVE DATA IN THE RDMA REGION

26
FIGURE 22.  DIAGRAM OF ACTIONS AND COPIES BETWEEN THE TWO DIFFERENT MEMORY SPACES IN THE MASTER AND

REMOTE NODE FOR THE EXECUTION OF A SINGLE SIMP TASK ....cuvtrieierinesrnireseses seesssssessssssesesssssesess sessssssssessssssessassases 27
FIGURE 23.  SPEEDUP OF THE OMPSS@CLUSTER MXM USING AXIOM NIC COMPARED TO USING MPI CONDUIT

(ETHERNET) FOR TWO DIFFERENT BLOCKING SIZES, AND DIFFERENT NUMBER OF PRE-SEND TASKS ...c.veeeueenresseenees 28

Deliverable number: D4.3
Deliverable name: Evaluation of the compiler and tools infrastructure
File name: AXIOM_ D43-v11.docx Page 4 of 31



Project: AXIOM - Agile, eXtensible, fast I/O Module for the cyber-physical era

Grant Agreement Number: 645496
Call: ICT-01-2014: Smart Cyber-Physical Systems

GLOSSARY

ARM - Instruction set architecture developed by ARM Holdings Ltd.

AXI — Advanced Extensible Interface

BRAM - Block RAM
DMA — Direct Memory Access

DoA - Description of Action (acronym set by the European Commission)

DSP — Digital Signal Processor
ELF — Executable and linkable Format

FF — Flip-Flop
FPGA - Field Programmable Gate Array
HLS — High Level Synthesis Language

IoT — Internet of Things
IP — Intellectual property

LUT — Look-Up Table
MHz — Mega Hertz

MPSoC — Multiprocessor System-on-Chip

MxM — Matrix Multiply
NIC — Network interface

OmpSs — OpenMP Superscalar
OpenBLAS — Basic Linear Algebra Subprograms optimized library

OpenMP — Open Multiprocessing standard

RAM — Random Access Memory

RDMA — Remote Direct Memory Access

SGEMM - Single-precision floating-point general matrix multiply

SMP — Symmetric multiprocessing

TCL — Tool Command Language
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Executive summary

This Deliverable reports the main features and capabilities of the compiler and tools infrastructure de-
veloped within the context of the AXIOM project (including autoVivado and the runtime library). It
also analyzes the results obtained during the evaluation of the developed tools and finally discusses the
optimizations implemented for successfully targeting the AXIOM board.
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1 Introduction

1.1 Document structure

This section enumerates the tasks involved in this Deliverable, as well as other related deliverables. An
outline of the topics covered during next sections are included below as a reference:

e Section 2 explains the modifications carried out to the compiler (Mercurium [9]), and the toolset
(i.e. Nanos++ and autoVivado) developed during the AXIOM project.

e Section 3 discusses the evaluation and optimization of such tools to target the AXIOM board.

e Section 4 evaluates the developed toolset on a cluster of AXIOM boards.

e Section 5 includes an explanation describing how the DoA objectives were achieved.

e Section 6 presents the final conclusions.

1.2 Relation to other deliverables

This deliverable is mainly related to D4.2 (AXIOM code generation and instrumentation), D5.4 (Final
operating system and documentation), and D3.3 (Software and report on application porting). Mercu-
rium FPGA annotations used in the source code were already described in Deliverable D4.2. The
runtime and OS development were presented in D5.4. Finally, performance results of the use-cases
applications using the tools described in this deliverable are reported in Deliverable D3.3.

1.3 Tasks involved in this deliverable

This deliverable involves Task 4.5: Evaluation and tuning of the code generation.

2 Development of the compiler and tools

During the third year of the AXIOM project, the development of the OmpSs [[4], [2]] compiler and
related tools have been successfully completed. Figure 1 represents the support that we have imple-
mented within the context of this project. As such, OmpSs applications are now able to run on several
of the Zynq 7000-based boards (including 706, 702, and Zedboard), and on boards based on the Zynq
Ultrascalet MPSoC (including Trenz Electronics TE0808, and the AXIOM board). The next subsec-
tions present the final version of the compiler toolchain at its current development state.
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Figure 1. Boards supported by the AXIOM project

2.1 Compiler toolchain

The compiler toolchain consists of the Mercurium compiler and the autoVivado plugin. This toolset
has the goal to parse a given application source code, annotated with the OmpSs directives, and later
perform transformations, in order to get a binary program for the target system. In the case of the AX-
IOM board, the binary program consists of the ELF executable running on Linux, and the bitstream
used to configure the FPGA fabric. The structure of the compilation toolchain is shown in Figure 2.
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Figure 2. Structure of the compilation toolchain
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The Mercurium compiler is used to understand the annotations provided by developers, and outline the
code targeting the FPGA device, from the host code running on the SMP ARM cores. The Mercurium
FPGA annotations have already been described in the AXIOM Deliverable D4.2 [[1]].

The generation of the bitstream to configure the FPGA is done automatically by taking the code outlined
through a set of transformations using the Xilinx Vivado HLS toolchain [[5]] (see right-hand side of
Figure 2). The integration of Mercurium and Vivado HLS is based on autoVivado, a Mercurium plugin
consisting of a set of Tcl scripts [[7]]. They perform the Vivado HLS compilation of the code, linking
them with a set of predefined IP cores for the target board. These predefined IP cores contain the infra-
structure needed for task management, communication and instrumentation. They need to be provided
specifically for each board. Currently our system supports various Xilinx Zynq-7000 (Zedboard,
7C702, and ZC706), the AXIOM Board, and Trenz Electronics TE0808 boards.

2.1.1 Code transformations

Figure 3 shows an example of code implementing a vector by vector multiplication, which will be used
to explain the mechanism used for the transformations done for the FPGA. This code comes with the
OmpSs annotations omp target and omp task. They indicate the data used by the function vec-
tor mult, and their directionality (in, out, inout). They also indicate that the programmer wants to
generate two instances (num_instances (2) ) of the IP onto the FPGA, and that the functionality im-
plemented by vector mult will be identified with the Id 0, indicated in the onto clause.

#pragma omp target device(fpga) copy_deps onto(0) num instances(2)
#pragma omp task in(vect_a[0:CONST_BS-1], vect_b[0:CONST_BS-1]) out(vect_c[0:CONST_BS-1])
void vector_mult(int *vect_a, int *vect_b, int *vect_c)

{

tnt 1, ii;
#pragma HLS ARRAY_PARTITION variable=vect_a cyclic factor=CONST_BLOCK_FACTOR_MF
#pragma HLS ARRAY_PARTITION variable=vect_b cyclic factor=CONST_BLOCK_FACTOR_MF
#pragma HLS ARRAY_PARTITION variable=vect_c cyclic factor=CONST_BLOCK_FACTOR_MF

f[or (1=0; 1<CONST_BS; 1+=CONST_BLOCK_FACTOR_MF)

{

#pragma HLS PIPELINE II=1

for (i1=0; 11<CONST_BLOCK_FACTOR_MF; ii++)
vect_c[i+ii]=vect_a[i+ii]*vect_b[i+il];

}

}

int main(int argc, char *argv[])

{
int n=N;
int 1;
int *vect_a,*vect_b, *vect_c;

vect_a = malloc(n*sizeof(int));
vect_b = malloc(n*sizeof(int));
vect_c = malloc(n*sizeof(int));

for(i=0; i<n; i++)
vect_a[i]=vect_b[i]=1;

for (i=0; 1<CONST_N; i+=CONST_BS)
vector_mult(&vect_a[i1], &vect_b[i], &vect_c[1i]);

#pragma omp taskwait

Figure 3. Original code annotated with the OmpSs directives
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The code to be accelerated is also annotated with Xilinx HLS directives, this time targeting the Vivado
HLS compiler. They indicate that the data should be spread across the available BlockRAM in the target
device, and that the code should be pipelined.

The Mercurium compiler outlines this code onto a separate file, and includes the wrapper function
shown in Figure 4 (header). This wrapper function is in charge of getting the pointers to the data in the
host memory, and performing the data transfers from and to the host memory (Figure 5 — function
body). An IP Master AXI port is defined for each object in the host memory (mcxx vect a,
mcxx_vect b, and mcxx vect c). The pointers to the base addresses of the objects in host memory
are passed directly using the function interface AXI Stream port (inStream). The memory addresses
to the current block of data for each original function argument are obtained from the inStream de-
scriptor, provided by our runtime system (1ibxdma) at the time of the kernel invocation. The HLS
special function memcpy is used to transfer the data from the communication port described by adding
the IP master AXI port pointer (bus) with the offset address of the block of data to compute
(mcxx_vect a + _ laddr / sizeof (datatype)), onto the local BlockRAM (vect_a).

Afterwards, the kernel function is invoked (vector mult in Figure 5). And finally, the output master
AXI port (mcxx_vect c) plus the host memory is used to transfer the data computed (vect c), onto
the destination block, by invoking the memcpy function again.

hoid vector_mult_hls_automatic_mcxx_wrapper ( hls::stream<axibData> &inStream,

hls::stream<axiData> &outStream,

counter_t *mcxx_data ,

int *mcxx_vect_a,int *mcxx_wvect_b,int *mcxx_vect_c){
#pragma HLS interface ap_ctrl_none port=return
#pragma HLS interface axis port=inStream
#pragma HLS interface axis port=outStream
#pragma HLS INTERFACE m_axi port=mcxx_data
#pragma HLS INTERFACE m_axi port=mcxx_vect a
#pragma HLS INTERFACE m_axil port=mcxx_vect_b
#pragma HLS INTERFACE m_axi port=mcxx_vect_c
int wvect_a[2048];

int vect_b[2048];

int wvect_c[2048];

Figure 4. Header of the wrapper function generated by Mercurium

switch(__param_1id){

case 0: memcpy(vect_a, (const int *)(mcxx_vect_a+__laddr/sizeof(int )), (2048) * sizeof(int ) );
break;

case 1: memcpy(vect_b, (const int *)(mcxx_vect_b+__laddr/sizeof(int )), (2048) * sizeof(int ) )
break;

}

vector_mult|(vect_a, vect_b, vect_c);

case 2: memcpy( mcxx_vect_c+__laddr/sizeof(int ), (const int *)vect_c, (2048) * sizeof(int ) );

Figure 5. Body of the wrapper function (copy in, execution of the IP, copy out)

This code is provided to Vivado HLS. This is done by creating a Vivado HLS project and incorporating
on it the wrapper code, possibly other IP code files that the application may have targeting the FPGA,
and several support files. Support files include the implementation of internal FPGA timing, and hard-
ware instrumentation [[3]]. For each of the application IP kernels, and the support files, Vivado HLS
synthesizes the hardware, and finally exports the generated IP to be included in the Vivado project.
After the transformation, the tool summarizes in a report the utilization of the underlying hardware
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resources available in the target chip. Figure 6 shows a sample output of this report, obtained for the
Zynq Ultrascale+ chip of the AXIOM board.

FF: 309232 used | 548160 available - 56.41% utilization
LUT: 126837 used | 274080 available - 46.27% utilization
BRAM: 1045 used | 1824 available - 57.29% utilization
DSP: 1230 used | 2520 available - 48,81% utilization

1 kernel(s) and 4 support IPs synthesized. 171s elapsed.

Figure 6. Resource occupancy report

With this information, 1) autoVivado can stop the compilation if any of the synthetized IPs cannot be
mapped to the available hardware resources, and 2) developers can determine in advance if the IP fits
together on the FPGA, thus deciding whether to continue or not with logic synthesis; or to later refine
the IP design in order to better exploit the utilization of FPGA hardware resources. At this stage, the
generated P is ready to be added into the Vivado Project for conducting bitstream generation.

2.1.2 Hardware Generation

Starting from the IP design autogenerated by Vivado HLS [[5]], the remaining parts of the compilation
process follow the Xilinx Vivado [[6]] standard bitstream generation flow. This compilation process
has been coded as a Tcl script, which is then parsed by the Vivado compiler to follow the steps included
below:

- Generation of the block design
- Hardware synthesis

- Hardware implementation

- Bitstream generation

- Device tree generation

Additionally, the generated hardware logic block design can be also later displayed using the standard
Vivado Design Suite. As an example, Figure 7 shows two instances of the vect mult IP, the hardware

instrumentation module (right side), and AXI interconnects used for data transfers from/to the IP cores
(left side).
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Figure 7. Instances of the vector mult accelerator in the block design
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2.1.3 autoVivado Performance Tuning

AutoVivado has been also improved during the third year of the AXIOM project. Now, it is capable of
generating performance-oriented hardware designs. These new designs achieve a speedup of almost
2.5X when compared to previous autoVivado versions, which were oriented to optimize area instead.
Figure 8 shows the speedup achieved in the matrix multiply application (MxM) for different matrix
sizes when using only one 128x128 block accelerator to perform the tiled MxM.

autoVivado Tuning

N w
o o
o o

N
o
o

-
o
o

Speedup (t_performance/t_area)
o
o

o
o
o

0.00
128x128 256x256 512x512 1024x1024 2048x2048
Matrix Size
Figure 8. Speedup of the performance designs generated compared to the area hardware designs for differ-

ent matrix sizes and one accelerator.

In any case, an area-optimized design may be interesting for some specific cases where we should fit
several accelerators. For this reason, autoVivado allows to specify an option to set the target of the
hardware design: performance or area.

2.1.4 Compilation and Compiler Options

When compiling the application, developers can enable or disable support for hardware instrumenta-
tion:

e Without instrumentation: fpgacc --ompss -0 program program.c

e With instrumentation: fpgacc --ompss --instrumentation -o program program.c

On the other hand, in order to generate the required intermediate Vivado HLS, which includes the kernel
wrapper, an additional Mercurium compiler option must be also set as it is described below:

e Generate bitstream: --variable=bitstream generation:ON
e Do not generate bitstream: --variable=bitstream generation:OFF

Bitstream generation is usually set in cross-compilation environment in an x86_64 server, and should
be disabled when compiling on the boards.
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At linking time, different options must be also specified in order to generate both the hardware design
and its corresponding bitstream:

Target board

Clock frequency

Enable/disable support for hardware instrumentation
Optimize for area or performance

Vivado project name

Vivado project directory

AN e

The example included below demonstrates how to enable or set the previously described options:

e —-Wf,"--board=$ (BOARD NAME), --clock=200,\
--hardware instrumentation,--intercon opt=performance"

e -—-Wf,"-v,--name=vivado project name,--dir=$ (VIVADO WORKSPACE)"

Regarding the target platform, autoVivado supports the “axiom”, “trenz” Zynq Ultrascalet 64-bit
boards, “zyng706”, “zyng702”, and “zedboard” 32-bit boards.

2.2 Runtime system

The Nanos++ runtime system was also updated to work with a newer version of the DMA library in-
frastructure, which was split into two different functionalities:

- Xtasks: This library provides support for accessing the FPGA device. Mainly, it is responsible for
obtaining the list of IP accelerators synthesized on the FPGA, taking care of creating/destroying
FPGA task descriptors, scheduling them to the hardware, and the synchronization needed to wait
for their completion. Formerly, this functionality was embedded in the /ibxdma library.

- Libxdma: This library implements data transfer management from/to the FPGA device.
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Figure 9. Architecture of the Nanos++ runtime system to enable support for FPGA acceleration

Host

Additionally, the current version of Nanos++ runtime automatically takes care of any necessary copies
from/to user space memory to/from pinned kernel memory, thus enabling DMA memory accesses from
the FPGA accelerators. This automatic copy greatly increases the productivity of developers, and allows
them to completely avoid pinned kernel memory on the copies from the accelerators. However, the
compiler and the Nanos++ runtime also provide other mechanisms for helping advanced developers to
deal with the kernel memory manually. This helps also developers on improving performance of the
SMP part of code. This is due to the fact that kernel pinned memory currently has to be non-cacheable
to avoid issues in the PS/PL coherence system. Therefore, in the case that developers simply wanted to
directly use and manage the kernel pinned memory (non-cacheable), they would have had to deal with
the data movements to cacheable memory to allow the SMP part of code to exploit the memory hierar-
chy of the SMP. This additional step is avoided with the infrastructure developed.

2.2.1 Execution environment

In order to execute the program, it is only required to call the binary with its corresponding arguments,
as it is usually done:

./program <input arguments>

In the case in which instrumentation is enabled, it is required to set up the runtime library with instru-
mentation support enabled, and also to specify the type of instrumentation to be used. We allow two
types of instrumentation: Extrae (runtime and user application at SMP), and ompt support (on the
FPGA). As an example, the following environment variables enable ompt instrumentation:

LD PRELOAD=libomptrace.so \

NX ARGS=“--instrumentation=ompt” ./program <input>
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Additionally, the clock frequency of the accelerators synthesized on the FPGA must be also specified.
This is due to the fact that the timestamp of the SMP must be synchronized with the timestamp of the
FPGA accelerators. On top of that, it is also required to provide an extrae.xml configuration file:

NX ARGS="“--fpga freg=200"

export EXTRAE CONFIG FILE=“extrae.xml”

2.3 Impact of the achievement on project/WP

The development of the compilation toolchain for the FPGA has allowed partners HERTA and VIMAR
to port their applications to the FPGA device with minimal efforts. The details of the porting process
are described in Deliverable D3.3 - Software and Report on Application Porting.
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3 Evaluation and tuning of the FPGA compilation system

The FPGA compilation system was evaluated with the single precision matrix multiplication bench-
mark, which is a fundamental operation in convolutional neural networks (CNNs). Figure 10 shows the
source code of this benchmark including both OmpSs and Vivado HLS annotations.

#define BS 128

#pragma omp target device(fpga) copy deps onto(0) num instances(3)
#pragma omp task in(a,b) inout(c)
void matrix multiply(float a[BS][BS], float b[BS][BS],float c[BS][BS])
{
#pragma HLS inline
int const FACTOR = BS/2;
#pragma HLS array partition variable=a block factor=FACTOR dim=2
#pragma HLS array partition variable=b block factor=FACTOR dim=1
// matrix multiplication of a A*B matrix
for (int ia = 0; ia < BS; ++ia)
for (int ib = 0; ib < BS; ++ib) {
#pragma HLS PIPELINE II=1
float sum = 0;
for (int id = 0; id < BS; ++id)
sum += a[ia][id] * b[id][ib];
c[ia] [ib] += sum;

}

for (i b=0; i b<NB I; i b++)
for (j _b=0; j b<NB J; j b++)
for (k b=0; k b<NB K; k b++)
matrix multiply (AA[i b] [k b], BB[k b][]j b], CC[i b][j b]):

Figure 10.  Matrix multiply with OmpSs and Vivado HLS annotations

Several configurations of [P cores were tested on the FPGA using different clock speeds. The following
table summarizes the experiments conducted.

IPs configuration 1*256, 3*128 Number of instances * size

Frequency (MHz) 200, 250, 300 Working frequency of the
FPGA

Number of SMP cores SMP: 1 to 4 Combination of SMP and
helper threads

FPGA: 3+1 helper, 242 helpers

Number of FPGA helper threads | SMP: 0; FPGA: 1, 2 Helper threads are used to

manage tasks on the FPGA
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Number of pending tasks 4,8, 16 and 32 Number of tasks sent to the IP
cores before waiting for their
finalization

Figure 11 shows the evaluation in GFlops of the different alternatives of matrix multiplication config-
urations for 2048x2048 matrices using different block sizes: 128x128 and 256x256. On the SMP cores,
matrix multiplication used the OpenBLAS SGEMM kernel to multiply the matrices in parallel in the
same blocked fashion as the application did on the FPGA. A single ARM Cortex A53 core delivered
roughly 3 GFlops (Figure 11 “No IP” bars 1 core). Similarly, four ARM cores achieved 11.7 GFlops,
showing good scalability of the OmpSs infrastructure on the SMP environment.

When adding an IP core (performance-oriented hardware design) of block size 256x256 running at 200
MHz, the performance was boosted to 25.8 GFlops. The 200 MHz FPGA implementation of the
256x256 block added up to 14 GFlops. In this latter case, one helper thread was used to execute FPGA
tasks but also SMP tasks if there were not enough FPGA tasks for execution or the FPGA was busy,
and 3 worker threads were running SMP tasks. This was due to the implements clause shown above,
thus allowing a heterogeneous parallel execution of tuned tasks for both SMP and FPGAs.

Starting from this point, we increased the accelerator frequency to 250 and 300 MHz, which showed
also an additional boost in performance. Additionally, we allowed the runtime system to provide up to
16 tasks to the FPGA before waiting for the previous tasks to be finished. Tuning this value also pro-
vided a further increase on performance. Specifically, for block sizes of 256x256 elements running at
300 MHz, the performance increased from 32.9 to 35.7 GFlops. This additional improvement was ob-
tained from the reduction in the number of synchronizations needed by the runtime. Reducing the
amount of synchronizations contributed to reduce the overhead of task management.

Matrix Multiplication (2048x2048) - Gflops
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Figure 11.  Evaluation of matrix multiplication on the AXIOM board
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Figure 11 also shows the performance of 3 IP cores running in parallel on the FPGA. The additional
parallelism yielded better performance. When running at 200 MHz, and with up to 16 pending tasks,
the performance was equivalent to the one using a block size of 256x256 elements and 8 pending tasks.
When moving to 300 MHz, the runtime behavior showed that it is important to have at least 2 helper
threads available. Otherwise, the performance would have not been improved at all, since having only
one helper thread did not provide enough FPGA tasks to the accelerators. In any case, those two helper
threads are implemented in a hybrid way. That is, they can decide to run SMP tasks if the accelerators
are busy, in addition to the two worker threads that are also executing SMP tasks. This combination of
helper and worker threads achieved the best performance of the MxM. Observe that the combinations
of 4x2, 16x2, and 32x2 (pending tasks and helper threads) keep increasing in performance, while the
alternatives of 4x1, 16x1 and 32x1, which used a single helper thread, did not scale anymore.

We have also analyzed the internals of the execution on the FPGA IP cores. Figure 12 shows the usage
of the 3 FPGA IP cores implementing block matrix multiplications of 128x128 elements. The execution
environment uses 2 SMP cores to execute matrix multiplication tasks (THREAD 1.1.1, and 1.1.16), and
2 helper threads (THREAD 1.1.14, and 1.1.15). Lines labeled DMA_submit_* show the activation of
the corresponding IP core (0, 1, or 2). DMA_in_* represent the data movement going into the FPGA
IP. FPGA accelerator * indicates the time while the block by block computation is done. Finally,
DMA out * indicates the execution of the data transfer out of the IP core.
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Figure 12.  Execution internals of the FPGA IPs, on a matrix multiplication of 1024x1024 single precision ele-
ments, in blocks of 128x128, showing the behavior of the use of 3 FPGA IPs

As it can be observed, data input to the FPGA IP cores is the most consumed resource, while the exe-
cution of the block matrix product, and the data output took very similar elapsed times. Further im-
provements to achieve better performance would involve trying to schedule data transfers towards the
FPGA using different policies: for example, including prefetch techniques to send data in advance of
the task execution.
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4 Evaluation and tuning of the OmpSs@Cluster system

In this section, we present the tuning and evaluation of OmpSs@Cluster. As part of the work related to
OmpSs code optimizations, partners EVI and BSC performed an analysis of the bottlenecks currently
present in the generic OmpSs@Cluster source code when applied to the AXIOM software stack. In
particular, possible bottlenecks were identified, analyzed and solved improving performance when pos-
sible.

4.1 Communication Thread vs Hybrid communication Thread

In order to work, the OmpSs@Cluster needs to perform communication with the various nodes in the
cluster. As noted in D5.3, this communication is implemented using the GASNet framework, which
allows a platform independent message exchange and memory handling between nodes.

The GASNet framework is organized with “conduits”, to support multiples communication protocols
(e.g., UDP, MPI, InfiniBand). As described in D5.2, EVI developed a new conduit on top of the AX-
IOM-link, to allow OmpSs@Cluster to work on top of the AXIOM cluster.

The typical setup implemented in OmpSs@Cluster is composed by a set of nodes, typically each one
exposing more than one core.

In previous applications of OmpSs@Cluster it was noted that the main limitation for enabling a full
utilization of the system was related to the communication latencies between nodes. For that reason, in
order to limit the overall latency, it was decided to allocate one core to a communication thread, letting
it handle at maximum speed (and minimum latency) the communication between nodes. An active poll-
ing strategy was therefore devised in the implementation of GASNet.

Therefore, the standard configuration suggested for OmpSs@Cluster is then composed by N-1 cores
“allocated” to OmpSs working threads, with the last core allocated to a “communication thread”.

The polling strategy currently implemented in the GASNet communication thread has two drawbacks:

e On one side, the core where the communication thread is allocated spins continuously, keep-
ing the core active also if there are no actions to perform, impacting on the overall energy
consumption.

e On the other side, the fact that a core is allocated to the communication thread removes some
possible computational power to each node. Having the possibility to use part of that compu-
tational power could have a positive impact on the overall speedup and execution time.

For this reason, the GASNet conduit implementation performed in the AXIOM project included the
support for blocking primitives. These blocking primitives are based on the AXIOM network driver
notifications (which are interrupt-driven), allowing threads to block waiting for the reception of
GASNet messages.

In order to be able to use the blocking primitives, some modifications are required in Nanos++. In
particular, Nanos++ uses a thread to handle the exchange of messages and memory copies. That thread
is bound to one CPU, and its implementation continuously calls the gasnet AMpoll () function of
GASNet. The gasnet AMpoll () is the GASNet function responsible for checking the pending mes-
sages and run the handlers linked to the active messages.
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The idea is then to change the implementation of Nanost++, because continuously calling the
gasnet AMpoll () keeps the thread always active and the CPU always busy. In order to do that, the
polling function has to be replaced with its blocking primitive, which is named
GASNET BLOCKUNTIL (cond). The implementation of this macro blocks execution of the current
thread and keeps handling the network traffic until the provided condition becomes true. Unfortunately,
the network polling functions are called in several parts of Nanos++, and the change of the semantics
from non-blocking to blocking is not simple, and impacts on the overall architecture of OmpSs@Cluster
(mainly because the system, while polling, also does some background bookkeeping activities that with
the blocking version have to be moved to other threads).
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Figure 13.  Comparison between two OmpSs@Cluster executions with polling (top) and with blocking (bot-
tom). The black regions in the bottom part are related to CPU time freed due to the usage of blocking in-
stead of polling

As a preliminary result, we tried the substitution of the polling functions with their blocking counter-
parts in a subset of the locations in the source code. A preliminary result is shown in Figure 13, where
we compare two traces recorded with Extrae. At the top, there is a trace with the polling implementation.
At the bottom, there is a trace with a preliminary use of blocking API. The main differences are the
"holes" in the execution highlighted with the blue arrows where the blocking API allow us to save
power and possibly do other work.

Because of the complexity of the changes in Nanos++ to support GASNet blocking APIs, we decided
to stop the implementation. An alternative way to limit the CPU bandwidth for the polling thread and
share the core between communication thread and one more working thread will be also described in
Deliverable D5.4 (that solution involves the usage of sCHED DEADLINE to limit the amount of CPU
power used by the communication thread.
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Another alternative is to modify the behavior of the dedicated thread for communication (i.e. commu-
nication thread) so that it can be also used to execute SMP tasks. The idea is that the thread will not
continuously call the gasnet AMpol1 () function if there are SMP tasks to be done. That is mostly crit-
ical when using accelerators that need helper threads running FPGA tasks. In this case, the number of
worker threads running SMP tasks is reduced to the maximum number of cores minus the number of
helper threads and communication threads.

We have implemented this idea so that the communication thread can execute SMP tasks as well if there
is no work to be done in the communication. The activity of this communication thread will depend on
the total number of tasks to be executed, and the number of tasks that we want to send every time that
the communication thread decides to look for communication to be done. Figure 14 shows part of a
Paraver execution trace of the master node of a cluster execution of the MxM. There, the second thread
(i.e. second horizontal line) is the communication thread which submits remote SMP tasks every time
it decides to perform communication work. The rest of the time it is executing SMP tasks. That allows
the system to exploit all its resources without calling all the time to the gasnet ampol1 () function. We
call this configuration of the communication thread, cluster hybrid, meaning that it is capable of exe-
cuting both communication and work tasks. This approach effectively solves the aforementioned prob-
lem using an alternative, more efficient way than the blocking mechanism.

Code Location @ cluster.prv

Figure 14.  Paraver execution trace visualization of a part of the OmpSs@Cluster execution of the MxM. This
trace only shows the master node execution of 4 threads running SMP tasks. The second thread corresponds
to the communication thread.

Figure 15 shows the execution time of a MxM of 2048x2048 dimensions in an AXIOM cluster with
two nodes, using 3 FPGA accelerators of 128x128 per node. The figure shows four different configu-
rations of the runtime: 1) sn means that there is a dedicated communication thread in the slave node and
a dedicated communication thread in the master node, both continuously calling the gasnet AMpol11 ()
function; 2) sh means that there is a dedicated worker communication thread in the slave node but the
communication thread in the master node can submit SMP tasks (i.e. is a hybrid thread); 3) nn stands
for no dedicated slave worker communication thread neither hybrid master communication thread, and
4) nh stands for no dedicated slave communication worker with a hybrid master communication thread.

In the cases in which the hybrid communication thread is not activated, the number of worker threads
in both master and remote node is one. Therefore, allowing the communication thread to send SMP
tasks, and avoiding a continuous polling from the communication thread, increases the performance
almost 1.4X. There is also a worker communication thread, in each remote node that is not affecting
the performance significantly. However, we have observed that in situations with less threads (i.e. such
as in the original Zynq boards) it also increases performance when this slave dedicated thread is deac-
tivated. In addition, this deactivation will result in energy savings for the nh configuration compared to
the sh one.

Deliverable number: D4.3
Deliverable name: Evaluation of the compiler and tools infrastructure
File name: AXIOM_ D43-v11.docx Page 22 of 31



Project: AXIOM - Agile, eXtensible, fast I/O Module for the cyber-physical era
Grant Agreement Number: 645496
Call: ICT-01-2014: Smart Cyber-Physical Systems

OmpSs@Cluster

3acc+2ht - 2 nodes
0.9
08

0.7
0.6
0.5
04
0.3
0.2
0.1
0
sn sh nn nh

Slave workerand Cluster Hybrid

Executiontime (s)

Figure 15.  Four different configurations of the communication thread and the slave worker thread for an
OmpSs@Cluster MxM application using FPGA accelerators and SMP threads

On the other hand, when using only the FPGA accelerators to perform the MxM, there is no impact of
enabling or disabling the hybrid communication threads. Figure 16 shows the evaluation of the bench-
mark when running FPGA tasks only (no SMP tasks), showing no performance impact of the hybrid
implementation.
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Figure 16.  Four different configurations of the communication thread and the slave worker thread for an
OmpSs@Cluster MxM application using only FPGA accelerators

On the other hand, when using only SMP tasks, the performance impact of having hybrid or slave
dedicated worker is not significant. Figure 17 shows the execution time (s) of two of the four different
configurations: sn and nh, for pre-send of 8, 16, 32 and 64 SMP tasks. The impact of pre-send tasks,
number of tasks submitted in a batch to the remote node, is evaluated in next section. Here, although
the scale is from 1.12 to 1.24 seconds, and although the performance difference cannot be significant,
it can be seen that having hybrid communication threads can help when the pre-send is high. There is
a different relationship between the number of tasks to be sent and the work to be done by the commu-
nication thread depending on the fact of having or not communication threads able to execute SMP
tasks. In the case of using the hybrid approach with 8 pre-send, it may happen that the remote node has
nothing to do because hybrid communication threads are executing SMP tasks rather than submitting
tasks to the remote node. That fact can explain a small slowdown in performance compared to nn (not
showed in the figure).
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Figure 17.  Execution time of an OmpSs@Cluster MxM using two nodes and MPI conduit for two different
configurations of the slave worker thread and the communication thread. Different pre-send number of
tasks are analyzed

4.2 Communication Thread: Pre-send (remote submit) Impact

The number of tasks offloaded, in a batch, each time the communication thread of the master decides
to send tasks to the remote node can have a significant performance impact. Figure 18 and Figure 19
show the performance impact measured as the speedup compared to 1 node of increasing the number
of tasks from 1 to 4 in the case of using the dedicated AXIOM communication or from 1 to 32 in the
case of using the MPI conduit (Ethernet) communication, respectively. We are using here the nh con-
figuration, that is, no dedicated communication thread in the slave node and hybrid thread in the master
node.
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Figure 18.  Speedup of the OmpSs@Cluster MxM multiplication when using two nodes compared to one node,
both using the maximum number of worker threads available. AXIOM IP conduit is used for performing
communications
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Figure 19.  Speedup of the OmpSs@Cluster MxM multiplication when using two nodes compared to one node,
both using the maximum number of worker threads available. MPI conduit is used for communications

The speedup achieved in both cases proportionally increases with the number of pre-send tasks. This is
mostly due to: 1) The number of effective calls to the gasnet AMpoll () increases due to the higher
number of tasks in the remote node, and 2) the number of tasks available in each node increases, thus
increasing the possibilities to run tasks in parallel. Note that this improvement is actually better in the
case of the dedicated AXIOM communication.

4.3 AXIOM dedicated conduit vs MPI conduit overhead

The AXIOM network interface, developed in the AXIOM project, supports RDMA transactions imple-
mented through RDMA Read, RDMA Write, and LONG messages. These RDMA operations are al-
lowed only on a subset of the available physical memory, which is handled by the AXIOM memory
allocator (see Deliverable D5.2).

" AXIOM Node 1 .

GASNet
AXIOM conduit GCOPY

- e e s

AXIOM

Sw Stack
DMA )

Figure 20.  Extra copy in the GASNet AXIOM conduit needed for the AXIOM RDMA
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The implementation of GASNet conduit performed in the AXIOM project considers this aspect, and in
case the memory region to be copied using RDMA is located outside the RDMA region, then an addi-
tional memory copy is performed (see Figure 20). In particular, if Node 1 wants to copy a region of
memory outside the RDMA region to Node 2 using the AXIOM RDMA features, then:

e Node 1 first copies the memory inside its RDMA zone (this is done automatically inside the
GASNet AXIOM conduit implementation when it detects that the memory region to copy is
outside the RDMA region).

Then the AXIOM APIs are used to do an RDMA transfer to the RDMA region of Node 2.
Finally, Node 2 copies back the data from its RDMA region to the destination address.

Figure 21 depicts a screenshot of the Lauterbach PowerTrace tool [[8]] which highlights the time spent
in the memory copy of a message allocated in a cached region to the RDMA non-cached region. The
screenshot is taken on Node 1 during the execution of a matrix multiply example with OmpSs@Cluster
on two AXIOM boards.
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Figure 21.  Lauterbach trace that shows the time used by the memcpy () to move data in the RDMA region

Figure 22 shows the detail of all the steps done in the master node and the remote node in order to do
the submission and execution of a single task. In particular, it is shown, as actors, the different memory
spaces used in the execution: from left to right, master user space in the master node, RDMA space in
the master node, RDMA space in the remote node and user space in the remote node. Looking at the
number of copies: there is a copy from user to RDMA and RDMA to user to copy in data in the remote
node, and two other copies to copy out the data. All those copies are necessary with the current imple-
mentation of OmpSs@Cluster.
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Figure 22.  Diagram of actions and copies between the two different memory spaces in the master and remote
node for the execution of a single SMP task

The current implementation of OmpSs@Cluster uses a custom allocator to handle the memory alloca-
tions used by the nodes. The memory used by the OmpSs memory allocator is not handled by the AX-
IOM memory allocator. A possible alternative would be directly allocating memory in the AXIOM
memory allocator in the RDMA. However, there is a tradeoff to be considered for this possible alterna-
tive. In particular, everything depends on whether the RDMA zone is cached or not. Allocating the
memory used by the application in a non-cached zone can in fact be worse than having the data allocated
in a cached zone and then perform an additional memory copy when needed. At the moment of devel-
oping the integration of the AXIOM NIC with OmpSs@Cluster, the support for cache coherency in the
implementation of the AXIOM NIC was not available. Indeed, there are also known issues with the
management of cached pinned memory, necessary for FPGA executions that are not yet solved by the
FPGA vendor. Due to those reasons, we have decided to keep the two memory spaces separated.
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In any case, this overhead is not significant and the performance improvement of the AXIOM platform
over the MPI conduit is significant. Figure 23 shows the speedup of the execution of the MxM using
two nodes, and different block sizes (128x128 and 256x256), using the AXIOM NIC compared to the
same application using the MPI conduit. The overall improvement is more than 1.2X when the number
of tasks is large (128x128 case), and the number of pre-send tasks is 4.

OmpSs@Cluster
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Figure 23.  Speedup of the OmpSs@Cluster MxM using axiom NIC compared to using MPI conduit (Ether-
net) for two different blocking sizes, and different number of pre-send tasks

5 Confirmation of DoA objectives
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6 Conclusion

This deliverable describes the design decisions undertaken for the implementation of the Mercurium
compiler and required tools for targeting the AXIOM board (i.e. Nanos++, and autoVivado).

Current implementation provides a very good scalability for the tested kernel: matrix multiply. Moreo-
ver, the obtained results show that such scalability is achieved in both intra an inter-node resources of
the board (i.e. SMPs and FPGA). To obtain these results, a first version of the framework was developed
and evaluated on the actual board. After this work was carried out, an extensive optimization was con-
ducted to exploit the underlying hardware resources of the AXIOM board, and thus get an additional
performance boost. As a result, we proved that the same C program annotated with OmpSs directives
can leverage the heterogeneous resources of the board: ARM cores and the FPGA reconfigurable logic.

Additionally, we also demonstrated that it was possible to simultaneously exploit all the resources of a
cluster of AXIOM boards (i.e. SMPs, FPGAs and the AXIOM conduit) while keeping scalability. In
order to solve this major challenge, we relied on our AXIOM NIC, which was a crucial component
required for further improving performance, and proved that it outperforms other classical approaches
such as the MPI Ethernet conduit. Also, these experiments proved the feasibility of using HPC-tailored
programming models such as OmpSs to efficiently target embedded platforms specifically designed for
IoT environments.

Other related publications of this project can be found in the references [10]-[38].
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