Joogoooodoooooot
Jotbooobotdbtobouootdn

Practical programming models and languages for digital circuit design automation

oo o

Daichi TERUYA

(20180 00 0O, 18834303)

gooo oo bood

ool oo bogogdad
goooobiod obooooobood

2020000000
(20210 10 31000)



000000 ooo oooooo
000DO0000O ODOoDOOooOOoogoo 2020000000 OO0
00 00000000000 00000o0OD00o0ooDoooogoon
Practical programming models and languages for digital circuit design automation
0000 18834303 oo 00 OO0 (Daichi TERUYA)
obO0O 20210 10 310

ASICO FPGADOOODOOODOOODOODODODOMmMODOOO0OO0O000O (hardware descripttion
language; HDL) 0000000000000 (Resister Transfer Level; RTL) 00000000
00000000000 HDLOOOOOOOOOOOoOooOooooooooboooooooao
O000000000000O0 C/C++0 JavaOOODOOOODOOOOOODODOOOOOODOD
00000000000 DOO00DO00O000000000000D0DO00DO0O0D0dO high-level
synthesis; HLSOO OO ODOOOOODOOODOOOOOOODOO HLSOOODOOODOOODOOO
bbbt oooooodouooonoooooooa
gddododooooodoooooooooooooooououoobooboooooooo
0000000000000 oooooooooooooooooooooooooo
gooodobdoooudooouoboootdouoooouoouoouoonood

J00dooDoOoFPGAOOOOOOOOODODOOOOOOOODODOOOOOOOOODOO
do0ooooboooooooooboooooooooooooobooooooooooooo
0000000000000 000O0O00oOD 1)0Doo0o0oUoODLOOooDooOoOOOoOooo
000000000000002)00000000000000000000000OOOOO
dooooooooboooooooooooooooon

gbotbouoobobooboobooooodouououoooooooooooooooboan
0d000oooooooooo0doooooooooooMCcUD0godooDooOooooooon
dddddooooooooooooooooooooooooooooooooooooooo
O0 FPGAOODOOOODOODODOOOOOUOOODOOOODOODODODOOPyJerOOO
oo oooooooooouoooboooooooooo
dodoooooooooooooooooooooodddddod00U0Uo0oooooo g
gotbddoo200bddoouuoooboooouooouoooooooouoooonog
O0o0oooooOJaval 398 O 0OPython O 300 O Verilog HDL O 1180000000000
0000000000000 0000000000 174[Hz]O CPUOOOOOOODODO 691[Hz]
gotdddobooooboodoboobodoboooooooooooooooobouooonog
O000000000000000000000 FPGAD LUTOOOO 10%000BRAMO O
000 15%000000000CPU-FPGAOOOCODOO0OOOOODOOODOOOODOOO
oo ooooooooooouoooboooooooooo
ogogoooodao

PyleeOOODO JavaODOODOODO HLSOOOOOOOODOODHLSOOODOOOOOOOOO
oo oboonoooooa
0000000000000 0000000000000000000000 HLSOOOoOoOoo
0000Oo0000dbDbOo0o000obOo0o0dooOoOo0o0odDbObO000o0DODbOO00O HLS OO
000ddd0000oooDooooooooooooo CcCOJawvvaldOOOOOOOOOODOODOO
Oddo0ododoododoooooooooooooooouoooooboooooooo
oot oooooodououoobooboooooooa
oo ooooooooooooooboOoo



000000000000 00000DObOO0000o0oObOOO00O0OnDOO functional reactive
programming (FRP) O OO O0000000O00O0OO Mulvery 00000 0O Mulvery D CPUDO
FPGAODOOODODOODOOOOOOODDOOODOOODODOODODO0OOO0OODODOOO0O0O0O00OO
gbobboooobobooooboboooobbbooonobobioooubbibuounbsx12s
O0000DO0O s 0000000000000 0000O 100MHzOOODODOOO 10000
gobooobdooobooobooobboooboobobboobboobDboooboboo
000000000000 32x3200 LEDODODOOOODOODOOODOOOMCUODOO LED
0000000 ooooobooodgoOMulveryUOOOODOOODOODOOOOO LEDODODOO
000000000 0ORubyDOODOODODOODODODODOO WebOOOOOoOoooooO
gooboooooobooooobouoooobooooood
O0ooooobooobooooooooboooooooooboooobooooooooon
OFPGAOOODDOOOODDOOODOOOHLSODOOOODODDODOOODODDOOOOOOOO
00000O0b0o0o0OO0oDO0obO0bO0o0D0O0ooOOobOO0obOoO0oDOOoDOooOOobD coooooo HLS
doooooboooooooobooooooooooooboooooooooboooa
O000b0ouobooboboooooboOMulveeyOOOD FRPOOODOOODOODOODOODODO
gooooooooooooooboooooooobooooobooooooooooooo
OO000OMulveryOODODODOODOOODOODOODOODO FPGAOOOODOODOODODOOODO
gobodoobuooobooobboobbuoooboobobboobboobDbooboboo
goooooooobooooooooooooboooooooooooobooooo



g1d oo 1
1.1 0000000000000000000  « .« o000 o oo oo oo 1
1.11 000000000000000 ... o oo oo 1
1.1.2 FPGAOOOOOOOOODOOODO ...t e e 2
1.2 O000000000000000 ..o oo 3
1.21 0O0OO0O0OO0OOOOOOOObOOoOOobOooOooO ©o oo oo 3
1.22 0O0OO000OO00O0O0O0O0OOOO0OO0O0OOOOOOO0anO ... .. 3
1.3 0000000000 .. e s 4
020 FPGAOOOODOOOOOO 5
21 FPGADOOOODO ... e e )
211 FPGAOODO ..o e e e )
2.1.2 FPGADO EDADOO . ... e e 7
2.1.3 OOODO .. e 9
22 0000000 .00 e 9
221 0000000000 .. e 9
222 0000 .. e 9
223 O0OODO .. e 11
23 00000 .. e 11
231 0000 ... e 11
24 OO0 ..o e 12
ug3d o0Oodao 13
3.1 OO0OD0 oo e 13
3.1.1 0000000000000000 ..o oo oo 13
3.1.2 0000000 .00 e 14
3.2 O000D0O0000O0000000 ... 0o s 14
321 0000O0O0DOOO0ODOOODODOODOODDOO —.o ... 14
322 DOO0OOOODOOOODSLOOoOobOOOoOoDOoOonD @ 15
3.23 000000DOO0OO0OO0ODODOODOOODD ... 0 o .. 15
3.3 000D0O0DO0OD00O0O0O0 ... o s 15
3.3.1 DSLOOODORTLOODOOO ... e 16
3.3.2 HLSOOO ... e e e e s 19
333 O0000O0DO0ODOO0 ... e 21
34 OO00O00O00 ... s s s 23



040
4.1

4.2

asd
5.1

5.2

5.3

5.4

9.5
5.6

5.7

5.8

0000000000o0OooDOooooooooooon

000000000ooooo leT/CPSOOODDUDOUDOODODOOOOO .. ..
411 OOOO ..o e s
4.1.2 PyJer OO0 . . .0 o e
4.1.3 PyJerOOODODO ... 000 e e e
414 PyleUOOUOOUOODODODODODODODODODOO oo,
415 PylerOOODOOOOOO .« .. 000 e e e e e e e e
4.1.6 OO000 .. e e e
417 0000000000000 . oo e e
4.1.8 PylerOOODOOOO . ..o e e e e
4.1.9 OO0 . .. o e
COUO0OO0O0OoIloT/CPSULODUIOOOIDDOUOOOODO .« ..o
421 O000 ..o e e e e e
422 0000000000000000 ...
423 Mulvery OODODOODO .. 00000 o e
424 Mulvery Core0ODOODOODO . . oo 0 oot oo s s
425 0000000000000000 ...
426 O0000O0O0O00OO00O0O0O0O ... e
4.2.7 OO0 ..o e

gooboooboooboobobooooboooboboooo

OO e
51.1 ODO0O0000000O .. e e e e e e
512 DOOO00O0OD00OO0O ... e e s
Mulvery DO OOODOO .. 000 e e e e e e e
52.1 MulveryODOODOOOOOO .. o000
522 MulveryOOODOOOODOODOOOODOODOOO ...
Functional reactive programming . . . . . . . . .. .. L L L L Lo
5.3.1 Reactive Programming . . . . . . . . . ... ...
5.3.2 Observer Pattern . . . . . . . ... ... o
5.3.3 Functional reactive programming . . . . . . . . . ... ...
534 DO0OO0O0OOODODO ... e s
OO000O0000000O00 ... e e e
54.1 RxRubyODOOOOOODOOODOOOODOODOOO .. ... ...
OOD00OO0000 . e e e
I P
56.1 DOOO0OO0O0OD0ODO ... e e e
5.6.2 DOOOOOODOO ... e e s
56.3 ODOOO0O0OO0OD0OO0 ... e e e
00000000000 000O00Doooogooog oo e oo
571 DOUODOOOODOODOOOODOOD ..o oo
572 DOOO0OOODOODOOOODOOODO ... oo,
00000000000 000000 .« .. oo
58.1 DOOUOOOLEDOOOOOODOODLOOOODOODO @00 ..

ii

25
25
26
26
28
30
32
37
38
40
41
41
41
41
43
44
47
49
50



5.9

oed
6.1

6.2

6.3

6.4
6.5

o770
7.1

7.2

7.3
7.4

7.5

7.6

7.7

7.8

HLSOOODOOOODOOOODOOOOOOoDOOooOoooooo

I
6.1.1 HLSOUOOOOODO ... e e e e e e e
6.1.2 HLSOODOOOOOOOOODODO ... .ot
O0OOD0 . .
6.21 O0O0O00O0 . .. s s s e s s
6.22 C++00000000000000 ... ...
6.23 0000000000 0O00O0 ... . e e
6.24 Point-toODODOOD0OO0OOD0OODOODOODOODOOO ... ... ..
000000000 ... e e e e e
6.3.1 CalleeOOOODOO ... .0 0 e e e e e e e e
6.3.2 00000000 O0O0O0OO0O0O0O0O ... ..o,
6.3.3 Void-type pointer . . . . . . .. ..o
Evaluation . . . . . ..
OO0 « o e e e

oooboobooooboobbO FPGADOUO

OODOO .. e
71.1 FPGAOOOODODOODOOOOOOODOOO .. ... ..
712 FPGAOOOOOODOOCOOOOOOOOO ... ... .. ...
713 0000000000000 ... o e
714 O00OD00O00O00OO0ODO .« .0
710 OOODOO .o e
I
721 O0OODOOOO ..o e e e e e e e
722 CPUOFPGAOOOOOOOODO ... o
I
0
741 0000000D0O0OOO0ODODODODODO ... o000
742 FPGAOUOOOOODOOODOOOO ...t
UODO0O00O0O0 .0 e
I 0
7.6.1 00000000 ..o e e
7.6.2 O0O0O0O0 .. e
763 U0 100000000000 .. .. 0 oo e
764 00200000000 ... o i i
I
771 000000 .
772 PaaSOO0OOO0D0OOOOOCO0OD0OO0O ... oo,
I

iii



080
8.1
8.2
8.3
8.4
8.5

g 105
I O 105
I 105
I I 105
CODODOO0OOO0O0DDOOOOOooooognO ..o oo 106

Oo0000o0ooooooooOog rFPGAOOOOOO oo oo 106

iv



[]

1.1

2.1
2.2
2.3
24
2.5

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22

5.1
5.2

The architecture of tipical GPU and TPU . . . . . ... ... ... ... ..... 2
Basic island-style FPGA structure [14], [15] . . . . . .. ... .. ... ... ... 6
Basic logic element (BLE) [16] . . . . . ... ... ... ... . ... ... ... 7
Logic cluster [16] . . . . . . . . . .. 8
Optimization of for-statement by loop-unrolling (top) and pilepining (bottom) . 10
Three types of parallelization . . . . . . . ... ... ... ... ... .. ..., 11
Example of system design using Simulink [30] . . . . . ... ... ... ... ... 16
The graph of the synthesized hardware [6] . . . . . . .. ... ... ... ..... 23
Comparison of tools . . . . . . .. L L 24
Structure where data flow is difficult to be modified . . .. ... ... ... ... 27
Flowchart of PDF signal DA conversion . . . . . . ... ... ... ........ 29
The program of time measurement of mic data processing . . . . . .. ... ... 29
Measured processing time of mic data processing . . . . . . ... ... ... ... 30
Hardware architecture with CoRAM . . . . . . . . .. ... ... ... ...... 30
Arcitecture when data distribution is performed by a module in PL. . . . . . .. 31
System architectrue that PyJer generates . . . . . ... ... ... ... ..... 31
Tool hierarchy . . . . . . . . . . e 32
Example description of data processing mechanism using Synthesijer . . . . . . . 32
Example description of sensor data processing using Verilog HDL . . . . . . . .. 35
Example of Top module using Synthesijer . . . . . . ... ... ... ... .... 35
Build flow and tools used for build automation . . . . .. .. ... ... ... .. 36
Position of sound source and its signal . . . . . . ... ... oo 37
Insertion of delay . . . . . . . . . .. L 38
Results of beam-forming . . . . . . . .. ... oo oo 40
Utilization of SoC FPGA in IoT/CPSarea . ... ... ... ... ........ 42
Description languages used in PyJer . . . . . . .. ... ... ... ... ..., 42
Comparison of common design and Mulvery architecture . . . . . . . ... .. .. 43
Example definition of connections of LIS3DHIF . . . . . . .. .. ... ... ... 47
Target of fluentd . . . . . . . . . . 50
Mulvery on fluentd . . . . . . . ..o 50

Schematic diagram of configuration with Mulvery applied to the entire data col-
lection system . . . . . . .. 51

Comparison of architecture with MCU-only design and FPGA-based 1/O processing 53
The synthesizing flow of Mulvery . . . . . . . .. .. ... ... ... ... ..., 55



5.3
5.4
9.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
0.14
5.15
5.16
5.17
5.18
5.19
5.20

5.21
0.22
5.23
5.24
5.25
5.26
0.27
5.28
5.29
5.30
5.31
5.32
2.33
5.34
5.35
5.36

6.1
6.2

6.3
6.4
6.5
6.6
6.7

Software architecture of Mulvery framework . . . . . . ... ... ... ... ...
Template of MulveryBase class . . . . . . . . . . .. .. ...
Example of build_dataflow method . . . . . . . ... ... ... .. ........
Example of main function and its outputs . . . . . . ... ... ...,
Example of counting the number of events using Reactive Programming . . . . .
Class diagram of Observable Pattern . . . . . . .. ... ... ... ........
Example of Subject and Observer for mouce events . . . . . . .. ... ... ...
Example description of LINQ on C# . . . . . . . . .. ... ... .. .....
Example of event counting using RxRuby . . . ... ... ... ... .......
Relationship among the operators, threads, and principal schedulers . . . . . ..
Examples of Scedulers on RxRuby . . . ... ... ... o0
Structure of a dataflow and its container . . . . . . ... ...
Workflow that generates the HDL code of a module . . . .. ... ... .....
Example of Observable . . . . . . . . . ...
Example of object that synthesizes a lambda abstraction . . . . . . . .. ... ..
If method on Mulvery . . . . . . . . . . .
How to specify hardware offload in SDSoC and Intel FPGA SDK for OpenCL . .
Example when the location where the method is executed differs between CPU
and FPGA depending on how it iscalled . . . . . . . . ... .. ... ... .. ...
Applying Laplacian filter . . . . . . . . .. ..
Example of folding . . . . . . . . ...
Architecture of the program . . . . . . . .. .. L Lo
Pipeline of Fig. 5.22 . . . . . . . . . .
Synthesized lambda abstraction in Fig. 5.22 . . . . . . ... ... ...
Hardware verification using Icarus Verilog . . . . . . . ... ... ... ... ...
Resource consumption . . . . . . . . . ...
Pseudo code for counting the number of events . . . . . . .. ... ... ... ..
Architecture with CoORAM . . . . . . . . . . . ..
Data field for NeoPixel [96] . . . . . . . .. ... . ..
Signal to control NeoPixel [96] . . . . . . . .. ... ... ... ... ...
32 x32LED matrix . . . . . . ... e e e
Serial connection of NeoPixel . . . . . . ... .. ... ... ... .........
Example of build_dataflow to control NexPixel matrix . . . . ... ... ... ..
The picture used for the experiment . . . . . . . .. ... ... ... ...,
The NeoPixel showing Fig. 535 . . . . . . . . . . .. .. ..

unsinthesizable pointers . . . . . . . ...
Examples of indirect call that cannot be resolved by constant folding: (left) A
CFG with a condition node, (right) a CFG with two indirect calls. . . . . . . ..
(top) Naive solution, (bottom) [99]’s solution . . . . . ... ... ... ......
CFG of Listing 6.3, that contains dynamic indirect function call . . . . . . . . ..
The CFG that the indirect call has removed . . . . . . . . . . ... .. ... ...
Indirect call with a multiplexer . . . . . . . . . .. ... .. ... .. ... ...
Hardware generated from the code including indirect call . . . . . ... ... ..

vi



7.1

7.2
7.3
7.4
7.5

7.6
7.7
7.8

7.9

7.10
7.11
7.12
7.13

(top) Original block diagram of source.opA() .opB() and (bottom) the program

devided between opA and opB. . . . . . . .. ..o 91
Usual design method of distributed system which includes FPGAs . . . . . . .. 91
Organization structure of ants . . . . . . . .. .. ... L oL oL 92
Comparison of response curves with different 6, . . . . . . . ... ... ... ... 94
Graph of P;j(t) using Equation(7.3) (I' = 100)(upper:6; = 0.5, center:; = 1,

lower:0; = 2.0) . . . . .. 95
Flow of Job processing . . . . . . . . . . . 96
Network structure for the experiment . . . . . . . . . .. .. ... ... ...... 99
Number of Workers which is processing task for each 0.1sec of experiment 1

(Upper: a graph when give a Job, Lower: a graph when give two Jobs) . . . . . . 101
Number of Workers which is processing task for each 0.1sec of experiment 2

(Upper: System-E2A, Lower: System-E2B) . . ... ... ... ... ....... 101
A distributed file system and compute nodes . . . . . .. .. ... 102
Source Code division and assignment computing resources . . . . . . . . . . ... 103
An Example of Architecture of PaaS Type IoT data analytics cloud service . . . 103

Numbers of assigned workers for each time (Gray line : 1 stage, Black line : 2
stages, Dotted line : average) . . . . . . . . . . . ... ..o 104

vii



Listings [] [

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
5.1
5.2
5.3
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

Description example of a hardware that calculates GCD using Chisel [1] . . . . . 14
Example of matrix product using Vivado HLS . . . . . .. .. .. ... ... ... 15
Calculating the average value of an event using Estrel [2]. . . .. . ... ... .. 16
Up-down conter by JHDL [3] . . . . .. .. .. ... . ... 17
Description example of 8-bits up counter using CAaSH [4] . . . . ... ... ... 18
Calculation of logy(NN) using PyMTL’s function-level [5] . . . ... ... .. ... 19
Calculation of logy(N) using PyMTL’s cycle-level . . . . . . . ... .. ... ... 19
Calculation of logy(N) using PyMTL’s register-transfer-level . . . . . . . . . . .. 20
Example of kernel description using MaxCompiler . . .. .. .. ... ... ... 22
Example of Manager on MaxCompiler [6] . . . ... ... ... ... ....... 22
Sensor data acquisition in Synthesijer program . . . . .. ... ... ... 33
Example of data transfer to DRAM . . . . ... ... ... ... .. ... ... 34
Example of Memory Access Controller . . . . . ... ... .. ... ........ 34
TCL script to update IPs for existing Block Design . . . . . . ... ... ... .. 36
Java program for performance measurement . . . . . . ... ... 39
Data Processor using Mulvery Core . . . . . . . .. . ... ... ... ... 44
Source code of Fig. 4.6 aftre macro expansion . . . . . . .. .. ... ... .... 45
Example of Interface on Mulvery Core framework . . . . . . . .. ... ... ... 46
Example of Sensor Interface . . . . . . . . . .. ... ... . 46
Definition of Sensor Interface that Data Processor uses . . . . . . . ... ... .. 47
Example of implementation of LIS3DH interface (1) . . ... .. ... ... ... 48
Example of implementation of LIS3DH interface (2) . . ... .. ... ... ... 48
Example of Data Processor that uses LIS3DH . . . . . .. ... ... ....... 49
Mulvery language usage example . . . . . . . ... o000 51
Always statement in Verilog HDL . . . . . . . ... ... .. L 0oL 60
Definition of statement of Mulvery API . . . . . .. ... ... ... ....... 60
An implementation of the from_array operator in Mulvery . . . . . . . ... ... 63
Examples of high-order functions . . . . . . . .. ... .. ... L. 79
sample list 2. . . . . . L L e 79
Example with an indirect call . . . . . . .. .. ..o oo 82
Optimized IR of Listing 6.3 . . . . . . . . . . . .. .. 82
Three types of store instruction usage regarding function pointers . . . . . . . . 83
The recursive function to build adjacency graph . . . . . . . .. .. ... ... .. 85
Replacement of the instructions that reference function address/pointer . . . . . 86
Replacement of an indirect call . . . . . . . .. ... ... ... ... ... ... 87
Map function using void pointer . . . . . . . ... oL oo 87

viii



6.10 Alternative implementation of map of 6.9 . . . . . . . ... ...

6.11 Sample program for the evaluation

ix



[]

1.1

21

4.1
4.2
4.3

0.1
5.2
5.3
0.4
9.5
5.6

6.1
6.2

7.1

Comparison of standard processor (e.g. CPU, MCU), standard accelerator (e.g.

DSP, GPU), and ASIC (custom circuit) . . . ... ... ... ... .. ...... 2
The memory table for f(A, B,C) = (A&B)|(A&C) . . . .. ... ... ... ... 7
Software-based development environment for mic data processing . . .. .. .. 28
Platform used for experiment and verification . . . . . . ... ... ... ... .. 37
Zyng-7000 utilization . . . . . . .. L Lo 39
Schedulers implemented on RxRuby . . . . ... ... ... ... ......... 62
Classification of Rx operators . . . . . . . .. .. .. ... .. .. ... 66
Signal transmission time length and tolerance [96] . . . . . . .. ... ... ... 73
Specifications of the board used in the experiment [97] . . . . . . ... ... ... 74
Software environment used for the experiment . . . . . . . . ... ... ... ... 77
FPGA resource consumption . . . . . . ... ... 7
FPGA resource consumption (on Cyclone VGX-9) . . . ... .. ... ... ... 88
Performance (simulation) . . . ... ... .. ..o 00 Lo 89
Computers used for the experiment . . . . . . .. .. ... ... ... ... ... 99



010 O

1.1 ddoobbuobooobobbougad

1.1.1 0000000booboobo

00000000o0oO00ooOo00ooOOo0ooOo0oooooOo0ooDOO 7focpUOO
Oooo0ooooooOoOoooooooOoooooboOoooooooOooooooboboOoooon
00000 (hardware accelerator) 000 0000000000000 O0OO0O0OOOOOODO
Oo0oo0oooooooOooooooOoOoooOooDOOoOoOoOoOoOooDoOooOoOoooooboOoOooon
0000000000000 000000000 (hardware acceleration) D 0000000
O00000000000000000000 LSI (large-scale integration) 0000000000
000000000000 00000000000000000O0ODSP (digital signal processor)
OoO0O0000000000oooOO0OOO0000000000ooOo0b000o0oooooobooooOD
oboooooooooooooooboooooooboOoOoOooOooOOoOoOoOoOoooOboboOoooon
O000000000000000000000000000 GPU (graphics processing unit) 0
000000.00000000000000000000000 PE (processing element) 0 O
oobooooooooooooooboooOoooooooOooOOOObObOOoOoOoooIromoon
OO0oo0ooooOoooOoOooooooOoOooOoDOOoOoO0oOoooOoDOOoOoOoOoooooboOoOooon
00000000 GPUOOOOO GPGPU (general-purpose GPU) 000000000 80O
oooooooooooooooobooooooOobOoOoOoOooOooOOoOoOoOoOoooOboboOoOoooon
Oo0oo0ooooOooooOooooOooOoOoooOoOOoOoO0oOooOoDoOoOoOoOoooooboOoOoooon
ooboooooooooooboooooooo

ocoooooooooooooooooooOoOOoOoOoOoOoOoOObOOoOoOoOooOOoboOoOoooon
0000000000000 0000000000 IC (application specific integrated circuit;
ASIC) 000000000000 DOO0O00O0O0DO000O00000O00OO0O0DO0O0DO00O0
00o000o00oo00ooO00oO0o0O/00000000000000DO0O0OO0OODO0O0OD
O (deep learning) 000 0000000000000 0OO0O0O0DOOOOOOOGoogled TPU
(Tensor Processing Unit) 000000000000 00000O0000O0O0O0O0OO00OOOO
00000000 9oo00 PECCOOOODO GPUOOOOOOOOTPUOOOOODOOD
OPEOOODOO 110000 PEOOOOOODO (Systolic) 00ODOOOOODODOOODOOODO
0000000000000000000 HT KungDOOOOOOOOODOOOOO (systoric
array) 000000000 (1000000000000 0OO0OO0OOOOO0ODOOOOO0OO
Dooooooooo'o

00000000000000LSIO0O000 ASICO0000000000O00000O0O0
OooooooooooOoooooooOoooOooOoOoOoOoOoOoOoDOOOoOoOoOooOooOoOoboOoOooon
0000000000000 (turn around time) 000000000000 O0O 1.100CPU

000000000000000000000000000000000 (systoric algorithm) 00000000
ooooooo (i)



Processor
/

4

ENEE EEEN
EEEE EEEN
EEEE EEEN
2 EEEE EEEN
L2

) . L2 Chache |
GPU

Processor

/

) . oa
T

;‘lr

LA s

LI

-

O 1.1: The architecture of tipical GPU and TPU
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O 2.1: Basic island-style FPGA structure [14], [15]
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loop 0
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step 1 step 2 step 3

0 2.4: Optimization of for-statement by loop-unrolling (top) and pilepining (bottom)
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O 2.5: Three types of parallelization
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Listing 3.1: Description example of a hardware that calculates GCD using Chisel [1]

1 class GCD extends Module {

2 val io = IO(new Bundle {

3 val a = Input(Ulnt(16.W))
4 val b = Input(Ulnt(16.W))
5 val e = Input(Bool())

6 val z = Output(UInt(16.W))
7 val v = Output(Bool())

8

(
|y
9  val x = Reg(UlInt())
10 val y = Reg(Ulnt())

11 when (x>y){x=x—-y}

12 elsewhen (x <=y){y:=y —x}
13 when (lo.e) { x := io.a; y := io.b }
14 10.Z 1= X

15  io.v:=y ===0.U

16 }
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gooooobooobd
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uboboobobuoooboooobooobboobobooobooooboobooooboboooboobooo
googooon

3.2 UUboobouoooooobnbod

HprLoogoooooooooooooooobooooooooobbooobboooboooooD
gbobooboboooboboooboooboboobboooboooobooooboboonboboo
goog

3.2.1 0J00O0OOOOO0O0OobObObOOoOoOoobobOooOon

O000HDLOOOOOOOOOOODOOOODOOOOOO (Domain Specific Language;
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Verilog HDLO VHDLOODOOOODOOOOOODODODOODOOOOODODODOODOOOODO
O00000oDoo000ooooo0000oooo0oo0ooooDoooooooooogg
0000000 Wrapper 000000000 O0ODOOO0DODOODOOODODOODODOOODOOODODO
0000000000000 0000000000000000000000000000 RTL
O000Dooo0oooDooooooooog

O00000000D000000 Chisel23]000000 Listing3.10000Scala0O000O0
O0000000000000 Verilogh VADLOOOO RTLOOODOODOODOODOODOO
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Listing 3.2: Example of matrix product using Vivado HLS

#pragma HLS ARRAY_RESHAPE variable=a complete dim=2
#pragma HLS ARRAY_RESHAPE variable=b complete dim=1

for (int i = 0; 1 < MAT_A_ROWS; i++){
#pragma HLS PIPELINE
for (int j = 0; j < MAT_B_COLS; j++){
resli][j] = 0;
#pragma HLS PIPELINE
for (int k = 0; k < MAT_B_ROWS; k++){
res[i][j] += ali][k] = b[k][j};
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0 3.1: Example of system design using Simulink [30]

Listing 3.3: Calculating the average value of an event using Estrel [2]

1 module AVERAGE:

2 # declare part

3 input INCREMENT_AVERAGE(integer);

4 output AVERAGE_VALUE(integer);

5

6  # body

7 ver TOTAL := 0 : integer, NUMBER := 0 : integer in # declare local variables
8 every immediate INCREMENT _AVERAGE do

9 TOTAL := TOTAL + ? INCREMENT_AVERAGE;

10 NUMBER := NUMBER + 1;

11 emit AVERAGE_VALUE(TOTAL / NUMBER) # emit signal to output port
12 end

13 end.

gboobboobuobboobooboobbooboobod
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O00000000000000o0ooOoOoOOO/000000000D0D0D0O0DOOOODODODO
goodboobobobobooboooobobooboooobobobobooOooOgoOD Listing
330000
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Listing 3.4: Up-down conter by JHDL [3]

1 public class mod4count2 extends Logic {

2 public static Celllnterface[] cell_interface = {

3 in( "reset", 1),

4 in( "mod4", 1),

5 out( "total_count", "wid" ),

6 param( "wid", INTEGER )

7 ;

8

9  public mod4count2(Node parent, int length, Wire reset,
10 Wire mod4, Wire total_count) {

11 super (parent);

12

13 int i

14 int width = total_count.getWidth();

15

16 bind("wid", width);

17 connect("reset", reset);

18 connect("mod4", mod4);

19 connect("total_count", total_count);
20
21 Wire addem = or(mod4,reset);
22 // Count up if addem is asserted. count down otherwise.
23 new upDownCounter (this, reset, constant(width,length),
24 addem, vee(), total_count);
25  }
26}

000000000000 0OListing3.4000000000000O00OVerilogd VADLOOODODO
00000000000 0OOO0O0OO0ORTLOOODOOJHDLO PRSocketOODOOODOOOO
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Listing 3.5: Description example of 8-bits up counter using CAaSH [4]

upCounterLd
:: HiddenClockReset domain gated synchronous
=> Signal domain (Bool,Bool,Unsigned 8)
—> Signal domain (Unsigned 8)

upCounterL.d = mealy upCounterL.dT 0

upCounterLdT s (Id,en,dIn) = (s’,s)
where
s’ |1d = dIn
|en=s+1

1
2
3
4
5
6
7
8
9
0
1 | otherwise = s

1
1
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Listing 3.6: Calculation of logy(N) using PyMTL’s function-level [5]

# FL implementation for calculating log2(N)
@s.tick fl
def fl_algorithm():
# put/get have blocking semantics
s.out.put( math.log( s.in.get(), 2 ) )

T W N

Listing 3.7: Calculation of logy (V) using PyMTL’s cycle-level

# CL implementation emulates
# a 3—cycle pipeline
s.pipe = Pipeline( latency = 3 )
@s.tick_cl
def cl_algo_pipelined():
if s.out_q.enq-ready():
if s.pipe.can_pop():
s.out_q.push( s.pipe.do_pop() )
else:
s.pipe.advance()

0O N O U W N

—
= O ©

12 if not s.in_q.deq_ready():
13 s.pipe.do_push( math.log( s.in_q.deq(), 2 ) )

0000000000000 00000000000Bundled Component) 000000000
000000000000 00000O0OHDLO GPLODODODOOOODOODODOOOODODOODOOd
O00000000D0OO0D000000 Verilog HDLOOODOO C++000000 00O 0O Verilog
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000000 HDLOODODODODODOOOoOoooooooooooooooooooooooo
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Listing 3.8: Calculation of logy (V) using PyMTL’s register-transfer-level

# Part of RTL implementation
s.N = Reg( Bits32 )
s.res = RegEn( Bits32 )
s.connect( s.res.out, s.out.msg )

@s.combinational

def rtl_combN():
s.res.in_ = s.res.out + 1
s.N.in_. = s.N.out >> 1
if s.N.out == 0:

11 s.res.en = Bits1( 0 )

12 else:

13 s.res.en = Bits1( 1)

0 O Utk W N

—_
o ©
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Listing 3.9: Example of kernel description using MaxCompiler

HWType fit = hwFloat(8,24);
HWVar x = io.input("x", flt );

HWVar x prev = stream.offset(x, O
HWVar x next = stream.offset(x, +1

);

1

);

HWVar cnt = control.
count.simpleCounter (32, N);

HWVar sel nl = cnt > 0;

HWVar sel nh = cnt < (0 N1);

HWVar sel m = sel nl & sel nh;

0 O U W

—
w N = O O

HWVar prev = sel nl ? x prev : 0;
HWVar next = sel nh ? x next : 0;
HWVar divisor = sel m 7 3.0 : 2.0;

_ = e
N O U

HWVar y = (prev+x+next)/divisor;
io.output("y", y, flt ) ;

—
o

Listing 3.10: Example of Manager on MaxCompiler [6]

Manager manager = new Manager("MAV", MAX2BoardModel. MAX24412C);
KernelParameters p = manager.makeKernelParameters();
Kernel k = new MovingAverageKernel(p);

manager.setKernel(k);
manager.set1O(
link ("x", DRAM(LINEAR)),
link ("y", DRAM(LINEAR))

O © 00O U W N

[y

m;aunager.build();
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control data

O 3.2: The graph of the synthesized hardware [6]
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Data Processing

Data
Distributor

0O 4.1: Structure where data flow is difficult to be modified
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O 4.1: Software-based development environment for mic data processing
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O 4.2: Flowchart of PDF signal DA conversion

#define BUFF_SIZE (512)
#define BIAS_LEVEL (256)
#define NUM_ITERATION (1000000000)

int main(void)

{

start = clock();
for(i = 0; i < NUM_ITERATION; i++){
buff_tail = (buff_tail + 1) % BUFF_SIZE;

sum = sum - buff[buff_tail] + input;
output = sum - BIAS_LEVEL;
buff [buff_tail] = input;

}

end = clock();

}

0 4.3: The program of time measurement of mic data processing

OFIFOOOUOODOOODOControl Thread D0 O OUOODOOOO0ODOODOOOODOOODOOO
0O CoRAMUOODODOOOOOOOO0OODODOODOOOUOUOUOOODDDOOOODODUOOOOOoOD
000000000000 00000 (400 46000000000000 SoCO CPUDODO
FPGAOOOOOOOOOODODODOOOOOControl Thread OO0 OO0OO0O0OOOoOooonQ
googn

VivadoOOOOOOOOOOODOO

0000000000000 Vivado TCLOOOOOOOODOODOODOODOO Vivado
TCLOOXilinxO0OOOOODOOOOOO Vivado(Vivado IDE) 000000000 0OOOOO
OO00OO0OD0OVivado TCLOOODOOCOODOOODOOOOOOODOODOOOODDOO
gbobooobuooobooobooobboobboobobooobbuoobbooboboo
OoooooooobooboOoooooOooobOoboU0oOonoDVivade IDEODOOOODOOOO
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Processing time: 51050000 [us]
Average processing time: 0.051050 [us]

O 4.4: Measured processing time of mic data processing
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O 4.5: Hardware architecture with CoRAM
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O 4.6: Arcitecture when data distribution is performed by a module in PL

Internet Access

Computing Program

Memory Access Controller

Computing Logic

n

0 4.7: System architectrue that PyJer generates
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Chip Level

IP Level

Vivado TCL
Define connection between IPs (Block Design)
PyCoRAM
Generate an IP Core
Synthesijer Existing
Module Generate a top module IPs

Level Verilog HDL Synthesijer

Implement submodules Generate submodules
|

0 4.8: Tool hierarchy

@synthesijerhdl
public class DataProcessor{

Qauto
public void controller()

{

// 00000

O 4.9: Example description of data processing mechanism using Synthesijer
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Listing 4.1: Sensor data acquisition in Synthesijer program

//——-00000 Top———
public class SampleTop {
public static void main(String... args){

// Computing O LogicI/000 O

HDLPort core_sensor_data_0_in = sampleCore.newPort( \
"i_sensorO_data_in", HDLPort.DIR.IN, \
HDLPrimitiveType.genVectorType(32));

HDLPort core_sensor_data_0_we = sampleCore.newPort( \
"i_sensorO_data_we", HDLPort.DIR.IN, \
HDLPrimitiveType.genBitType());

//00000000000 [/000 0
HDLModule sensorInterface = \
new HDLModule("sensor_interface_sample", "clk", "rst");
HDLPort sensor_data = sensorInterface.newPort("data", \
HDLPort.DIR.OUT, HDLPrimitiveType.genVectorType(32));

,//00000000000000000000

HDLInstance instanceSensorInterface0 = \
sampleTop.newModuleInstance(sensorInterface, \
"sensorInterface0");

HDLInstance instanceSensorInterfacel = \
sampleTop.newModuleInstance(sensorInterface, \
"sensorInterfacel");

//00000

instanceSample.getSignalForPort( \
sample_sensor_data_0_in.getName()).set Assign(null, \
instanceSensorInterface0.\
getSignalForPort (sensor_data.getName()));

instanceSample.getSignalForPort( \
sample_sensor_data_0_we.getName()).set Assign(null, \
HDLPreDefinedConstant. HIGH);

}
}

// ———Computing Logic———
@auto
public void sampling_mic_data(){
while (true){
for (int i = 0; i < BUFSIZE_.MIC_DATA; i++){
buffer_sensor0_datali] = i_sensor0_data;
buffer_sensorl_datali] = i_sensorl_data;
wait_sampling_period();
}
}
}
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Listing 4.2: Example of data transfer to DRAM

private void send_data_to_dram/()

//00000000

for (int 1 = 0; i < 4096; i++){
o_mem_addr = i;
o-mem_d = result_datali];
o_mem_we = true;
for (int j = 0; j < 1; j++);
o_mem_we = false;

}

// Memory Access Controller 00 0000
o_comm_d = 0; // unused value
o_comm_enq = true;

for (int j = 0; j < 1; j++);

o_comm_enq = false;

for (int j = 0; j < 10; j++);

//000000000

while (i_comm_empty);

while (li_comm_empty){
o_comm_deq = true;
for (int j = 0;j < 15 j++);
o_comm_deq = false;

}

}

Listing 4.3: Example of Memory Access Controller

iochannel = CoramloChannel(idx=0, datawidth=32) # ARM side

ram = CoramMemory(idx=0, datawidth=DSIZE x* 8, \
size=RAMSIZE, length=1, scattergather=False)

channel = CoramChannel(idx=0, datawidth=32) # FPGA side

def body():
unused_req_1 = channel.read()

# Translate dataset from BlockRAM to DRAM
ram.read nonblocking(DAT_SRC+(0«SPSIZE), \
DAT_DST+(0+ADDR_WIDTH), SPSIZE)
ram.read_nonblocking(DAT_SRC+(1xSPSIZE), \
DAT DST+(1xADDR_-WIDTH), SPSIZE)
ram.wait()

channel.write(1)

while True:
body()
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module SensorInterface
(
input clk,
input rst,

);

always @(posedge clk) begin
// 00000000

O 4.10: Example description of sensor data processing using Verilog HDL

@synthesijerhdl
public class DataProcessorTop{
public static void main(String... args)
{
HDLModule dataProcessorTop \\
= new HDLModule("HataProcessorTop", "clk", "reset");

// 00000 1I/FO0ODO

HDLModule dataProcessor \\
= new HDLModule("DataProcessor", "clk", "reset");
// DataProcessor 0 I/FO OO

HDLModule sensorInterface \\
= new HDLModule("SensorInterface", "clk", "reset");
// SensorInterface I/FO OO

/xx 000000000 #xx/
HDLInstance instanceDataProcessor \\
= dataProcessorTop.newModuleInstance(dataProcess. ..

[xxx I/0000000 s*k*/
instanceDataProcessor.getSignalForPort ("clk").set...

0 4.11: Example of Top module using Synthesijer

oOoooO0oOoO00O  bDRAMOOODOOODOODOODOOODOOOOOOO 420000 4.3
0000000 send_data_to_,bram U DO UOOOOOOO0ODOOO result_data UUO OO
CoRAMOOODODOOOOODDOOOOODOD Memory Access Controller 1 CoORAMOOOODO
OO0 DRAMOOOOOO
oooobooooogoo

O000000PythonDOOODOODOODOOODOODOODODQOMemory Access Controller O O
ooooogd

CoRAMIOOO0O0000O0O0O0DO0OO0OOODODODOODODODODOPythonOOOOODODODDODOO
O PyCORAMOODOOODOOODOOO Synthesijer 00000000 O0ODOOODOOODOODODOO
ompoooooon
VivadoTCL O OO IP 00 00O Block DesignO0 00 00O

OO00D00O0O000OBlock Design 000000 Vivado TCLOOOOOOOPyJerd OO TCL
O0o00oOoooooOoO0ooooooOoOoooooooOoooDnD pyCoRAMOODODOO IPDO
goobooooo0ooobOoobbooooooboboooo
make 00000000 OOOOOO

oooDoO0oboO0oooDOoOmeked 0D O0O0ODOOO0OODOOODOOOOODOODOO
OooDooooOooDo
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Listing 4.4: TCL script to update IPs for existing Block Design

1 update_ip_catalog —rebuild —scan_changes
2 report_ip_status —name ip_status
3 upgrade_ip —vlnv <IP Name> [get_ips <Component Name>]

1.Compile submodules Synthesijer

2.Compile a topmodule Synthesijer

3.Generage an IP PyCoRAM

4.Generate a block design/a project Vivado

5.Synthesis / Implementation Vivado

6.Generate BOOT.bin Xilinx SDK

0O 4.12: Build flow and tools used for build automation

Vivado IDEOO0OOOODOOOOOOODOOO

Vivado IDEOOODOODOOOOOODOODOOOOODOOOOOOOODOOODOODOOOOOOO
O000D0000OVivado IDEDOOOODOODOOOO IPOODOO Block Design 0000
D00D0000000D00000000000d0 PyJerOO Block Design 00000000 TCL
O000oo0o0ooooooooooooooooon

O000Vivado IDEO GUIOODOODO OO O Block Design O O Vivado IDE O File O Export
0 0 Export Block Design 00 TCLOOODOOODOOOOODOODOOODOODOODOODOOOD
00000000 O0oooooooooooooooooobOoooooooooIPODOOO
0000440000 IPOO0O0OO0ODODOO0ODOOOODOOOOOOODOOOODOOOOOOO
440000000 GUIDO Upgrade Selected IPO 00000000 ODO0OOODOO

Makefile 000 Vivado TCLOOOOODOOOOOOO

Pylee DO OOO0OSDOOODODOODODOODODODO BOOThinOOOOOD makedOOO0O0O0O0
gboooboboobuodgboobbod

BOOThHinODOODOODOOOOOOOODOO 4120000000000000O0D0ODOD
gbooboboobooooooboboboobooobooboboboboboobobobobon
O Makefile DO OO0 Vivado IDEOOOOOOOOOOOBOOTbinODOOODOOOOO TCL
gboboobobooobooobooobbooobooobooobbooobboooDboo
OUooboooobooooogoD VerilogHDLOOOOODOOODODOOODOOODOIP
gboooboobobooobooboboooboaooboo
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0 4.2: Platform used for experiment and verification

oooono Digilent ZedBoard
SoC Xilinx Zyng-7000 AP SoC XC77Z020-CLG484-1
DRAM DDR3-1066, 533MHz, 32bit wide, 1GB
0OS Linux 4.0.0-gd94{3{3
mic SPM0405HD4H 2MHz PDM
— i
o f
//;: =
— =
[ /4/‘\\ :
LA\ s

0 4.13: Position of sound source and its signal
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0 4.14: Insertion of delay

gbooooboooboooobooobooon

2D
lp(0) = =L tan 6 (4.1)
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0 4.3: Zyng-7000 utilization

Full Empty Base
LUT as Logic | 9.13% 8.02% 4.00%
LUTRAM 1.06% 1.05% 0.45%

FF 5.88% 2.91% 1.50%
BRAM 15.0% 8.93% 1.43%
10 6% 4.50% 4.50%
BUFG 6% 6.25% 6.25%

Listing 4.5: Java program for performance measurement

Qauto
public void controller()

while (true){
o_signal_2m_indctr = lo_signal 2m_indctr;
execute_beamforming();

}

0 N O Utk W N -

}

goog

execute_beamforming() 00O DO0OO0OO0OO0OOO0DODOO4500000000000000O
o_signal 2m_indctr 000 [/O000000 1[bit) 00000000 JavaOOOOOOOO
gboboboboooooboobobgoobooobooboboobooboobooobobOobobon
gbooooooooooooooooooon

00000041500 00000000000000872Hz] 000000000000 O0OO
0000000000000 1M4[Hz] 0000000 5.7ms] D000 Zyng-70000 PSOO OO
0000000000000 000000O000000O00O0O000000 E91[Hz]OOODOODO
0145ms)| 000000000 PLOOOOOOOOOOOOOOOOOOOOOPSOOOODO
gboooooooooooooooooooooooooooooon

oo

00000000O00ObDO0O s00000000000D000000O00DODOO0O SeCODO
0000000000000 0ooo0oDoooooooooooooooooooooooog
0000000000000 000000000000000000000000000000
000000000 SeCOOOOOOOOOOOOODOOOOD

LUTOOOOOEmpty OO0 FUIOOOOO0OOCO1A%0000000000000O0OCOOO
0000000000000 000000000000000000000000000000
0000000000000 00000BRAMOODOUODEmpty 00O FulOOODOOOOO
000000000000 0000000000000000D00DO00000000 JavaO O
000000000000 0000000000Memory Access Controller 000000000
000000000000 Empty 000000000 OOOODOOOODOO

39



0 4.15: Results of beam-forming
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Listing 4.6: Data Processor using Mulvery Core

#include "mulvery_core.h”

1
2
3 MULVERY_CLASS{

4 public:

5  sc_out<unsigned int> addr;

6  sc.in<int> din; sc_out<int> dout;

7  sc.in<bool> trg;

8  MULVERY_MAIN()

9

10 psif.write_bram(Oxac, i2cifd.get_data(0x12));

11 DEBUG_PRINT("0x%x = %d\n", 100, psi.read_bram(100));

12}

13

14 private:

15  mulvery_ns::mulvery_core::PSInterface psif;

16  mulvery_ns::mulvery_core::12CIFDriver i2cifd;

17}
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Listing 4.7: Source code of Fig. 4.6 aftre macro expansion

1 SC_MODULE(Mulvery){

2 public:

3 sc_out<unsigned int> addr;

4 sciin<int> din; scout<int> dout;
5  sc-in<bool> trg;

6  scin_clk CLK; sc.in<bool> RST;
7

8

SC_CTOR(Mulvery){
SC_THREAD (mulvery_main);

10 void mulvery_main()

12 psif.write_bram(Oxac, i2cifd.get_data(0x12));

15 private:
16  mulvery_ns::mulvery_core::PSInterface psif;
17 mulvery_ns::mulvery_core:: 12CIFDriver i2cifd;

goooooooog
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Listing 4.8: Example of Interface on Mulvery Core framework

class PSInterface{
void write_bram(const unsigned int &addr, const int &data);
int read_bram(const unsigned int &addr);
void send_dram(const unsigned int &addr, const unsigned int &size);
void recv_dram(const unsigned int &addr, const unsigned int &size);

%

class 12CIFDriver{
void write_data(const unsigned int &addr, const unsigned int &data);
unsigned int get_data(const unsigned int &addr);

}

Listing 4.9: Example of Sensor Interface

SENSOR_INTERFACE(OrigIF){
public:
// to sensor
sc_.in<bool> SPC, DIN;
sc_out<bool> START_TRG;

scout<int> data; // to Data Processor

OrigIF(){
data.write(0);

}

private:
void polling();

b
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Listing 4.10: Definition of Sensor Interface that Data Processor uses

1 <Instance Name>:|}

2 interface: <Sensor Interface Name>|}

3 connection:|}

4 <Sensor Interface Port 1>: <Data Processor Port 1>}
5 <Sensor Interface Port 2>: <Data Processor Port 2>}
6 |}

LIS3DH_1: LIS3DH_2:
interface: LIS3DHIF interface: LIS3DHIF
connection: connection:

x: x1 X: x2
y: yl y: y2
z: zl z: z2

O 4.19: Example definition of connections of LISSDHIF

OO0O000OO0O0DO polling0OOOOOOOOODOODOOODOOODODOOOODOOO
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Listing 4.11: Example of implementation of LIS3DH interface (1)

SENSOR_INTERFACE(LIS3DHIF)

public:
// sensor connections
sc.out<bool> SPC, SDI, CS;
sc_in<bool> SDO;

// output ports
scout<int> x, y, z;

SENSOR_CTOR(LIS3DHIF)

SPC.write(true);
CS.write(true);

private:

void polling();

void wait_one_clk();

void wait_ms(const int &n);

};

Listing 4.12: Example of implementation of LIS3DH interface (2)

// virtual method of SENSOR_INTERFACE
void LIS3DHIF::polling()

int tmp_x, tmp_y, tmp_z;
int buf x[5], buf_y[5], buf_z[5];

while (true){
;c.I.np)( = 0;
for (int pos = 7; pos >= 0; pos——){
tmp_x += (SDO.read()?1:0) << pos;
wait_one_clk();

g:write(average(bufg(, 5));

;;aitjns(l);

}

—
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Listing 4.13: Example of Data Processor that uses LISSDH
1 MULVERY_MODULE

> {
3 public:

4 // for LISSDHIF

5 scin<int> x1, y1, z1, x2, y2, z2;

6

7 MULVERY_MAIN()

8

9 while (true){

10 int tiltl = get_z_tilt(x1, y1, z1);

11 int tilt2 = get_z_tilt(x2, y2, z2);

12 psif.write_bram(0x00, tilt1);

13 psif.write_bram(0x01, tilt2);

14 psif.send_dram(0x00, 2);

15 wait_ms(10);

16 }

7}

18

19 private:

20  mulvery_ns::mulvery_core::PSInterface psif;

21}
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system
Listing 4.14: Mulvery language usage example
1 m = MulveryModule.new()
2 m.add_module(PSIF .new(), *psif’)
3 m.add_module(I12C.new(), ’sens?)
4
5 a = MulveryVal.new()
6 a=0
7 for (1 = 0;i < 100; i++){
8 a += m.module[’sens’].read().wait(10)

©

}
a /=100

— e
N = O

m.module[’psif’].write_bram(0x00, a.get_val())

— =
= W

m.gen_verilog()
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O 5.2: The synthesizing flow of Mulvery
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O 5.3: Software architecture of Mulvery framework

: class Mulvery < Mv::MulveryBase
def build_dataflow()

end
def main()

end
: end

1
2
3
4:
5:
6
7
8
9

0 5.4: Template of MulveryBase class
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: def build_dataflow()
now_time = Mv::0Observable.interval(l)
data = (0..10).to_a()

@numbers = Mv::0bservable.zip(time, _numbers)
@numbers2 = @numbers.select(){ |t, el e % 2 ==0 }
: end

1
2
3
4:
5: _numbers = Mv::0Observable.from_array(data)
6
7
8

O 5.5: Example of build_dataflow method

1: def main() numbers : [0, O]
2: O@numbers.subscribe() do lel numbers2 : [0, 0]
3: print ("numbers : #{e}") numbers : [1, 1]
4: end numbers : [2, 2]
5: @numbers?2.subscribe() do |el ||numbers2 : [2, 2]
6: print ("numbers2 : #{e}") numbers : [3, 3]
7: end numbers : [4, 4]
8: sleep(100) numbers2 : [4, 4]
9

: end

O 5.6: Example of main function and its outputs
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5.3 Functional reactive programming
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0 5.7: Example of counting the number of events using Reactive Programming
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5.3.2 Observer Pattern
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ObserverBase SubjectBase

+ notify()
+ onNotify() Z +addObserver()

+deleteObserver()

ConcreteObserver ConcreteSubject

+ onNotify() + notify()

0 5.8: Class diagram of Observable Pattern

: class OnMouse < ObserverBase
def onNotify(event)

1: class Mouse < SubjectBase 1

2 include Singleton 2

3 def notify(event) 3 do_something()
4 Qobservers.each() do |observer| 4: end

5: observer.onNotify(event) 5: end

6: end 6:

7 end 7

8: end 8

: Mouse.instance
.add0bserver (OnMouse.new())

0 5.9: Example of Subject and Observer for mouce events

5.3.3 Functional reactive programming
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Listing 5.1: Always statement in Verilog HDL

1 always Q(data_in) begin
2 case (data_in)
3 2’b00: data_out = 8'b1011_0100;
4 2'b01: data_out = 8’b1101_0001;
5 2’b10: data_out = 8'b0001_0000;
6 2’'b11: data_out = 8’b1101_1001;
7 endcase
8 end
Listing 5.2: Definition of statement of Mulvery API
1 <observable> ::= <observable object> | <observable statement>
2 <observable statement> ::= <observable>.<operation chain>
3 <operation chain> ::= <operation> | <operation>.<operation chain>
4 <operation> ::= <operator>(<operator args>) <lambda abstraction>
5 <lambda abstraction> ::= { |<variable>| <ruby program> }
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1: var query = from x in list 1: var query = list

2: where x % 2 == 2: .Where(x => x % 2 == 0)
3: orderby x 3: .Orderby(x => x)

4: select x * 3 4 .Select(x => x * 3)

0 5.10: Example description of LINQ on C#

1: events = Rx::0Observable... # Observable 0[O
2: count = events

3: .map(){ levent| 1 }

4: .scan(){ lacc, x| acc + x }

O 5.11: Example of event counting using RxRuby
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O 5.1: Schedulers implemented on RxRuby
Scheduler0 | OO

CurrentThreadScheduler | D0 0000000000 O0ODODOOQO Scheduler
ImmidiateScheduler | OO0 OO0 O000OO0O0OOODOOOOOO0ODO Scheduler
DefaultScheduler | OO OO0O0O0O0O0O0OOO0DOOOOOOODOO Scheduler
LocalScheduler | new D 0000000000 DO0O0ODOOODODOODOOOOO

Operator
call
CurrentThread

DefaultScheduler Scheduler

Immidiate
Scheduler l New lReference

LocalScheduler LocalScheduler LocalScheduler

e LI queve [T queve [T

Thread Thread Thread
Im 1 0

O 5.12: Relationship among the operators, threads, and principal schedulers
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1
: Rx::0bservable timer(1) 1
.timer (1) - |

1
2: . 2
3: .subscribe(){ do_something_ 1 } timer(2) [N
4: do_something_1 _
5: Rx::0bservable do something 2 | _
6: .timer(2) - 9- ! > time
7: .subscribe(){ do_something 2 } 1s 2s
1: scheduler = Rx::LocalScheduler.new() | |
2: timer(1) - :
3: Rx::0bservable .
4: .timer (1, scheduler=scheduler) timer(2) -
5: .subscribe(){ do_something_1 } do_something_1
6: do_something_2
7: Rx::0bservable > time
8: .timer (2, scheduler=scheduler) 1s 3s
9: .subscribe(){ do_something 2 }
0 5.13: Examples of Scedulers on RxRuby
Listing 5.3: An implementation of the from_array operator in Mulvery
1 module Observable
2 class << self
3 def from_array(array, \\
4 scheduler=LocalScheduler.new)
5 operator = \\
6 DataflowOperator.new(:from_array)
7
8 scheduler.schedule(operator)
9
10

OO00O00DO0O0DO0O0D0O00O00O0ObOO0OO0DO0D DataflowContainer OO OODOOO
oboooooooooooog

gboogoboobogooo

DataflowOperator 10 HDLOOOOOOOOOOOOOOOODOOODOOODOOODOOD
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oooooboooooooboboooooobooobooooboobboooooooHDLODbDObOOO
ugboogoog
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O000000000000000000000O00ODODOO0O0Obuffer0000000O00O40000
BUFFER HDL OOO0OOO0OOOOOO VerilogHDLOOOOOOOOOOOOOODOOODO
RubyOODODOOOOOODOOCOOOCERBOOOOODOOODOOOOOODOO buffer 000
gobooboooboobooorboobobooooobobooobooooboboboboobobobn
gbooooooooHEDLO0O00Ob0O0O0O0OO00O00oOooooooooon
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’ DefaultScheduler

, DataflowOperator

Dataflow |/ type: :from_array
Container , T

Dataflow DataflowOperator
type: :map
Dataflow lambda: <lambda>
: \ T

DataflowOperator

\ type: :scan
\ lambda: <lambda>

0O 5.14: Structure of a dataflow and its container

Templates

DataflowOperator L
type: :scan -

lambda: <lambda>

MW

synthesize

L

O 5.15: Workflow that generates the HDL code of a module

gboooobooon

mapd scan 00000000000 0OO0O0ODO0ODOO0OOO0O0OOD0ODLOOODODOODOO
00000O0obO0bO0o0o0OoobOobOdboooOooOobO0oboooOoooDoboboooOonDo
sum = observable.map(){ |event|
event * 2
}
RxOOOOODOODOODOOOODODODODOOODOODOO0ODODO0OO0O00oDOO0oDOOoDboooonoGg
goobobobooooobobobooboobooobU0bobLDobDoODUoobOUOobOobDUobDOoo
000bO0bOooOOooOO0o0Ob00bOO0bOOoDOO0oDOO0oobO0obOobOOooDOoODOooObOOobDOoDOoDOon
0000000000000 000000map 0000000000 ODOODOODOODOODO
def map()
process = yield(HDLComposer.new())
self.append_module( \\
ERB.new (MAP_HDL) .result (binding))
end
000000000000 DO00o000000DO0DOO0oDO0O0oo0o0DOO0oDODOoDOooOoDoOOon
0O 0 Multi-stage programming [ 0 0 HDLComposer 0 0 00O 00O 5.17
0000000000 Ruby0OODOOO0OODODOODOODOOODOODOODOODOOOIO0O for
000000000000 000O0oO0oD0o00oO0bOO0DOOooDOooDo0oooOooDoOooDoDooDon
0000000000 DbO0o0bOo0oDO0ob0DO0oDbOoODifbo0D00O 518000 0mvif0 00O
0if000000000000000000000O00O000000 elsif00000 elsedO0O
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class Observable
def buffer (num)
self.append_module_hdl( \\
ERB.new(BUFFER_HDL) .result (binding))
end

def generate_hdl()

modules = @modules

return ERB.new(TOP_HDL) .result(binding)
end

O 5.16: Example of Observable

class HDLComposer
def *(val)
case val_type
when :numeric then
return <<EQ0S
result = mv_val_#{@id} * #{vall};
EOS

end

0 5.17: Example of object that synthesizes a lambda abstraction

O00000000000000000000000000 condition 0 HDLComposer O 0 O
goboooooooooobOOoooOOoOoDOoOobOoOOoDbDOoOoDbOOD toobooDbboOoboOo
gboooooboooboogn
gbobgoooooobobgoboooooboboboboooobobobooooboob
gbboobboobbooobooobboobbooboboooobooobboooboboo
gobooobobooboobobooobobooboobobobooobobbooboobOoooRrPODO
obooooooooooooooooooooooooooooooooon

Scheduler O 0O O

Mulvery OO0 0O0O0OD0OO0OOO0OFPGAOOODOOODOODOOODOODOOOOSchedulerd 00O
OO0 RxRuby 0000000000000 O0ODOOS4000000000000000000O0
CurrentThreadScheduler 0000000000000 OO0OO0ODOODOODOOOOOOOOODO
00000000000 0oooooooonoD MulveeyOOOOODOOOOOOOOOOOOO
0000004 Scheduler O DefaultScheduler O O O O

RxOOOOOOOOs20000000000000000OCreation0d00000OO0OOOO
00000000000 0mMOO0000 DefaultScheduler OO0 0OO0OO0O0O0OOOOOOO0O
0000000000000 D00DO0DO0O00DO0DO0DO0DO0D0000OTmer0D0O0OOODOO
00000000 RxRuby OO DefaultScheduler 00 00000000000 OO0OOOOOOO
MulveryOOOOODOODOODOOOODODOODODOODOODOODODODOODOODOODOODOOD
0000000000000 00D00000000000000000 CurrentThreadScheduler
oooodoooooooooood
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def func(t)
mv_if (value, ->v{v == 1}){
value * 1
¥
.elsif (->v{v == 2}){
value * 2
}
.else(D{
value * 3
¥
.endcheck
end

0 5.18: If method on Mulvery

O 5.2: Classification of Rx operators
Creation | Timer | Data manipulation

of_array | timer select
generate | interval map
empty average

0513000000000 LocalScheduler0 0 000000000 0O0O0OO0OO0OOOOOO
O000000OLocalScheduler D 0O Observable D0 0000000000 ODODODOOOOOOO
O00o00oOoooobooo

5.5 UUOUOoooboon

0000000 0oooooooooooooooooooooooooooooooooon
0000000000000 0D000D000000 5.19SbSeCcODOCOOOODOnOOO
000000000000 Teggle AWO O OOODOODODOODOOODOODOODOODODOODOODOOI
Intel FPGA SDK for OpenCLO OO OpenCL COOD0 _kernel 0000000 OD0OODOODO
000D0D0000O00DoODoo0ooooooog

0000000000000 000o0o00o00ooooooooon CcpUD FPGAODODO
0000000000000 0000000000D000000o00o0oooooooooog
000000000000 0D0D000O0O000oDo00oOoooo

do0ooo0bOoobOoob0o0obOooobOo0oboobOo0obOoooOoOooboooocecrPU D
FPGAOOODOODOODDOODOOODODOODOODODOODODOOOOOOOObB.2000000
6000 funcO FPGAODODOOOOO900D funcO CPUDOODODOOODO

0000000000000 0oo0oo0oo00oooooooo0ooooooooDoono
0000000000000 0oooDooo0ooooDooooooooooooooooooog
0000000000000 000000000000000000000000000000
00000000 00oo0oooooooooooon

0000ooooo0o0o0ooooo0oooooooooooooooDoooooooooon
0000000000000 0 CPU-FPGADOOOOOODOOODOODOODOOODOODOOO
0000000000000 000000000000000000000000000000
O000oooooooDooooooooo
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o stdlibh System configuration: Linux SMP (Zynq 7000)
o

CPU: A9 0A9 1
B mmultaddh

X projectsdx Open Call Hierarchy Crl+AltsH

Vs Refactor >
»

Environment References

Toggle HW/SW.
Vivado HLS
Advanced compiler settings

Intel FPGA SDK __kernel void func(
for OpenCL __global int *data){ ... }

O 5.19: How to specify hardware offload in SDSoC and Intel FPGA SDK for OpenCL

: def func(data)

: end

: grouped_1 = stream_1.group_by{ld| func(d)}

: array_1

= [1, 2, 3, 4, 5]
: grouped_2 =

1
2
3
4
5: stream_1 = Stream.new()
6
7
8
9 array_1.group_by{ld| func(d)}

O 5.20: Example when the location where the method is executed differs between CPU and
FPGA depending on how it is called

goboobooooboobooobooboobbooboobbooboobbon

5.6 JUUUObUOOoOOUbLbbouoooon

5.6.1 0UO0O0OOOOOOO0

gobooboobooboobooboobbobboobooboooboos2iooonon
00128 x 1280000000 sx500000000000O000O00OO0ODLOODOODOOOODO
gbooboboobogbooob s2uobbooboodbooobbobbooboboobog1d
Ui28000000000000-/00000000006x5000000 1280000000
OU000000Dmap 0000000 OOOOOOO0O0ODO 22 Matrix00000OO0DOO
gbbooboboooboooobooboooboboooboooboboobboooboobooboo
gbooobbo0convOOOO0O0DOoononoooOd

5.6.2 UOJU0O0OOOOOOO0

OOooOoOoO0o0s200000000D0000000DOOOO0MulveryD0O00ODOOODOO
goboooooobooboboboboboooooboooob s240bbobobobboOoO
ooooooooooooog

gbboboboboboooboobuodbmepdbgoboooonobOobbOob0bOOnDO
obooboobooobobooobobooboboboobonooobD s2000000 datab OO
5x12800000000 5x50000000 matsO000 (bxb)x1280000000000
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O 5.21: Applying Laplacian filter

1: buffer = input.shift_buffer(5)

2: line = buffer.map(){ |datal

3: mats = Array.new()

4: (0...SIZE).each { [il

5: mats.push(Matrix[data[0][i, 5], \
6: data[1][i, 5], \
7: data[2] [i, 51, \
8: data[3][i, 5], \
9: datal4][i, 511)
10: }

11:  result_row = Array.new()

12:  mats.map() { |matl|

13: result_row.push(mat.conv(kernel))
14: }

15: }

16: result = line.buffer(128)

0 5.22: Example of folding

U000Omats00000 128000000000000000000000O00O0000ODO0ODODOO
OU00D000D kernelDOOOOOODO

5.6.3 UU0O0OOOOOOO0

googooo
Icarus Verilog OO OO OOO0O0OO00O0DOOO0OO0DOOODODOOOODOOOS 20000000
ox 12800000000 10000000 bOO0O0O00bOO0o0bOobObOOobOoOoOobOOo0obonn
gboboobobooobooobboobbuooobooobbooobboobboooboo
gbooboboobooooob 200b0b00000b0obobobobooobobOobobon
gboobobooboobbooboobooobo
googoobooon
000000000000 Xilinxkd O SoC FPGAODODO Zyng-70000000C00O0O000ODO
gooooooobobobobooos2rbobobobooooooboooobobobooon
googoooon
gboooooooooooog
OOooOOoCPUOOOOODOOOODOOODOOODOOODN Intel Core-i3 @ 3.4GHzO OO O
OO00000OOCentOS7TO0O timed 0D0OO0O0ODOCO CPUDOOODOOOODOOOODOOOOO
gogooboooocecpUdObObMMmsODOOOOODODOOODOODOOOODOOOODODOOO
000000 RebyODOOOOOOOOODOOOOOOODOOOOOODO
gbooobobooboboobolooboboo 1s0booboboooboboooboon
O00 100MHzOOOOOOOOOOOOOODO 194GB/s000000D0OO0O0O0OODOODODOO
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5-lines Convolution

Input buffer buffer %128

T
128pixels
(1line)

N - )
128pixels
(1line)

O 5.23: Architecture of the program

input

]

shift_
buffer

result

O 5.24: Pipeline of Fig. 5.22

00000 Il/jo0o000U00o0oo00o0ooUo0UoO0o0ZyngO000OOOOOD
0000000000000 000 16GB/s0000000O000OOOOOOOOOOOOD
gboboobbooobooobooobbooobooobboobbooobboooboDboo
goo00o0o2ms00000000O0OOOO

gogboboooboboobbooobooobboobobooboboobboooobooooonoon
Oo0Od0o0opooOocCcpUOOOOOODOOOODOOOOOODOOOOODOOOODODOOO
goooogog

5.7 ULUuuddooooooouobobobboooboood

5.71 0O0OO0O0OOOLDOODOODOODLOOOD

RxOOODOODOOO0OODOOOOOO00ODOOOO0OO0DDOO ObservabledOOOOOOO
gbboobobooboboooobobooobobooboboooboooobobooboboooobooo
gobooobbooobobbooobbooooboboooob s28bdgoobooooooon
RxOOOOO (L1-2) 0000000000000 0OObservable 0000000000 OOO
00000 (L4-5)0000000000000000000000 print 000 Observable 0 O
OO0000OOObservable 000000000 O0OOOOOOOOOOOOObservabled 000
gooooooooo
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data

......

kernel

| | |mats
mat

(convolution)

result_
I—I—l—l:IJ row
——

0 5.25: Synthesized lambda abstraction in Fig. 5.22

. Convo- Output
Buffering lution x128

0 5.26: Hardware verification using Icarus Verilog

gobooobooboobooobboooooboobbooboobo0OrRxboobboooobooD
00000 bRxbOoboobooooobobobbooboooobobooboooDobDobooo
Oo00C0COOO0OO000OooooooooooooOO FPGAOODODOODODOOOOOOOOO
OO0 FPGAOOOOODODODOOOCOCOCOOOOOOO0OO0OOOOODOOOOOOOOODODOD
gboogooobooboobboobuoobbooboobooobooobooo

572 UU00O0OODLDOOOOOLOODOOOOn
CoRAMOOOOOOO0O0OO

0000000000 O0OOODODODODOODOOOOOMulveryDOOOOIPOOO CoRAM
0000000 [740000000CoRAMODODOOOOOOODOOS29000000000DO
00000000 CoORAMODOOOO RAMOOO Control ThreedDOOOD OO FIFOOOODO
OO00OControl Thread D00 O0D0O00O0OD0OOOOOOODOOOOOOOO CoRAMDOO
CoRAM-DRAMOOOODOOOCOOOOOO

gooooo
FPGAOO CPUOUODOOOOOOOD

000000000 000o0D00D0oO00n0 CoRAMO OO OOO Memory Access Controller
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LUt 1
LUTRAM 1
FFq 10

BUFG Jm 3%

Utilization (%)

00 5.27: Resource consumption

events = Observable.new()
num_events = events.map(event becomes 1).scan(+)

def show_num_of_events()
print num_events.last()

add WwN -

0 5.28: Pseudo code for counting the number of events

O CoRAMOUOOOOOCPUODODODOOODOODOO DRAMOODOODOODOODOODOOOO
O00000000000O0O0O001/ooo0000U000oooooOoO0o0ooDUoUoooooOD
0do0o0o0ooooobooooooogs2200o0oooa
CPU-FPGA O DOOO

CPU-FPGA 0O 00O O Memory Access Controller 0 000 FIFOOOODOOODODOODODOOO
oodoodoocpUOOOOODODOODODOODOO0OODOODOODOODOOODOOd
00do0o00bOobobOooOOoooOo ceUOOOFIFOOODODOODODOODODOOODO
goooooobooooooooboooooooooooooooooooooooooono
000 DRAM OO OO DMA (Direct Memory Access) 00 0000000000000 O00O0
goo

5.8 UUOUOOUOOLOUOOobObobobOoon

oooOoO00oDOOoU0OoOoO00oDoOOo0oDoOOo0oDOOoOoDOoOO MulveeyDOOODOOOOOODO
oooooooooooooo LebUb0boobob0bobO0b0obO0obUob0O LEDOODO
gbobobooboooooboobobgooboobooboboboboobooobobobobOon
ood

5.8.1 00000 LEDUOOODOOODOODLOODOODOOD

Mulvery OO OOOO0OO0O0DOO0O0O0O0C0O0OWorldsemiOOOODODOO LEDODOO WS2812B
(00ONeoPixel 000D OOO0OO LEDOOOOOOOOOODODOOOOOOOOOOOODOD
ooooLEDODOO0OO0OO0OOO0OO0DOOO0O0OO0OO0OOoOooooooonog

NeoPixelDODOOOOODOO

NeoPixelO OO OO NeoPixelUMDOODOOOOODOORGBOOOOOODDOODOO NeoPixel
OO0DO0OC0CO0O00OD0OR,GBOOOD 8pitOO 24bit0000O0OOGRBOOODOOOOO
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Data Processing Control
Logic Thread

O 5.29: Architecture with CoRAM

G(8bit) R(8bit) B(8bit)

0 5.30: Data field for NeoPixel [96]

gos30tmoboooobouoobobooboobolgooobobooboboonooobaon
O0012us000 HIOD LOWOOOOOOOOOOOO oOOOO1000000D00DO0O0ODOD
oo0o000 53100 5.3

O0D00O0O0OONeoPixelUODDOOODOOO 32x3200000 LEDODODOODOOOODOOODO
5320000 102400 NeoPixel D OUOODOOODOODOOO B36IDIOO D20O00ODO
O0O0000000PIX1OOOD 24bit0000D0 PIX200000D0O0O00DO24x102400
O000D0bO0b000D0D0bO0bOob0dnDO NeoPixell 1O0O00DOOOOOOODOODOODO
oo

MCUOOODOODOOO O0OO0OO0OO0O00D NeoPixelODODO 30fpsO0000O000O0OOCOOO
%s/l.%us/%lbits:1,111.1DDD1DDDDDDDD 1,11100 LEDODODODOODODOOD
oooooooobboobobob 2x3200000 LEDOODO0OO0OODODOODODOOO
DooOoMCUOODODOODOOOO01000001,024x24%x2=49,152000000000
gbboobbuooobbooobooobbuooboboooboboobboobboobboo
ooooOobOooooMCUODODOODOOOOOOOODOOODOOOOOOODOOODOO
ooobooboooooooooboooooboboooboooooooooboo LEDDOOODOODOOO
gbboobboobboooobooobboobboobboooboooboboobboo
googn

LEDUOO0O0O0O0OO0O0OOO0O0O0OO0O00oooooooooooon

OOo0ooO0ooOoooOooocOo bRAMOOOODOOODOODOOODODOODOODDOODODO
LEDOOODOOOCOOODRAMOOOOOOODODOCOCDOOO LEDOODODOOODOOOOO
LEDDOUODOODODOODbODbODbObODbO 3400 O

oooobooooooobobodd LinxOSUOODOOOOODOOOODODOOUOOEth-
ernet 0000 WebAPIOOO OO IoTOOOOODOOOOOOODODOOOOOODODOODOOO
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TOL
0 code [« > 2
TOH
1 code |« Lot TlL:
T1H
RET code |« Treset 2

0 5.31: Signal to control NeoPixel [96]

00 5.3: Signal transmission time length and tolerance [96]

oo (ooooog gooon
TOH 0.4us +150ns
T1H 0.8us +150ns
TOL 0.85us +150ns
T1L 0.45us +150ns
RES 50us +150ns

gbobooobooboobobooboon

5.8.2 0UU
o000

000000000 LEDOOOOODOOOO0O0DDOOOODDOOODigilent 0O Zybo[97]0 0O
00000000000 Linux KernelOO OO Debiand OSOOOO0OO0OODOO 5.400 5.5
ZyboODOOODDO DebianOO SSHOOOOODODOODOOOOOOODOSSHOOOODOO

ooobogoobooboocpuUbgoon

ooooooOooobpCc++000b00Of0000oCc RubyOOOOOOODOOOODOOOO
COO0O gettimeofday() 00000000000 O0O0OO0OOO0OOOOOOOOOOOOO
gboobooooboboobboob oobbooboboboobobobOoobon0 e38us0bOnO
O00000000ooo0O CpPUOO FPGAOOUOODODOOODOOOOODOODOOOOOODO
0000000000000 000ODO000O00DO00O0O00000 FPGAO DRAMOO
O0DMAOOOOOOOOCPUDOOOOOOOODOCPUDDOOCOOOOOOOOOOCPU
gboogoobooboobboobooboobo

LEDOO0ODOOOCOOODO FPGAOODOO

gooo0o0o0oo0ooooooooooooooooooOoOOOboOoD FPGAODDODOODDO
000 5.60000xc720100 Zyng-70000 000000 FPGAOODOOOOOOOOOOODO
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0 5.32: 32 x 32 LED matrix

O 5.4: Specifications of the board used in the experiment [97]
00O System on Chip | Zyng-7000 xc7z010clg400-1
CPU@UIUOOO | ARM Cortex-A9 MPCore @ 800MHz (Dual Core)
FPGA@QO OOOO | Artix-7 FPGAO O @ 100MHz

0000000200 00000000000DOO0O0OCOO0ODOOO0ODOOOOOOOBRAMO
O00o0oO0OooobrRAMOOOOOODOOOOOOOOOOODOCOOOOOOOODOO

0000000000 534 000000004000 intervall 1100014000 timer 00O
goboobgobobboboobooobooboobooboobooobobobooobobo
OOoDOoOoboboOouoDog VerilogHDLODODODOOOOODOOOOO

00000 Verilog HDLO ONeoPixel DO 0000000 30000001/100000000
00000000 000O00DOOoO0bOOo0o0oDOoOobOoOoooPS-PLOODOOOOOOODOOO
gbooooooooooooooobogobooboobooboobobono

5.9 OO

oobooobOo0oobooOoobOOoOooOoOoO0ooOOoOoOo0oOoOOobOOoOobObOOobOOoDoboOoDboOoDo
O00000D0ODOReactive Programming D00 000000000 ODOOOOODOMulvery
ooboooobobooobooobooooobooobooobooooboooobooboboobobooDboo
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Cascade method:

DI D2 D3 D4

—p DIN DO DIN DO DIN DOjp—d

PIX]1 PIX2 PIX3

O 5.33: Serial connection of NeoPixel

1: sequence = memory_to_bin(memory, 3072)

2: Rx::0bservable.interval(Mv::time: :ms(33)) .subscribe(){
3 Rx::0bservable.zip(

4: Rx::Observable.interval (Mv: :time::us(1.25),

5 Rx::0bservable.from_array(sequence))

6 .subscribe(D{ Ino, vall

7: send_signal(1)

10: check(val, —>v{ v == 0 }){

11: Rx::0bservable.timer (Mv::time: :us(0.4) .subscribe(){ send_signal(0) }
12: }

13: .else {

14: Rx::0bservable.timer (Mv::time: :us(0.8) .subscribe(){ send_signal(0) }
15: }

16: .endcheck

17: }

20: }

0 5.34: Example of build_dataflow to control NexPixel matrix

godddobooooodooodoooooooooooooooooooooooooog
O000DoOo0ooooooooo CPU+FPGAOOOODOODOOOOODOODOOODOODOOOO
oo
Observer Patternd LINQO Scheduler 0 0 O 0 0 0 O Reactive Extensions0 00000000
0000000000000 DooUDooU0oOoU0oooU0o0ooOoooOooooooOooog
oo oboooooooo
0000000000000 oooooooooooouooooooooooooo
O0000CPUO FPGADOODOODOOODOODOOODOODOODOOODOODOODOO
ddoooboooddddooooodddddxO0dooooooooooooooo
0000000000000 oooooooooouooooooooooooa
godoooooouootddodoooobooooooboooooobooooooooooon
doddoooodoobooodooooooooooocepuoMCUOOOODOOOOOOO
Oo00odobooodoooooooooooooooooooooooooooao
000000000000 FPGAODOOODODOOODOOOODOOO0DODOOFPGAODODO
OloTOOODODOOODOO0O0DOO0O00D0O000O00O00CPUO FPGAODODOODODOOO
00000o0ooOoO0Oo000000000ooooooooooo0oooorPGAOOODODOO
ddddoooocpPUOOOOOOOOOOOOOODODOOODDOOOOOOOOODDODOO
gododoboooouoooouooooodgao
odddoodoooooooboooboooobooooooooooooooooooooon
bbbt ouooobooboooooooo
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0 5.35: The picture used for the experiment

0 5.36: The NeoPixel showing Fig. 5.35

gbobooooobobooooboboboboooobobooboboboooobono
gbobooobooobobooobboobbuooobooobboobbuoobboooboboo
gbooagbboobuogboobo
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O 5.5: Software environment used for the experiment
Linux Kernel | Linux version 4.9.0-g8277d20-dirty (gcc 4.9.2) D00 O0O0O0OO0OOO

ZYBO OO gcc | g++-4.7 version 4.7.2 (Debian 4.7.2-5)

O 5.6: FPGA resource consumption

0000 (000 Ooooooooo (%)
LUT | 3254 18.49
LUTRAM 361 6.02
FF | 3298 9.37
BRAM | 6.50 10.83
10 ) )
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060 HLSOOOOODOOOOODOOOOO
Joooogodod

6.1 0OO0OOO

6.1.1 HLSOOOOOOO

O0o0OoDOoo0Od Verilog HDLO VEHDLOOOOOODOOOOOODOOOODOOOO
gboboobobooooboooboooboboobboooboooboobooobobooboboo
oooobOoRILOOO0OODOOOODODOOOOOOOODOOOODOOOODODOOOODObOOO
HDLOOOOOOOOOOoOooOoooooooooooooooooooogooo

CODDOOXiinxO IntelOO0OD0O FPGAOOODOODODO HLSOOOODOODOOOC
oooOoOoOHLSOODOOOOOOOOOOOOOOOOOOOOOoOoOoOoOoOoOODODODOD
gooooobooooooobooocCcooboooobooboobDooooOooOoboboooboOobDoo
0000000000000 HLSOOOOOOoOooooOooooooboooooo

coooooooOoOoOooOoOoOoOoboooooOoOoOODODOOOOOOOO0OO0OO0O0O0oOon
O000000000gesort 00000000000 OOOOOO (Listing6.1)0O0O0O0O0O0ODO
gbobooobooobboobbooobooobboobboobboooboOoon sort
gbooboboobooooobooboboooboobobobooboobbobobobobon
gbobodgbboobbooobooobbuoobbooboboooobobooobbooboboo
gboboobbooobooobooobbooobooobobooobooobbooobDboo
gbooboboobooooobooboboboboobobobobooboobobobobon
0000000000000 0000 (Listing 6.1)0

6.1.2 HLSOOOOOODOOOODOOOODOO

HLSOOOOOOOOoOoOOOoOoOOoOoOoooooooooooooooooooooobooooo
gbboobbuooobooobbooobboooboooboboobobooobobooboboo
gboboobobooobobooobboobboooboooboboobobooobobooobooboo
gbooboboboboooobooboboboobobobobobooobobobobon
U000000000000000Listing 6.2, 0 6.100

00O00O0O0CcOU0oOOOd0HLSOOODOOO0ODOOOO0oDOOOoooOoOoobbooogoooo
gbobobooboooooboobobobobooboboboboobooobobOobobon
gbboobboobbooobbooobbuoobobooboboooboboooboboobboo
gboboobobooobooobooobboobboobobooobobooobbooobDboo
gboboboobooooobobooboboboboobobobobooboobobobobon
goog
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Listing 6.1: Examples of high-order functions

// qsort

void gsort((voidx)data, size_t len, size_t t_size, int (xcmp)(const voidx a, const voidx b));

// Callback function
void append_callback(EventType type, void (xuser_f)(const Eventx event));

Listing 6.2: sample list 2

typedef int (xFnPtr)(intx, intx);

int func_O(int* a, int* b);
int func_1(intx a, int* b);
int unused_func(intx a, intx b);

int caller(FnPtr op, intx a, intx b){
return (xop)(a, b);

func 0

Shared
memory

caller

func 1

/ \
N 7

unused func

0 6.1: unsinthesizable pointers
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0 6.2: Examples of indirect call that cannot be resolved by constant folding: (left) A CFG with
a condition node, (right) a CFG with two indirect calls.

5

6.2 0O0OO0OO

6.2.1 0O0O0OOOO
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CalleeDOOODOOOOOODOOO0ODOOOOODOOOODODOOOODODOOG2000O0
ooooOoOOoODOOOOOOOO0O0OO0 ckrGUOOOO0O0O000000 (xp)OOD0ODODODODOD
b ptubboobooboboobuoobobbodobdg FOOOOOO0DOODOOOLDO FODOO
pUOO00O0O0OO0ODO0DOOOOOODOO

6.2.2 C++4+000000000ODOODOODO

coooooooooooooooOobobobocCc++0000C000O00O00OOOOOODOO
00 [98). DOODOOOO0O0O0OOOOUOOOOUOUOOOUOOOOODODODOODODODDOODO
gbobooobdooobooobobooobbooobooobooobbooboboooboDboo
oooooboooooc++0oooooobboooooobbboooooboooooobbooobobOoo
gboboobobouoooboooboooboboobobooooboooobooooobobooonoobooo
gbobooobooobooobboobbuoooboobobooobbooobboooboDboo
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6.2.3 U0O0OO0OOOOO0OOLOODOOO

0000000000000 0000000000MD00000000000 (inter-procedural
resource sharing) 0000000 [99], (1000 0000000000000 OOOOOOOOOO
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NW CTRL

caller proc_a
proc_a N7

N
caller Calli -

map a

\ 4

map b proc b map -----~<S--—----- » proc b

0 6.3: (top) Naive solution, (bottom) [99]’s solution
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booboboboooooobobobobooboboboboboobobobobon
gbobooobooboboooboobbooboobobon

6.2.4 Point-toUDDOOD0OODOOODOOODOOODOOO
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gboboobobooobooobbooobbuooobooobbooobboobboooDboo
gbbodobbuobbtooobbooobbuoobobooobboobbuoobboobboo
uboboobobouooobooboooboooboboooboooobooobobooboboooooo
gobogobooboobboobooboobo

6.3 UOLOOOOOOO

O0o0o0oo0o0ooo0oU0ooo00oO00dO0LLVM IRO GIMPLEO OODO SSAODO
(static single assignment form) 0000000000 OListing6.3 0000000000 LLVM
IROOOOODOD 64000 CcrGOOOO

gbobobobobooboboobo3gooobogooboon

l. 0boboobooboobooboooobobooboobooboobobooo
2. 0000oboboobooboobooboo IDbobobob
3. 000000000 SwitchODOOOOOODOOOOOODO

O000000000000D0 (candidate callees) 0000000000000 O0OOOOODO
gboobooboobobobooboboobobobUobUuobUobLsting6.3 000000000000
OU00oD0oO0bObOO00D Listing64000000065000000000000

gboobobobob O0e3,640000000000000000D0DODODODOODO
6.60000Callee0 00 0000DDOO0ODODOOOODOOODOOOOODOOODODOODODODO
obooooooooooooooobooooboobooboobobooboon
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Listing 6.3: Example with an indirect call

entry:
br il %cmp, label %if.then, label %if.else
if.then:

store i32 (i32)x @foo, 132 (i32)*x %fp
br label %indirect_call

0~ O Ui W N

if.else:

10 store 132 (i32)% @bar, i32 (i32)*x %fp
11 br label %indirect_call

12

13 indirect_call:

14 %0 = load 132 (i32)*x %fp

15 %call = call 132 %0(i32 %arg)

16 store i32 %call, i32x %result

©

Listing 6.4: Optimized IR of Listing 6.3

1

2

3 indirect_call:

4 %0 = load i32x %fp

5  switch i32 %0, label %call foo |
6 i32 0, label %call_foo

7 i32 1, label %call_bar

8 ]

9

10 call_foo:

11 %call = call 132 (i32)* @foo(%arg)

12 store i32 %call, i32x %result

13 br label %next

14

15

16

17 next:

18 %1 = phy i32 [%call, label %call_foo], ...
19  store i32 %1, i32% %result
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entry

if.else’/ \i‘f.then

%fp = @bar %fp = @foo

iﬁ({i‘rect }C/ﬂl

indirect call
via %fp

O 6.4: CFG of Listing 6.3, that contains dynamic indirect function call

Listing 6.5: Three types of store instruction usage regarding function pointers

; 1) Store the addres of function foo
; to the pointer
store 132 (132)x @foo, 132 (i32)** %fp;

; 2) Store the value of the pointer

; to another pointer

%0 = load 132 (i32)** Y%pred_fp;
store i32 (132)* %0, i32 (132)%x %fp;

© 00 O Uk WN

10 ; 3) Store the value of the phy instruction

11 ; to the function pointer

12 %1 = phi 132 (i32)x [@foo, %Dblk0], [@bar, %blk1];
13 store i32 (i32)x %1, 132 (i32)xx %fp;

6.3.1 CalleeOOODOODO

ggbbodgbbuoobbooobuooobooobboobboobbooobooobn
gboboobobooboboooboooboboobboobobooobooooboboooboboo
oooboooooboooboooboooooo IbobbooobooobbooobooboooobboOoo
gbboobbuoobobooobbooobbuooboboooboboobboobboooboo
gboboobobooboboooboooboboobboooboooboboobbooobooboo
ooooooooogoog

gbbobobobobobboboboobooboobod stered0bgooboonooonOO
O0000000000000000000000000 stered0001)0000000O0OODO
0000000 storeJ000002)0000000000000000000O store0 00O
O00,3)phy O0O0O0OO0O0O0OO0DODODO stored 300000000 (Listing 6.5)0

1) 0000000000000 Stere000000000OO0O0OODOOOOIDOOOOOOODO
ooooooooogooooboonog

2)000000000000O000000O0C0O0OODO000D0D0OODODODOOOOOOO

3) 0000000000000 000UDO0L0DO0O00DDUUOODOD

0650 next0 0000000 phiDOOOSSAODOOOCOD opO0DOOOOOOODOODDO
gbooboboobuoobboobooboobbooboooboa
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entry

if.they \gelse

%fn_id = 0 %fn id = 1

indirect_call

0 /default

Jump to %call foo Jump to %call bar

] \
/ \
call_ffo cal&_bar

%call = call @foo(%arg) %call = call @bar(%arg)

\:th /

%result = phi [%call %call foo], [%call %call bar]

O 6.5: The CFG that the indirect call has removed

Listing6.6 000000 O0OO0OODO0ODOOOOOO0ODbOOO0OODbOOoObOoOobobOoobooo
Oo0oooboLvMOOoooooooooooobOoooooobodbobdusers doog
000000000000000 (line 3)0000 is_store_faddr2fp (line 4), is_store_fp2fp
(line 6), is_store_phi2fp (line8) 00 OO0 DO store 0000000 O0OOOOODOOOOODO
o000 0O0OO0ODOUOODOO0ODDOOO0ODODODOUOODDOOUODDOOODOODOoUOODbDOOn
0000000000000 0000000000 (line 10-13)0

o0bododboboooboobobo NOODOOoOobhUOoobobuoobuooo storebooboonoo
00 MOOOOO(NlgM)OUOOOO UOD0ODDO MOODO NOOODOODOOOOOOOODO
gbooooooooooooooooooon

000 cCcOOobO0o0OO0o0oDbOD0DO0O0O0O0oODbODO0ODO0D0O0ODbOoDbODOnnOCCallee
oo ooboobobobobobon

©@foo

multiplexer caller

@bar

0 6.6: Indirect call with a multiplexer
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Listing 6.6: The recursive function to build adjacency graph

1 CandList get_candidate(FunctionPointer fp){
2 CandList cand_list;

3 for (inst in fp.users)

4 if (is_store_faddr2fp(inst))

5 cand_list += inst.rhv;

6 else if (is_store_fp2fp(inst))

7 cand_list += get_candidate(inst.rhv);
8 else if (is_store_phi2fp(inst))

9 for (value in inst.values)
10 if (is_from_fp(value))
11 cand_list += get_candidate(value);
12 else (is_faddr(value))
13 cand_list += value;
14 return cand_list;
15 }

gobooboboobobooboobobbooboobobobooboDoL IbUoobDoboboobUobo

gbboobobooboobboobaoboonoo
gboobobooboobobooooboboboobobooboboooboboooaoon

gobogoooboobogobboobuoobbooboobboooboobooo

goboobobooobobdoo obooobboobboobboobobooboboooboo
gbbodobbuoobobooobooobbuoobobuooobboobbuoobboobboo
gboobooobooboobobooboobboobooboboooooonoo

gooooooobobobobobooooobobobobooooboobobobooooon
gbbodobbuoobobooobbooobbuoobobooobboobbuoobboooboo
O 0Ovoid (xary[])() = {foo, bar}; 00 DJO0O0O0O0O0O0O0OOOOO0OOOOOOOODODO
gdbodboooboboobooboobuooboobboobooboooo IDUDObOOogn switch
gbooaboan

goboboobooboooboboobobuoooboooooboboobobooboboooobooooonoon
googooo

6.3.2 0O00OO0O0OOOO0OOOO0ODOOODOOO0
gobooboooboboooooon
1. alloca OO 0O
2. load OO O
3. store 0O U

() DO0ODOOO0OOOODODODODO store 00000
(b 0000000000000 OODO store000O0OO
(¢) phi DODDOOOOOOOODO store0000O00O

4. call OO0
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Listing 6.7: Replacement of the instructions that reference function address/pointer

;1) ; %fp = alloca i32 (i82)*, allign 4
%fp = alloca 132, allign 4

;2); %0 = load 132 (i32)xx %fp;
%0 = load i32x %fp;

; 9—a) ; store i32 (i32)x @foo, i32 (i32)+* %fp;
store i32 0, i32x %fp;

0 1 O U= W~
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:3-b)

; %0 = load i32 (i32)** %pred_fp;

; store 132 (i32)x %0, 132 (132)** %fp;
%0 = load 132 %pred_fp;

store i32 %0, 132 %fp;

= e e
U W NN

5 3_0)

; %1 = phi i32 (i82)* [@foo, %bIk0], \\
; [@bar, %blk1];

; store 132 (i32)+ %1, 132 (i32)** %fp;
%1 = phi i32 [0, %blk0], [1, %blkl];
store i32 %1, 132 %fp;

I R el
= O © 0

Listing 6.7 004) 0000000000000 O1)02)03-b)000000000OO0OOOO
O0000003-a)000 3¢c)000000000000O0OODOO0OOO0OODOOOOOOOD
IDOO0OO0O0O0

Listing 6.8 0 4) 0000000000000 O0O0O0OO0OODOOO (L3) O switchO OO
00 (L8-11) 00000000000 calleeO IDOOOOOOOOOO blockOOOOODOD
block OO IDOOOOOOOOOOOOO (L.14,18) 00000000000 (L21)00O ¢0O
gboogobooboobboobooboobo

6.3.3 Void-type pointer
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OO0O0D0O0O00DDListing 6.1030000000000000DOO000DODOOODOOOOOOO
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O00000000000000000000 alttwiceJOOOODOODOOOOOOOODO
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Listing 6.8: Replacement of an indirect call

; 4) Indirect call
; indirect_call:
; %0 = load 132 (i32)** %fp
; %call = call i32 %0(i32 %arg)
; store 132 %call, 132+ %result
indirect_call:
%0 = load 132 %fp
switch 132 %0, label %call_foo |
i32 0, label %call_foo
i32 1, label %call_bar

]

call_foo:
%call = call i32 (i32)x Qfoo(%arg)
br label %next

call_bar:

%call = call i32 (i32)x @bar(%arg)

next:
%1 = phy i32 [%call, label %call_foo], ...
store 132 %1, i32x %result

Listing 6.9: Map function using void pointer

void map(void* ary[], size_t len, void (*f)(void* val)){
for (size_t pos = 0; pos < len; pos++){
(xf) (ary[pos]);

}

void twice(void* val){
int *d = (int *)val;
*d = *xd * 2;

}

Listing 6.10: Alternative implementation of map of 6.9

void alt_map(void* (xary_at)(size_t pos), size_t len, void (xf)(voidx val)){
for (size_t pos = 0; pos < len; pos++){
(+f) axy at (pos)

}

int ary[SIZE] = {...};

int *my_ary_at(size_t pos){
return &ary[pos];

}

void alt_twice(int* val){
xval = *val * 2;
}
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Listing 6.11: Sample program for the evaluation

/* baseline (no indirect call) */

responce = request(add_user, "foo", "bar");
responce = request(add_user, "hoge", "fuga");
... // totally five add_user requests

responce = request(find_user, "foo", "bar");
responce = request(find_user, "hoge", "fuga");
... // totally 5 req

0 N O Utk W N~
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o ©

responce = request(del_user, "foo", "bar");
responce = request(del_user, "hoge", "fuga");
... // totally 5 req

= e e
W N -

/* With indirect call x/
auto f_list[] = {add_user, find_user, del_user};
for (auto q : flist){
responce = request(q, "foo", "bar");
responce = request(q, "hoge", "fuga");
... // totally five indilect calls

I T N i
N RO © 0O ot

// ‘request‘ will do nothing, just yields process to the passed function
void request(Response (xq)(char[], char[]), char[] id, char[] password){
24 (xq)(id, password);

N
w

[\
ot

0 6.1: FPGA resource consumption (on Cyclone V. GX-9)
‘ ‘ ALM Registers Memory bits ‘
No indirect call (baseline) | 4,198 3,011 58,544
With indirect call (ours) | 1,191 1,082 59,336
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6.4 Evaluation
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O 6.2: Performance (simulation)
‘ ‘ Cycles ‘
8,225
94,140

No indirect call (baseline)
With indirect call (ours)

request [ x5 loop

2N

add user find user del user

O 6.7: Hardware generated from the code including indirect call
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source OpA opB

Inter FPGA

source » OpA transmitter | -COmMY nication | reciever opB

O 7.1: (top) Original block diagram of source.opA() .opB() and (bottom) the program devided
between opA and opB.

A Central Node

—E— 22

Distribution
Nodes

CPUResources

Copy same architecture
into other nodes

Software
Source Code

Co-design

Distributed
Part

0 7.2: Usual design method of distributed system which includes FPGAs
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O 7.3: Organization structure of ants
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