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1 Introduction
FPGA
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FPGA

A field programmable gate array (FPGA) is an integrated
circuit whose logic is re-programmable.

Parallel computing
Highly specialized
Energy e [cieht

Array of programmable logic blocks

Logic blocks configurable

to perform complex functions

The configuration is specified

with the hardware description language

( FIRMWARE )+
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Integration of neural networks on FPGA

FPGAs are playing an increasingly important role in the industry sampling and data

processing.
(intel)’“

n
€ XILINX Deep Learning TR

AMD

In the industrial field In the scientific field
Intelligent vision; Real time deep learning in particle
Financial services; physics;
Scientific simulations; Hardware trigger of LHC experiments;
Life science and medical data analysis; And many others ...
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Firmware generation

Many projects have the goal of abstracting the firmware generation and use process.

W XILINX

u hls 4 ml PYNQ . VITIS.

VIVADO HLS

N
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Layer, Abstractions and Interfaces

A Computing system is a matter of abstraction and interfaces. A lower layer exposes its
functionalities (via interfaces) to the above layer hiding (abstraction) its inner details.

The quality of a computing system is determined by how abstractions are simple and
how interfaces are clean.
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An example

and Interfaces

Programming language ‘

User mode ‘

Kernel mode ‘

Processor ‘

Transistors ‘
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An example

and Interfaces

Programming language ‘

User mode ‘

Kernel mode ‘
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Processor ‘
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An example

and Interfaces

Programming language ‘

User mode ‘

Standard Library

Kernel mode ‘

Kl System cale—]

Processor ‘

Register Machine ‘—I

Transistors ‘
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An example

and Interfaces

Programming language ‘

User mode ‘

Standard Library Stl calls ‘—I

Kernel mode ‘

Kl System cale—]

Processor ‘

Register Machine ‘—I

Transistors ‘
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) and Interfaces
An example

‘ Programming language ‘

Compiler/Interpreter

‘ User mode ‘

Standard Library Stl calls ‘—I

‘ Kernel mode ‘

Kl System cale—]

‘ Processor ‘

Register Machine ‘—I

‘ Transistors ‘
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: and Interfaces
An example

’ Programming language ‘

Compiler/Interpreter

’ User mode ‘

(") Standard Library Stl calls <—|

[ Kernel mode ‘

\" ) System calls <—|

’ Processor ‘

Register Machine 4—|

| Transistors ‘
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An example

and Interfaces

Programming language A

Compiler/Interpreter

User mode ‘

(") Standard Library Stl calls

|

(Softvva re

Kernel mode

System calls «~—

Processor ‘

Register Machine 4—|

Y

Transistors ‘

ML on FPGA Course 2022 - Bologna

ML inference with the BondMachine Project



An example

and Interfaces

Programming language N

Com

piler/Interpreter ‘—I

User mode ‘

|

(Softvva re

dard Library Stl calls

Kernel mode

System calls «~—

Processor ‘

egister Machine ‘—I

Y

Y

Transistors ‘

ML on FPGA Course 2022 - Bologna

ML inference with the BondMachine Project



An example

and Interfaces

Programming language ]

,
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User mode

[ dard Library Stl calls ==

Kernel mode

System calls
y
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An example

and Interfaces

>

Programming language ,

Compiler

Interpreter “/\/\’I@

User mode ‘

t
| Renal}- S

L

Library —\/\/\/‘ Stl call

Kernel mode

dly

Software
| I—

Generalization

[User frien

Processor

Register Machine ™ Opcodes

Y

Y Y

Transistors ‘
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‘The BondMachine project|

2 The BondMachine project
Architectures handling
Architectures molding
Bondgo
Basm
API
Clustering
Accelerators
Misc
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The BondMachine
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Introducing the BondMachine (BM)

The BondMachine is a software ecosystem for the dynamic generation of computer
architectures that:
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Introducing the BondMachine (BM)

The BondMachine is a software ecosystem for the dynamic generation of computer
architectures that:

Are composed by many, possibly hundreds, computing cores.

Have very small cores and not necessarily of the same type (different ISA and ABI).
Have a not fixed way of interconnecting cores.

May have some elements shared among cores (for example channels and shared
memories).
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The BondMachine

An example
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Connecting Processor (CP)
The computational unit of the BM
The atomic computational unit of a BM is the “connecting processor’ (CP) and has:

ML on FPGA Course 2022 - Bologna ML inference Wlth the Bond Machine Project

13



Connecting Processor (CP)
The computational unit of the BM
The atomic computational unit of a BM is the “connecting processor” (CP) and has:

Some general purpose registers of size Rsize.

General purpose registers
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Connecting Processor (CP)

The computational unit of the BM
The atomic computational unit of a BM is the connecting processor (CP) and has:

Some I/O dedicated registers of siRsize.

N input registers: i0,il1 ... iN

M output registers: 00,0l ... oM
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Connecting Processor (CP)

The computational unit of the BM
The atomic computational unit of a BM is the connecting processor (CP) and has:

A set of implemented opcodes chosen among many available.

adc,add,addf,addi,and,chc,chwi,cil,cilc,cir,cirn,clc,clr,cpy,cset,dec,div,divf,dpc,expf,
hlt,i2r,i2rw,incc,inc,j,jc,je,jgtof,jlt,jlte,jr,jz,Ifsr82,lfsr162r,m2r,mod,mulc,mult, multf

nand,nop,nor,not,or,r2m,r20,r2owa,r2owaa,r2s,r2v,r2vri,ro2r,ro2rri,rsc,rset,sic,s2r,sdj,sbc
sub,wrd,wwr,xnor,xor
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Connecting Processor (CP)

The computational unit of the BM
The atomic computational unit of a BM is the connecting processor (CP) and has:

Dedicated ROM and RAM.

2t RAM memory cells.

2° ROM memory cells.
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Connecting Processor (CP)

The computational unit of the BM
The atomic computational unit of a BM is the connecting processor (CP) and has:

Three possible operating modes.

Full Harvard mode.

Full Von Neuman mode.
Hybrid mode.
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Shared Obijects (SO)

The non-computational element of the BM

Alongside CPs, BondMachines include non-computing units called Shared Objects
(SO).
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Shared Obijects (SO)

The non-computational element of the BM

Alongside CPs, BondMachines include non-computing units called Shared Objects
(SO).

Examples of their purposes are:

Data storage (Memories).
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Alongside CPs, BondMachines include non-computing units called Shared Objects
(SO).

Examples of their purposes are:
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The non-computational element of the BM

Alongside CPs, BondMachines include non-computing units called Shared Objects
(SO).

Examples of their purposes are:

Data storage (Memories).
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ML on FPGA Course 2022 - Bologna ML inference with the BondMachine PrOject

14



Shared Obijects (SO)

The non-computational element of the BM

Alongside CPs, BondMachines include non-computing units called Shared Objects
(SO).

Examples of their purposes are:

Data storage (Memories).
Message passing.
CP synchronization.

A single SO can be shared among di erent CPs. To use it CPs have special instruction
(opcodes) oriented to the specic SO.
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Shared Objects (SO)

The non-computational element of the BM

Alongside CPs, BondMachines include non-computing units called “Shared Objects”
(SO).

Examples of their purposes are:
Data storage (Memories).

Message passing.

CP synchronization.

A single SO can be shared among different CPs. To use it CPs have special instructions
(opcodes) oriented to the specific SO.

Four kind of SO have been developed so far: the Channel, the Shared Memory, the
Barrier and a Pseudo Random Numbers Generator.
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Handle BM computer architectures

The BM computer architecture is managed by a set of tools to:
build a specify architecture
modify a pre-existing architecture
simulate or emulate the behavior

generate the Hardware Description Language Code (HDL)
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Handle BM computer architectures

The BM computer architecture is managed by a set of tools to:
build a specify architecture
modify a pre-existing architecture
simulate or emulate the behavior

generate the Hardware Description Language Code (HDL)

Processor Builder

Selects the single pro-
cessor, assembles and
disassembles, saves on
disk as JSON, creates
the HDL code of a CP
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Handle BM computer architectures

The BM computer architecture is managed by a set of tools to:
build a specify architecture
modify a pre-existing architecture
simulate or emulate the behavior

generate the Hardware Description Language Code (HDL)

BondMachine Builder

Processor Builder
Connects CPs and SOs

Selects the single pro- | |together in  custom
cessor, assembles and | |topologies, loads and
disassembles, saves on | |saves on disk as JSON,
disk as JSON, creates | | create BM's HDL code
the HDL code of a CP
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Handle BM computer architectures

The BM computer architecture is managed by a set of tools to:
build a specify architecture
modify a pre-existing architecture
simulate or emulate the behavior

generate the Hardware Description Language Code (HDL)

BondMachine Builder Simulation Framework

Processor Builder Simulates  the be-

haviour, emulates a BM
on a standard Linux
workstation

Connects CPs and SOs
together in  custom
topologies, loads and

Selects the single pro-
cessor, assembles and

disassembles, saves on
disk as JSON, creates
the HDL code of a CP

ML on FPGA Course 2022 - Bologna

saves on disk as JSON,
create BM's HDL code
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Processor Builder

CP Creation

Examples

ML on FPGA Course 2022 - Bologna

Procbuilder is the CP manipulation tool.
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Processor Builder

CP Load/Save

SENES
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Procbuilder is the CP manipulation tool.
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Processor Builder

Procbuilder is the CP manipulation tool.

CP Assembler/Disassembler

Examples
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Processor Builder

CP HDL

Examples

ML on FPGA Course 2022 - Bologna

Procbuilder is the CP manipulation tool.
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BondMachine Builder

Bondmachine is the tool that compose CP and SO to form BondMachines.

BM CP insert and remove

Examples
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BondMachine Builder

Bondmachine is the tool that compose CP and SO to form BondMachines.

BM SO insert and remove

Examples
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BondMachine Builder

Bondmachine is the tool that compose CP and SO to form BondMachines.

BM Inputs and Outputs

Examples
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BondMachine Builder

Bondmachine is the tool that compose CP and SO to form BondMachines.

BM Bonding Processors and/or 10

Examples
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BondMachine Builder

Bondmachine is the tool that compose CP and SO to form BondMachines.

BM Visualizing or HDL

Examples
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Toolchains

A set of toolchains allow the build and the direct deploy to a target device of
BondMachines

Bondgo Toolchain main targets
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Simulation

An important feature of the tools is the possibility of simulating BondMachine behavior.

ML on FPGA Course 2022 - Bologna ML inference Wlth the Bond Machine Project

19


https://www.youtube.com/watch?v=Cc1Qzioh2Ng

Simulation

An important feature of the tools is the possibility of simulating BondMachine behavior.

An event input file describes how BondMachines elements has to change during the
simulation timespan and which one has to be be reported.
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Simulation

An important feature of the tools is the possibility of simulating BondMachine behavior.

An event input file describes how BondMachines elements has to change during the
simulation timespan and which one has to be be reported.

The simulator can produce results in the form of:
Activity log of the BM internal.
Graphical representation of the simulation.

Report file with quantitative data. Useful to construct metrics

Graphical simulation in action
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Emulation

The simulation facility is not necessarily used for debug purposes, it can be used also to
run payloads without having a real FPGA.

The same engine that simulate BondMachines can be used as emulator.

Through the emulator BondMachines can be used on Linux workstations.
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Molding the BondMachine

As stated before BondMachines are not general purpose architectures, and to be
effective have to be shaped according the specific problem.
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Several methods (apart from writing in assembly and building a BondMachine from
scratch) have been developed to do that:
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Use the BM computer architecture

’ Mapping specific computational problems to BMs
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Use the BM computer architecture

’ Mapping specific computational problems to BMs

Symbond

Map symbolic
mathematical
expressions to BM
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Use the BM computer architecture

’ Mapping specific computational problems to BMs

Symbond

Map symbolic
mathematical
expressions to BM

Boolbond

Map boolean systems
to BM
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Use the BM computer architecture

’ Mapping speci ¢ computational problems to BMs

Symbond

Map symbolic
mathematical
expressions to BM

Boolbond

Map boolean systemg
to BM
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Use the BM computer architecture

’ Mapping speci ¢ computational problems to BMs

Symbond

Map symbolic
mathematical
expressions to BM

Boolbond

Map boolean systemg
to BM

Basm

The BondMachine
assembler

Bondgo

The architecture
compiler
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Use the BM computer architecture

|

Mapping speci ¢ computational problems to BMs

Symbond

Map symbolic
mathematical
expressions to BM

Boolbond

Map boolean systemg
to BM

Basm

The BondMachine
assembler

Bondgo

The architecture
compiler

ML on FPGA Course 2022 - Bologna

Matrixwork

Basic matrix
computation

ML tools

Map computational
graphs to BM

more about these tools
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Bondgo

The major innovation of the BondMachine Project is its compiler.

Bondgo is the name chosen for the compiler developed for the BondMachine.

The compiler source language is Go as the name suggest.

ML on FPGA Course 2022 - Bologna ML inference with the BondMachine PrOject

23



Bondgo

This is the standard ow when building computer programs
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Bondgo

This is the standard ow when building computer programs

’high level language sour{:e

Compiling

assembly I%

Assembling

machine cod%
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Bondgo

Bondgodoes something di erent from standard compilers ...
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Bondgo

Bondgodoes something di erent from standard compilers ...

high level GO sour#e
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Bondgo
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Bondgo

Bondgodoes something di erent from standard compilers ...

’high level GO sour#e
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Bondgo

Bondgodoes something di erent from standard compilers ...

high level GO sour#e

Arch generating

assembly |

Assembling

machine codé
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Bondgo

Bondgodoes something di erent from standard compilers ...

high level GO sour#e

assembly |

Assembling

machine cod% ’ Processor implementatiqn
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Bondgo

Bondgodoes something di erent from standard compilers ...

high level GO sour#e

assembly |

Assembling

@—»’ Processor implementatiqn
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Bondgo work ow example

counter go source
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Bondgo work ow example

counter go source
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Bondgo work ow example

counter go source
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bondgo input- le counter.go

-mpm
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Bondgo work ow example

counter go source

bondgo input- le counter.go
-mpm

counter asm

BM JSON rapresentation
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Bondgo work ow example
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Bondgo

... bondgo may not only create the binaries, but also the CP architecture, and ...
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. it can do even much more interesting things when compiling concurrent programs.
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‘ high level GO source
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‘Iassembly CP ‘

‘ assembly CP N ‘
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‘assembly CP1 ‘ CP 1 specs
| = cP2|  |cCP4]
‘assembly CP ‘ ‘CP3‘ ‘CP ‘
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Bondgo

. it can do even much more interesting things when compiling concurrent programs.

high level GO source

Compilin rchs generating

‘assembly CP1 } CP 1 specs

‘ cP2| |CP4]
L\ﬁcm\ |CP .|
assembly CP N
‘ ‘ Asm and Binaries *’

‘ assembly CP ...
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Bondgo

. it can do even much more interesting things when compiling concurrent programs.

high level GO source

Compilin rchs generating
‘ assembly CP 1 } | CP 1 specs
| = | CP 2 CP 4|
\
‘ assembly CP ... ~

————————[cp3}icp .|

assembly CP N -
‘ ‘ Asm and Binaries *’

Interconnections
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Bondgo

. it can do even much more interesting things when compiling concurrent programs.

high level GO source‘

Compilin \&chs generating

‘ assembly CP 1 } | CP 1 specs

| = | CP 2 CP 4|
‘ ~
assembly CP ...
| : L\—ﬂcmcp...
assembly CP N
‘ ‘ Asm and Binaries

BondMachine
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Bondgo

A multi-core example

multi-core counter
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Bondgo

A multi-core example

Compiling the code with the bondgo compiler:
bondgo -input-file ds.go -mpm

The toolchain perform the following steps:
Map the two goroutines to two hardware cores.
Creates two types of core, each one optimized to execute the assigned goroutine.
Creates the two binaries.
Connected the two core as inferred from the source code, using special 10 registers.

The result is a multicore BondMachine:
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Bondgo

A multi-core example

ML on FPGA Course 2022 - Bologna

[

0 i2r ro i0
P! i .

jo

i2r ro i0
Opcodes: rset rl 1

add, i2r, j add r0@ rl
r2o, rset

r2o r0 o0
jo
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Compiling Architectures

One of the most important result

ML on FPGA Course 2022 - Bologna
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and Interfaces

and BondMachines

‘ Programming language , , .

Language

) (=Y (5
Compiler _083 E =
[ BondMachine = © %]
= [}
\_/ N\

’ Registier Machine‘
‘" \ \f Transistors
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Basm

The BondMachine assembler Basm is the compiler complementary tools.

The BondMachine "fluid" nature gives the assembler some unique features:
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Basm

The BondMachine assembler Basm is the compiler complementary tools.

The BondMachine "fluid" nature gives the assembler some unique features:
Support for template based assembly code
Combining and rewriting fragments of assembly code
Building hardware from assembly

Software/Hardware rearrange capabilities
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Abstract Assembly

The Assembly language for the BM has been kept as independent as possible from the
particular CP.

Given a specific piece of assembly code Bondgo has the ability to compute the
“minimum CP" that can execute that code.

i2r r0 i0
i2r rl il
add ro rl
r2o r0 o0
jo

These are Building Blocks for complex BondMachines.
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Builders API

With these Building Blocks

Several libraries have been developed to map specific problems on BondMachines:

more about these tools
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Several libraries have been developed to map specific problems on BondMachines:
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Builders API

With these Building Blocks

Several libraries have been developed to map specific problems on BondMachines:

, to handle mathematical expression.
, to map boolean expression.

, to perform matrices operations.

more about these tools
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BondMachine Clustering

So far we saw:
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Optimizing a single device to support intricate computational work-flows
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BondMachine Clustering

So far we saw:

An user friendly approach to create processors (single core).

Optimizing a single device to support intricate computational work-flows
(multi-cores) over an heterogeneous layer.

Interconnected BondMachines
What if we could extend the this layer to multiple interconnected devices ?
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BondMachine Clustering

The same logic existing among CP have been extended among different BondMachines
organized in clusters.
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BondMachine Clustering
The same logic existing among CP have been extended among different BondMachines
organized in clusters.

Protocols, one ethernet called etherbond and one using UDP called udpbond have been
created for the purpose.

FPGA based BondMachines, standard Linux Workstations, Emulated BondMachines
might join a cluster an contribute to a single distributed computational problem.
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BondMachine Clustering
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BondMachine Clustering
A distributed example

distributed counter
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BondMachine Clustering
A distributed example

ML on FPGA Course 2022 - Bologna

PO inputs
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BondMachine Clustering

A distributed example

A general result

ML on FPGA Course 2022 - Bologna

See it working:
https://youtube.com/embed/g9xYHKOzca4
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BondMachine Clustering

Results

Results
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BondMachine Clustering

Results

Results
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BondMachine as accelerators

FPGA

PS (arm)

Interrupt

Custom

de$|gn

i

Linux based OS

Interconnection W ( Kernel

firmware

TR

Wires

Userspace
library

App

Char
device

API

ML on FPGA Course 2022 - Bologna

Talk with details about how the accelerator is build
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Accelerator - The library (*BNMAPI) BMr2owa

The char device created by the kernel
is opened by the BMAPI user space library
that implements the BMMRP.

(*BMAPI) BMr2ow

(*BMAPI) BMr2o

[ /dev/bm J[ BMAPI Library

(*BMAPI) BMi2rw

The library functions can be used
by the application

(*BMAPI) BMi2r

ML on FPGA Course 2022 - Bologna ML inference Wlth the Bond Machine Project




Accelerator - The application

ML on FPGA Course 2022 - Bologna

Input - Output
|

1 - the user application
through the library sends
avalue to the accelerator ‘

uﬂ > Input

2 - the user application
through the library read
the value from the

accelerator

Accelerator

ML inference with the BondMachine Project
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BondMachine recap

The BondMachine is a software
ecosystem for the dynamical
generation (from several HL types of
origin) of computer architectures that
can be synthesized of FPGA and
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