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Processors in FPGA

It is a common practice to use FPGAs to implement
processors. Some processors are directly created by the FPGA
manufacturer, some are open-source, some are proprietary.

Now with the advent of the RISC-V architecture, it is clear
that this will be more and more used in the future.

This is the also the case of the BondMachine project but
with a different approach.
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The Challenge

High level sources: Go, TensorFlow, NN, ...

Building a new kind of computer architecture (multi-core and heterogeneous both in
cores types and interconnections) which dynamically adapt to the specific

computational problem rather than be static.

BM architecture Layer

FPGA
Concurrency
and Specializa-
tion
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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:
� Some general purpose registers of size Rsize.
� Some I/O dedicated registers of size Rsize.
� A set of implemented opcodes chosen among many available.
� Dedicated ROM and RAM.
� Three possible operating modes.
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2R registers: r0,r1,r2,r3 ... r2R
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I/O specialized registers
N input registers: i0,i1 ... iN

M output registers: o0,o1 ... 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:
� Some general purpose registers of size Rsize.
� Some I/O dedicated registers of size Rsize.
� A set of implemented opcodes chosen among many available.
� Dedicated ROM and RAM.
� Three possible operating modes.

RAM and ROM
� 2L RAM memory cells.
� 2O 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:
� Some general purpose registers of size Rsize.
� Some I/O dedicated registers of size Rsize.
� A set of implemented opcodes chosen among many available.
� Dedicated ROM and RAM.
� Three possible operating modes.

Operating modes
� Full Harvard mode.
� Full Von Neuman mode.
� Hybrid mode.
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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.
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Shared Objects (SO)

Currently implemented SOs

Shared Memory

A Memory shared
among CPs

Channel

A CSP style channel for
message passing

Barrier

A barrier for CP
synchronization

Shared Stack

A stack shared among
CPs

Shared Queue

A queue shared among
CPs

Pseudo Random
Number Generator

more about these

FDF2024, 11/6/2024, CERN The BondMachine Project 11

http://bondmachine.fisica.unipg.it/docs


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

BondMachine Builder

Connects CPs and SOs
together in custom
topologies, loads and
saves on disk as JSON,
create BM’s HDL code

Simulation Framework

Simulates the be-
haviour, emulates a BM
on a standard Linux
workstation
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Toolchain and helper tool

A BondMachine Project is a directory containing all the necessary files to build a
BondMachine.

A set of tools have been developed to simplify the creation and maintenance of the BM
Projects.

bmhelper

Project
manteinance tool

Makefile

Project targets

Kconfig

Kernel style
configuration
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A first example
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Molding the BondMachine
Main tools

As stated before BondMachines are not general purpose architectures, and to be
effective have to be shaped according the specific problem.

Several methods (apart from writing in assembly and building a BondMachine from
scratch) have been developed to do that:

� bondgo: A new type of compiler that create not only the CPs assembly but also
the architecture itself.

� basm: The BondMachine Assembler.

� A set of tools to use BondMachine in Machine Learning.

� bmqsim: A quantum computer simulator.
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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.
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Bondgo

This is the standard flow when building computer programs
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Compiling
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Bondgo

Bondgo does something different from standard compilers ...
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Bondgo workflow example

counter go source
package main

import (
"bondgo"

)

func main() {
var outgoing bondgo.Output
var reg_int uint8
outgoing =

bondgo.Make(bondgo.Output , 3)
reg_int = 0
for {

bondgo.IOWrite(outgoing ,
reg_int)
reg_int ++

}
}

bondgo –input-file counter.go
-mpm

BM JSON rapresentation

counter asm
clr r0
rset r1 0
cpy r0 r1
cpy r1 r0
r2o r1 o0
inc r0
j 3

bondmachine tool

BM HDL code

FPGA

procbuilder tool

Binary
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Bondgo
A multi-core example

multi-core counter
package main

import (
"bondgo"

)

func pong() {
var in0 bondgo.Input
var out0 bondgo.Output
in0 = bondgo.Make(bondgo.Input , 3)
out0 = bondgo.Make(bondgo.Output , 5)
for {

bondgo.IOWrite(out0 , bondgo.IORead(in0)+1)
}

}

func main() {
var in0 bondgo.Input
var out0 bondgo.Output
in0 = bondgo.Make(bondgo.Input , 5)
out0 = bondgo.Make(bondgo.Output , 3)

device_0:
go pong()
for {

bondgo.IOWrite(out0 , bondgo.IORead(in0))
}

}
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Bondgo
A multi-core example
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Compiling Architectures

One of the most important result
The architecture creation is a part of the compilation process.
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Basm
The BondMachine assembler Basm is the compiler complementary tools.

It is a standard assembler that can be used to build code for the BondMachine. Given
the "fluid" nature of the BM architectures, BASM has some unique features:

� Support for code fragments

� Support for template based assembly code

� Fragments composition: combining and rewriting

� Building hardware from assembly

� Software/Hardware rearrange capabilities

� LLVM IR import
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Basm
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 Basm has the ability to compute the “minimum
CP” that can execute that code.

These are Building Blocks for complex BondMachines.
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Machine Learning with BondMachine
Native Neural Network library

The tool neuralbond allow the creation of BM-based neural chips from an API go
interface.

� Neurons are converted to BondMachine connecting processors.
� Tensors are mapped to CP connections.
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BM inference: A first tentative idea
A neuron of a neural network
can be seen as Connecting Processor of BM

X1

X2

X3

X4

inputs

H1

hidden layer

S1

S2

output layer

Y1

Y2

outputs
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From idea to implementation
Starting from High Level Code, a NN model trained with TensorFlow and exported in a
standard interpreted by neuralbond that converts nodes and weights of the network
into a set of heterogeneous processors.

High Level Code

Firmware
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Analysis and evaluation
A key aspect of the BondMachine inference engine is the high degree of configurability:
choose the desired trade-off between inference speed, accuracy and resource usage.

� numerical precision:
floating, fixed point
or custom operator to
change arbitrary the
bit-width.

� hw/sw function
swap: choose the
best trade-off
between hardware and
software.

� architecture
optimization collapse,
prune or even
customize CPs based
on the requirements.

Bit Luts Regs
32 14306 9264
19 7202 5717
16 7738 5487
12 4133 5094

Bit Static-Power (W) Dynamic-Power (W) Time / Inf (s) En. / Inf (J)
32 0.037 0.055 6.84E-06 3.78E-07
19 0.013 0.022 6.44E-06 1.39E-07
16 0.017 0.024 6.21E-06 1.49E-07
12 0.020 0.012 6.76E-06 8.11E-08

Many studies have been conducted to evaluate the performance of the BM
inference engine regarding power consumption, latency and resources usage.
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Quantum Computing

With all the capabilities of the BondMachine in terms of parallelism and speed, of
customizability of the instruction set and the numerical precision, it is a natural question

to ask whether the BondMachine could be used to simulate quantum computers.

A quantum computer simulator called bmqsim has been developed and is available
within the BondMachine project.
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Quantum Circuit

The first ingredient for bmqsim is a quantum circuit. The quantum circuit is a sequence
of quantum gates represented by a sequence of matrices. the “program” is a .bmq file

that contains code similar to the Qasm code.

bmq files

Basm style
parsing
engine

Independently of the backend, bmqsim translates the .bmq file into N matrices.
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Backend: Hardcoded matrices sequence

This backend creates a hardware
that for each state of the quantum
register, it applies the sequence of
matrices.

For each matrix operation a
dedicated processor is used. Within
the processor, the matrix elements
of all the gates are hardcoded.
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Validation

The validation is done by comparing the results of the
simulation with the results of the same quantum circuit
simulated by a well-known quantum simulator. Random-
izing both the quantum circuit and the input state.

FDF2024, 11/6/2024, CERN The BondMachine Project 36



FPGA Quantum Teleportation
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Uses of the architectures

� 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

� used as standalone devices,

� as clustered devices,

� and as firmware for computing
accelerators.
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Project timeline

� CCR 2015 First ideas, 2016 Poster, 2017 2022
2023 Talk

� InnovateFPGA 2018 Iron Award, Grand Final at
Intel Campus (CA) USA

� Invited lectures: "Advanced Workshop on
Modern FPGA Based Technology for Scientific
Computing", ICTP 2019 and 2022

� Invited lectures: "NiPS Summer School 2019"
� Golab 2018 talk
� Several other talks and posters, ISGC 2019,

SOSC 2022, 2023, INFN ML Hackathon 2022
� Article published on Parallel Computing,

Elsevier 2022
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Fabrics
The HDL code for the BondMachine has been tested on these devices/system:
� Digilent Basys3 - Xilinx Artix-7 - Vivado
� Kintex7 Evaluation Board - Vivado
� Digilent Zedboard and ebaz4205- Xilinx Zynq 7020 - Vivado
� ZC702 - Xilinx Zynq 7020 - Vivado
� Alveo boards - Xilinx - Vivado/Vitis
� Linux - Iverilog
� ice40lp1k icefun icebreaker icesugarnano - Lattice - Icestorm
� Terasic De10nano - Intel Cyclone V - Quartus
� Arrow Max1000 - Intel Max10 - Quartus

Within the project other firmware have been written or tested:
� Microchip ENC28J60 Ethernet interface controller.
� Microchip ENC424J600 10/100 Base-T Ethernet interface controller.
� ESP8266 Wi-Fi chip.
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Accelerators
Accelerators tests were done using the Zedboard and Alveo devices, in the near future we will use
facilities of the National supercomputing center (ICSC) also with other vendors devices, and to
explore clustering capabilities.

Xilinx Zynq-7000 SoC Alveo U55C FPGA cluster ICSC
53.2K LUTs 1304K LUTs Xilinx and Intel FPGAs

National supercomputing center (ICSC)
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The Ecosystem in a nutshell
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Conclusions

The BondMachine is a new kind of computing device made possible in practice only by the
emerging of new re-programmable hardware technologies such as FPGA.

The result of this process is the construction of a computer architecture that is not anymore a
static constraint where computing occurs but its creation becomes a part of the computing

process, gaining computing power and flexibility.

Over this abstraction is it possible to create a full computing Ecosystem, ranging from small
interconnected IoT devices to Machine Learning accelerators.
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website: http://bondmachine.fisica.unipg.it
code: https://github.com/BondMachineHQ
parallel computing paper: link
contact email: mirko.mariotti@unipg.it
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