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In a first, brain implant lets man with complete paralysis
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Brain Implant Allows Fully Paralyzed

Patient to Communicate

Letter by painstaking letter, a man in a completely locked-in state

was able to formulate words and sentences using only his

thoughts.
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New Brain Implant Transmits Full
Words from Neural Signals

No spelling out of letters is needed for a paralyzed person to use the first-of-a-kind
neuroprosthesis

The Man Who Controls Computers
With His Mind
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How are implantable brain-computer
Interfaces implemented?
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Implantable brain-computer interfaces
trade processing, power, real-time
processing, and flexibility

The FDA warns against overheating cellular tissue beyond 1°C - 15-40mW

DARPA NESD targets 100s Mbps - 10s Gbps to read/stimulate biological neurons

Responses within 10s of milliseconds to treat epilepsy or movement disorders

Flexibility for new computational methods, use cases, for personalization, and to
build standards for wider computational stack
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ldentifying computational capabilities

Important computational methods for both clinical and research
Support for reading and stimulation of biological neurons

Supported computational kernels representative of methods used across brain
regions and depths

Some computational kernels need to meet real-time processing needs

Support for parameter tuning to personalize algorithms to subject

Support for emerging algorithms and computational methods
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Building monolithic ASICs
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28nm FD-SOI CMOS process, physical synthesis flow with standard cells from STMicroelectronics

Baseline: Monolithic ASIC HALO: Processing Elements
[ ] Compression LZ4 LZ » LIC
233 MHz 129 MHz 23 MHz

15 mwW 3 mW 0.4 mW



Baseline: Monolithic ASIC HALO: Processing Elements

[] Compression LZMA LZ LIC
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function LZMA_COMPRESS_BLOCK(input) MA

output = list(lzma header)
while data = input.get() do
best_match = find_best_match(data)
match_prob = count(match_table, best_match)
/ count_total(match_table)
rl = range_encode(match_prob)
output.push(rl)
increment_counter(match_table, best_match)
end while

ret output
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28nm FD-SOI CMOS process, physical synthesis flow with standard cells from STMicroelectronics

[] Compression

Baseline: Monolithic ASIC HALO: Processing Elements
233 MHz 129 MHz
22 mW 3 mW
LZMA LZ LIC
90 MHz
\ 0.8 mW
function LZMA_COMPRESS_BLOCK(input) MA » RC
92 MHz
output = list(lzma header) 3 mW

while data = input.get() do
best_match = find_best_match(data)
match_prob = count(match_table, best_match)

/ count_total(match_table)

rl = range_encode(match_prob)

output.push(rl)

increment_counter(match_table, best_match)
end while

ret output
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Baseline: Monolithic ASIC
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28nm FD-SOI CMOS process, physical synthesis flow with standard cells from STMicroelectronics

Baseline: Monolithic ASIC
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Waiting for vendor to package chip for measurement results; physical synthesis results shown

Chip tape-outin 12nm HALO: Processing Elements
CMOS process 25 MHz
0.10 mwW
155 MHz
5 5 mW LZ LIC
60 MHz
0.45 mW
36 MHz N
0.05 MW DWT MA » RC
180 MHz
4.33 mW
14 MHz
OGP NEO 3.5 MHz
0.04 mW
) 4
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Summary of the HALO approach

Break each computational task into individual kernels
Instead of monolithic ASIC, build a hardware PE per kernel
Clock each PE at no more than its necessary frequency
Avoid overly fine-grained PEs to reduce communication

Avoid overly coarse-grained PEs to facilitate sharing, reuse, and lower clock speed



Designing a module

Computation needs are still being investigated by neuroscience researchers

-> For rapid prototyping, we used a high-level synthesis (HLS) flow

HLS structure

Standardized parameter settings “config” interface for pcontroller

Elastic I/O interface from HLS tools

HLS optimizations
Fixed-point v/s floating-point
Choice of loop pipelining

Re-structuring input to make it more “HLS-friendly"



Interconnect design

Current implementation

PE frequency to/from interconnect frequency adaptor

Interconnect frequency selected to support “full throughput”

Standard synchronizer structure for interface to interconnect

Similar configuration interface to set configuration bits for switches
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Handling bursty data

Flow of data tokens is bursty and data-dependent
Example: compression produces a variable number of output data tokens
Each component has a peak token consumption rate (set by its frequency)
- FIFOs needed at some interfaces to buffer data tokens

FIFOs sized based on frequency of PEs + worst-case data patterns



Management and configuration interface

Each element of architecture exports a standardized “config” port
Parameter settings
Pipeline configuration

Reading debugging information from PE

Config module added to RISC-V core, under software control



Evaluations using neuronal
recordings of a non-human
primate’s motor cortex collected
by the Borton Lab lab at Brown

More recent evaluations using
recordings from human patients
with epilepsy collected by the
Yale Epilepsy Research Center
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Our focus is on more complete tape- =

outs, designing an asynchronous
vector processor, building support
for long-term storage, and
distributed BCI scenarios
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Also exploring potential in-vivo tests
with swine with collaborators at
Yale’s Epilepsy Research Center
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