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Introduction

Gravitational wave interferometer detect cosmic events producing time series 
data.

Novel reconfigurable architectures for reducing the latency of recurrent 
neural networks (RNNs) that are used for detecting gravitational waves. 

Identifying correct reuse factor for each layer in a multilayer lstm model.

Proposed balancing initiation intervals for a coarse-grained pipelined 
architecture to enable fast multi-layer LSTM data analysis in gravitational 
wave experiments.



Contributions

• A scalable and low latency LSTM template which enables the generation of low-latency FPGA designs 
with efficient resource utilization by HLS tools. 
Open-sourced templates with some examples- https://github.com/walkieq/RNN HLS

• Hardware utilization and throughput enhancement for multilayer LSTM by balancing initiation interval



LSTM-based autoencoder for gravitational wave detection

LSTM-based autoencoder is used as an unsupervised prediction model to detect the anomalies for gravitational waves. 

Training the LSTM-autoencoder to encode and decode normal background conditions at the LIGO interferometers.

When an event containing a gravitational wave passes through the autoencoder, the model cannot encode and decode 
the additional strain provided by the gravitational wave. 

The encoder and decoder have two LSTM layers. A Time Distributed dense layer is applied before the data output.

Encoder Decoder



System II for multi-layer LSTM networks

The hardware resources for layer 1 can be reduced so that the saved resources can be reallocated for layer 0. The
IIlayer1 is increased to II’layer 1 while the IIlayer0 which is the largest can be reduced to II’layer0 so that the final system
II’sys can be reduced.

An optimization algorithm computes a partitioning of the FPGA resources for an efficient and balanced high-performance 
design, given the dimensions of the LSTM layers and a resource budget.



 Extra (LTN - iiN) cycles can be eliminated after
using the rewind for Vivado HLS #pragma
pipeline.

System II for multi-layer LSTM networks



The II of a single LSTM layer

The second sub-layer is complex and its II is usually larger than the one of the first sublayer, the parallelism for the first
sub-layer does not need to be as large as possible, resulting in a reduction of the number of multipliers needed to process
the mvm x unit.

The saved multipliers can then be reallocated for other layers to achieve a lower system II. Reducing the parallelism of
mvm x does not hurt the system latency.

An LSTM layer after performing the transformation
Coarse grained pipelining in an LSTM layer



Overlapping the computations in cascaded LSTM layers

Timestep overlapping

The processing of the cascaded LSTM layers can be overlapped. The second layer does not need to wait for the
whole sequence of hidden vectors to be ready. Just one hidden vector from the former LSTM layer is sufficient to
start the calculation of the next LSTM layer.



HLS Implementation

For complex codes, partition functionality into multiple modules, streaming data between them through explicit interfaces. 

Smaller components are more modular, making them easier to reuse, debug and verify.

Scheduling logic in smaller chunks is beneficial for compilation time and sometimes also for system latency.

With a reuse factor of one, the computation is fully parallel. With a reuse factor of R, 1/R of the computation is done at a time 
with a factor of 1/R fewer multipliers.

Hard tangent by PWL and sigmoid by bram based look up table.

the LSTM tail unit consumes 4×Lh DSPs.

Compared with the number of multipliers used in LSTM gates,
the one required in the LSTM tail unit is small, so the Rt is
set to 1.



Design Space Exploration

After balancing IIs, the Pareto frontier moves from red line 
to blue line. 

With the proposed technique, a same II with less DSP usage 
(from point A to point C) or a better II (from point A to point 
B) can be achieved.



Experimental Setup

Simulated gravitational waves are generated using the GGWD
library.
Noise is generated at a specified power spectral density (PSD)
to mimic normal detector background conditions using PyCBC.

The training set has 240K gravitational wave events. The
validation set and test set have 60k and 50k events respectively.

To study the performance and limitations of the proposed
optimizations and hardware architecture, the designs are
implemented using Vivado HLS 19.2.

Two generations of Xilinx FPGAs, the ZYNQ 7045 and U250,
are evaluated and compared with previous work.

AUC metric, or area under the Receiver 
Operating Characteristic (ROC) curve



Performance Analysis



Performance Analysis



Conclusion

A novel approach for minimizing the initiation intervals for the
execution of a multi-layer LSTM network by optimizing the reuse
factors for each layer.

Results show latency reduction of up to 12.4 times over the existing
FPGA-based LSTM design.


	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14

