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Artificial intelligence (Al) has made significant strides towards efficient online
processing of sensory signals at the edge through the use of deep neural
networks with ever-expanding size. However, this trend has brought with it
escalating computational costs and energy consumption, which have become
major obstacles to the deployment and further upscaling of these models. In
this Perspective, we present a neuro-inspired vision to boost the energy effi-
ciency of Al for perception by leveraging brain-like dynamic sparsity. We
categorize various forms of dynamic sparsity rooted in data redundancy and
discuss potential strategies to enhance and exploit it through algorithm-
hardware co-design. Additionally, we explore the technological, architectural,

and algorithmic challenges that need to be addressed to fully unlock the
potential of dynamic-sparsity-aware neuro-inspired Al for energy-efficient

perception.

In response to ever more complex and diverse perception tasks, Al
models have grown substantially in both size and computational
requirements. This trend follows empirical scaling laws', increasing the
energy demands for training and inference. It poses a critical challenge
to the deployment of Al models, particularly on edge platforms tar-
geting applications such as mobile computing, smart wearables, and
autonomous robots, where dynamic real-time interaction with the
environment is necessary*.

This Perspective focuses on Al perception systems that process
input from sensors of various modalities used for extracting infor-
mation in natural scenes. These systems typically exploit neural net-
works consisting of convolutional and recurrent layers, and recently,
more complex architectures like transformers. To deploy perception
systems on energy-constrained hardware platforms, huge efforts have
been made to reduce unnecessary computations within the networks,
that is, to increase the compute sparsity, which willimprove the energy
efficiency of the corresponding hardware platforms.

Traditional approaches focus on what we term static sparsity—
sparsifying network connections by applying pruning techniques®. To
further minimize the size and complexity of the model, pruning is
often combined with other optimization techniques such as parameter
quantization® and neural architecture search®. Although these static

sparsity methods have yielded substantial model-size reduction and
inference acceleration (e.g., 2 x smaller and 1.8 x faster convolutional
models for image recognition’), these approaches are inherently
static and do not account for the characteristics of the actual
data input during runtime. Recently, several data-driven dynamic
sparsity approaches are on the rise, to further decrease the number of
computations at runtime. Yet, this emerging field is still highly scat-
tered, and opportunities for perception systems remain largely
underexplored.

This Perspective therefore explores the various forms of dynamic
sparsity, with a focus on context-aware sparsity, which seek to reduce
computation based on the dynamic structure of the incoming data and
the evolving context of a task, particularly for systems that operate in
natural environments. This data-driven approach is inspired by the
redundancy in the sensor and network output due to intrinsic spatio-
temporal correlations of natural stimuli as we will discuss further in the
next section. Rather than processing every component of the model
for every input sample, a system employing dynamic context-aware
sparsity would be selectively activated by the input, and would then
execute the network computations and memory accesses only when
needed. This concept is inspired by biological brains, which operate
under strict energy budgets with tight latency constraints, and have
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evolved to process information in an adaptive, context-dependent
manner.

While spiking neural networks (SNNs) operating on data from
event-based sensors serve as the prototypical example, we will
demonstrate that the concept of dynamic sparsity is much more
general and broadly applicable across neural network architectures
beyond SNNs. For example, transformers®’, the current workhorses of
large-scale foundation models, exploit a form of data-driven dynamic
attention. Here, the self-attention mechanism takes into account some
contextual information from the token sequence. Typical transfor-
mers, however, execute this attention mechanism in a dense fashion,
primarily towards increased accuracy rather than reduced computa-
tion counts. They can also benefit from reduced computation by using
the sparse dynamic outputs of event-based vision sensors'®. However,
they leave a lot of margin for further exploiting dynamic sparsity in a
data-driven and context-aware fashion, as nature does.

This Perspective outlines the broad potential of dynamic sparsity
as a key enabler of the next wave of energy-efficient intelligent per-
ception. We draw on biological insights to demonstrate how the brain
exploits dynamic sparsity in various ways, present a taxonomy of
the sparsity types, then explore how dynamic sparsity can be intro-
duced at multiple algorithmic and hardware levels through both
sparsity-enhancing and sparsity-exploiting techniques. Additionally,
we examine open challenges in architectures, algorithms, and tech-
nologies, as well as potential applications for future exploration and
innovation in dynamic-sparsity-aware, neuro-inspired Al systems. In
particular, we focus on the opportunities arising from dynamic spar-
sity for artificial neural networks (ANNs), where we identify greater
potential benefits than for SNNs, which already have closer connec-
tions to biology.

Neural inspiration
Animals can only sustain themselves with the amount of energy they
can forage", making energy efficiency crucial for survival. Conse-
quently, the brain’s computation must be highly energy-efficient. This
demand for efficiency suggests that neurons in the brain must fire
sparsely, since spike generation accounts for more than 50% of brain
energy consumption®. Various estimates indicate that the average
firing rate of cortical neurons is approximately 1 Hz (Box 1). The sparse
firing of neurons can be directly observed in an example calcium
imaging recording of brain slices, as shown in Fig. 1A.

The sparsity of neural activity suggests that the brain uses sparse
firing patterns to encode information, a concept known as sparse
coding”. Theoretical and experimental evidence supports this

BOX 1

principle across various sensory modalities, including vision™,
audition®, and olfaction’®. Sparse coding is consistent with the
redundancy-reduction hypothesis”, which postulates that sensory
systems aim to preserve essential information while discarding
redundant input. Natural scenes, such as a horse in motion illustrated
in Fig. 1B, exhibit high spatiotemporal redundancy: most pixels change
little over time, and nearby pixel values are highly correlated. There-
fore, encoding only the spatiotemporal changes drastically reduces
the number of spikes required to represent the stimuli”.

Another important property of nervous systems is their stateful-
ness. Neurons maintain localized states through a variety of mechan-
isms such as synaptic connections, neuron membrane potentials,
calcium concentrations, and many other localized, time-varying state
variables®”. These states—distributed at different synapses, neurons,
and brain areas—allow biological neural networks to integrate sensory
information across a range of temporal and spatial scales, forming
context-aware models of the environment. This stateful computation
approach enables efficient processing: rather than recalculating
everything from scratch, the brain updates only what is necessary
based on its current state using sparse local communication.

While modern Al models do employ states—such as hidden states
in recurrent neural networks (RNNs)*°, KV cache in Transformers?, and
long-term memory banks in memory-augmented models**—they typi-
cally process all inputs and all model components densely at each
inference step. This dense processing undercuts the potential gains
from statefulness by incurring high energy and latency costs. In con-
trast, the brain performs selective and sparse updates, often triggered
by surprise or salient stimuli.

Two key mechanisms have been proposed to explain how the
brain maintains sparse activity and energy-efficient inference: pre-
dictive coding and attention-based gating. Predictive coding® posits
that the brain actively generates top-down predictions of the incoming
stimuli and compares them with the actual inputs. The predictions are
then updated by the bottom-up error signals. This feedback process
allows the brain to focus its processing resources on unexpected
inputs (surprise). For example, in a driving scene (Fig. 1C), the back-
ground motion is highly predictable, whereas a child suddenly running
across the street generates a significant prediction error, rapidly
engaging sensory processing and motor response. Fig. 1D illustrates
the consequence of such a predictive model, where the prior estab-
lished by the first sentence biases the interpretation of “flies” in the
second sentence, necessitating a reset. Nevertheless, this bias dyna-
mically lowers the inference cost and latency by constraining the
search space.

How sparse is the brain’s spiking activity?

A dominant form of dynamic sparsity in the brain is the sparsity of the
spikes—the fundamental units of neural computation. But how sparse
is the brain’s spiking activity? More than 50% of mammalian brain
power is dedicated to generating spikes', and a back-of-the-envelope
estimate® relating human brain power of P=10 W to the average spike
rate R suggests that R =1Hz*>™, This estimate applies to the entire
brain, and neurons in higher cortical areas have much lower spike rates
than those near the sensory periphery™. If we take the computation
time scale to be 1 ms (based on the response time of excitatory post-
synaptic potentials), this implies that the human brain’s spiking activity
is roughly 99.9% sparse, with an active (spiking) duty cycle of only 107,
Although the average spike rate is only 1Hz, we clearly operate with
much higher sensing and processing bandwidths.

Since the brain produces spikes only when needed, synaptic
operations are likely to be highly significant. This contrasts starkly with

current ANNs, which perform multiply-and-accumulate (MAC) opera-
tions indiscriminately using oversimplified point neuron models. To
make the most of every precious spike, biological neurons employ a
series of stateful computations. For example, many biological neurons
high-pass filter their input through spike-frequency adaptation’®. Fur-
thermore, synaptic events have rich dynamics integrated within the
nonlinear dendritic trees. Neurons with expansive dendritic non-
linearities and depressing synapses act as novelty filters at a

finer scale.

@ P=10W =R (Hz) x 10" neurons x 10* synapses/
neuron x (107 V x107° Ax107%s)/spike = R=1Hz
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Fig. 1| Examples of dynamic sparsity. A Sparse spiking activity (arrows) observed
through calcium imaging of a brain slice from mouse frontal cortex (courtesy R.
Loidl). B Muybridge’s 1878 Horse in Motion sequence repeats nearly exactly the
same information across frames, albeit with severe aliasing. C Driving sequence is

. B v . D "Time flies like an arrow"”
ﬂ '?# '@é’ 'ﬁ "Fruit flies like a banana”

dense and highly repetitive; the critical pixels with the child (circled) are a tiny
fraction of total. D Example used by J. Hopfield in his Caltech teaching of forming
attentional expectation bias in language that sparsifies subsequent inference.

photorecethor

bipolar ganglion cells

Fig. 2 | Dynamic sparsity in neuromorphic vision sensors. A The three layers of
the biological retina®. Left to right: photoreceptors, bipolar cells, and ganglion
cells. B Silicon implementation of the retina cells in a neuromorphic event camera

5 |

Frames are blurred and aliased

(IS
/>

Brightness change events make sparse helix in space-time

1. C Comparison of dense frames (top) and sparse brightness-change events

152

pixe
(bottom) from a spinning dot stimulus, recorded by a hybrid vision sensor

In parallel, attention mechanisms** serve as top-down processes
that prioritize relevant inputs and modulate the activation of various
computational pathways. This form of selective processing constitutes
a coarse but powerful implementation of dynamic sparsity. By focus-
ing only on salient information, attention enables the brain to allocate
resources more effectively and reduce overall processing cost.

Figure 2 shows an example of embedding neuro-inspired dynamic
sparsity in a vision sensor. Retinal circuits respond primarily to chan-
ges in the visual field”, and event camera pixels*® mimic this behavior
by producing output events only when brightness changes above a
certain threshold occur. These neuromorphic sensors generate sparse,
low-latency event streams that better capture dynamic visual infor-
mation without the redundancy of frame-based input, offering sub-
stantial advantage in terms of latency, temporal resolution, energy
efficiency, and dynamic range?”.

The neural foundation of dynamic sparsity as well as its demon-
strated effectiveness in neuromorphic vision sensors, motivate the
exploration of its broader applications in energy-efficient Al. To con-
nect insights from neuroscience with the recent progress in various
fields—such as neuromorphic engineering, deep learning, and domain-
specific accelerators—and to systematically frame the key design
considerations for implementing this principle, the next section ela-
borates a necessary taxonomy of dynamic sparsity.

Types of dynamic sparsity

Sparsity plays a crucial role in both biological and artificial perception
systems. By eliminating non-informative redundancy, sparsity reduces
unnecessary computation and communication, thereby shortening
processing latency and lowering energy consumption. Depending on
whether the eliminated redundancy is data-dependent, sparsity in

perception systems can be broadly classified into two categories: static
sparsity (Fig. 3A) and dynamic sparsity (Fig. 3B).

Static sparsity exploits predetermined and fixed redundancy,
resulting in a fixed processing flow during perception. Methods for
obtaining static sparsity include fixed duty cycling of sensors®, using a
preset camera region of interest, as well as pruning the weights of a
neural network®’. Although static sparsity effectively reduces compu-
tation and data movement demand for a given task, it enforces an
identical processing flow regardless of input data variations. This fixed
connectivity map can potentially miss out on further data-dependent
optimization as discussed next.

Dynamic sparsity, in contrast, leverages data-dependent redun-
dancy. Box 2 provides a formal definition of dynamic sparsity. Our
definition of dynamic sparsity is distinct from a class of network
pruning methods known as dynamic pruning®® or dynamic sparse
training®>**. Although these methods dynamically adjust the sparse
neuron connectivity during training, the sparsity is fixed once the
training is completed (i.e., during inference). In contrast, we focus on
algorithms and hardware designs targeting sparse computational flow
that can dynamically change in a data-driven fashion during inference.

Prior works that have discussed and incorporated various forms
of dynamic sparsity are often applied to solve specific, isolated pro-
blems, resulting in a fragmented landscape. For example, some works
focus exclusively on activation sparsity in convolutional neural net-
works (CNNs) (e.g., skipping zero-valued ReLU outputs®?¢, dynamic
channel and activation pruning during inference®) or subnetwork
gating for large language models (LLM) (e.g., Mixture of Experts
(MoE)**™*°, and speculative decoding*~*?), while others explore stateful
temporal sparsity in RNNs (e.g., delta networks***). These various
forms of dynamic sparsity have rarely been analyzed within a unified
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A. Static sparsity

Data-agnostic
processing flow

C. Dimension of dynamic sparsity

//"*-/

L st

Spatial sparsity Temporal sparsity Unstructured sparsity

Fig. 3 | Taxonomy of sparsity. Sparsity is classified based on whether it is data-
dependent. A Static sparsity is fixed and leads to a static processing flow. Weight
sparsity, commonly employed in neural network compression, falls into this cate-
gory. B Dynamic sparsity is data-dependent and leads to a dynamic processing flow.
Rooted in data redundancy, it can be further categorized based on its dimension,
structuredness, and statefulness. C Dynamic sparsity can be spatial, temporal, or

B. Dynamic sparsity

Data-dependent
processing flow

D. Structuredness of dynamic sparsity

No internal
states

Requires
internal states

Stateful sparsity

Structured sparsity Stateless sparsity

spatiotemporal, depending on the dimension along which the information redun-
dancy is exploited. D Dynamic sparsity can be either structured or unstructured,

depending on whether such sparsity should satisfy any spatial or temporal struc-

tural constraints. E Dynamic sparsity can be either stateless or stateful, depending
on whether extra memory or states are employed to induce sparse representations
from dense representations.

BOX 2

A formal definition and taxonomy of dynamic sparsity

We model the computation of an Al system as a (possibly stateful)
mapping @ : X xS — Y xS, where X is the input space (e.g., sensory
inputs), YV is the output space (e.g., predictions or control outputs), and
S is the state space (e.g., recurrent states or internal memory). For any
(x;, s) € X xS, where x, € X is the current input and s; € S is the current
state, we write D(x;, s;) = (Y: Sw1), Wwhere y; € Y is the current output and
Suq € S is the updated state.

We index the operations to compute ® by i=1, 2, ..., n, where nis the
total number of operations. Each operation might be low-level (e.g.,
scalar multiplications or additions) or high-level (e.g., activation of a
sensor or a sub-network). To sparsify ®, we introduce a (possibly time-
dependent) binary mask m;=(mg4, m», ..., my,) € {0, 1}", where m; ;=1
means operation i is executed when processing (x;, s;), and m;;=0
means operation i is skipped. Thus, when using the sparsified mapping
(denoted as ®y,) to compute (y;, St+1), only the operations with my;=1
are performed.

The sparsity of @y, is static if the mask m is fixed during inference
(e.g., obtained by offline pruning) and does not depend on x; or s;. In

framework. While existing surveys on dynamic neural networks* or
ephemeral sparsification” summarized the algorithmic aspects of
dynamic sparsity within neural networks, a systematic treatment of
dynamic sparsity for intelligent perception systems, encompassing
both algorithm design and hardware optimization throughout the
entire processing chain, is still missing.

contrast, the sparsity is dynamic if m is determined on-the-fly based on
X, S, or both. In other words, m;=g(x,, s) is a function of x; and s,.

With this framework, we can also formalize the proposed taxonomy
of dynamic sparsity:

1. Sparsity dimension (Fig. 3C):
* Spatial: For a given time t and a set of operations Z, m;;=0 for
someieZ.
* Temporal: For a given operation i, m;;=0 at certain time t.

2. Structuredness (Fig. 3D):
 Unstructured: m, can take any pattern in {O, 1}".
« Structure: m; is restricted to a subset of patterns P c {0, 1}".

3. Statefulness (Fig. 3E):
« Stateless: m, depends only on the current input x; but not on the
state s,.
« Stateful: m; depends on state s;, and thus also on the past inputs
X1, X, oy Xpt-

As a first step towards a more unified view and to encourage a
more holistic approach to system design, we categorize dynamic
sparsity along three independent yet interrelated aspects: sparsity
dimension, structuredness, and statefulness. This taxonomy of
dynamic sparsity is applicable throughout the perception pipeline,
from the sensory periphery and early feature extraction to multi-

Nature Communications | (2025)16:9928


www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-025-65387-7

A. B. C. D.
[ [ |
— 1t t
5N . AT anrs
- 0.2%
S tivat il
Sparse coding Activation compression par?fngﬁo'ﬁa O Spiking network 5
<
@
- s = ()
- Al e 3 \
A
X . Delta network 100 mW
Event-driven vision Sparse IMC
f disable fl
10 mwW
=/ 0 3
L» t (OO | ] E
Event-driven audition Weight access skipping Zero-gating Zero-skipping
50 yw
Activation Weight
@ ‘ PIR+Standby EventCamera ~ CNN+RNN  Radio Alarm
@ @ 8 + N Motion? *¥ > Events? ¥ N Fall? 27
. J 7 ‘i .
Sensor Memory Neural-compute @ e

Fig. 4 | Enhancing and exploiting dynamic sparsity in perception systems.

A The sensor subsystem uses methods such as sparse coding and event-based
representation to suppress data redundancy at the very first stage of perception.
B The memory subsystem provides storage for both activations and weights. It
exploits dynamic sparsity by reducing the data traffic to and from the memory,
using methods such as activation compression, sparse in-memory computing

(IMC), and weight access skipping. C The neural-compute subsystem enhances
dynamic sparsity through both stateless (e.g., ReLU) and stateful approaches (e.g.,
spiking network and delta network). Techniques such as zero-gating and zero-
skipping exploit the induced sparsity. D At the system level, dynamic sparsity
brings further energy savings by de-activating and gating entire system modules.

modal integration towards higher-level decision-making. The tax-
onomy presented here is based on pixel- or neuron-level dynamic
sparsity, and we extend it later to a coarser granularity when discussing
system-level dynamic sparsity.

Dimension of dynamic sparsity

Spatial sparsity (Fig. 3C, left) refers to the sparse activity of a collection
of neurons or pixels within a time window. It originates from infor-
mation redundancy along the spatial dimensions. Examples of spatial
redundancy are zero-values in the feature maps in CNNs*?*, the
sparsely firing channels/pixels/taxels of event-driven neuromorphic
sensors***”*8 and the similarity between spatially neighboring pixels*’
or neurons’ at a given time point.

Temporal sparsity (Fig. 3C, right) refers to the sparse activity of a
single neuron or pixel over time. It takes advantage of information
redundancy in the temporal dimension. Examples of temporal
redundancy are the predominance of environmental noise for speech
processing tasks®, the spectral similarity between neighboring audio
frames®, the slow variation of neuron activation over time****, and the
dynamically gated neuron updates in RNNs****,

Spatial and temporal dynamic sparsity are not mutually exclusive.
In fact, many stimuli exhibit redundancy in both space and time,
leading to spatiotemporal sparsity. For example, in the driving scene
shown in Fig. 1C, the relevant objects, such as vehicles and pedestrians,
are normally located in the bottom half of the camera view, while the
top half can be mostly regarded as background and ignored, exhibiting
spatial sparsity. Meanwhile, the movement of the vehicles or the traffic
lanes are highly predictable, exhibiting temporal sparsity. Spatio-
temporal sparsity can be directly visualized in Fig. 2C, where the sparse
brightness-change events create a helix in spacetime.

Structuredness of dynamic sparsity

Unstructured sparsity (Fig. 3D, left) allows for arbitrary patterns of
inactive neurons. There is no restriction as to which neurons can be
active or inactive at any moment. Many neuromorphic sensors?**”*¢ as
well as spiking™*° and non-spiking®*" neural network accelerators,
utilize unstructured sparsity. Without structural constraints, it

provides the finest sparsity granularity and maximum flexibility in
skipping useless computations.

Structured sparsity (Fig. 3D, right), on the other hand, requires the
sparse elements to have regular patterns. In general, this entails
grouping the neurons so that those within the same group are all active
or inactive simultaneously. The neuron grouping defines the granu-
larity of structured sparsity. Example groupings are locally neighbor-
ing elements*®, entire rows or columns®’, CNN feature maps®’, and all
neurons in the same layer®. Such regularity allows for more efficient
hardware implementations compared to unstructured sparsity.

Statefulness of dynamic sparsity

Stateless sparsity (Fig. 3E, left) does not require any internal states to
induce sparse representations from dense representations. It relies
solely on the instantaneous input to identify redundant operations and
determine the sparse computational pattern. Skipping zero activation
values in a neural network®~ provides a canonical example of stateless
sparsity.

Stateful sparsity (Fig. 3E, right) derives the sparse representation
by taking into account not only the current input but also an internal
state variable that encodes the past inputs. Examples that incorporate
stateful sparsity are spiking neuron models implemented in neuro-
morphic spiking sensors?**’*® and SNN processors®°. Notably, the
highly sparse computation in the brain is inherently stateful due to its
complex dynamics, suggesting the potential advantage of stateful
sparsity over stateless sparsity.

Dynamic sparsity enhancing and exploitation
techniques

The brain’s ability to induce and exploit dynamic sparsity has long
inspired designers of intelligent perception systems, be it robots,
wearables, or smart spaces. In this section, we review these state-of-
the-art techniques in light of the proposed taxonomy and identify the
key design considerations for leveraging dynamic sparsity. As shownin
Fig. 4, dynamic sparsity can be incorporated within the three major
components of an intelligent perception system, namely, the sensor,
memory, and neural-compute subsystems. In addition, it can also be

Nature Communications | (2025)16:9928


www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-025-65387-7

applied at the system level, which involves dynamically activating the
entire modules or subsystems.

Sensor subsystem

Exploiting dynamic sparsity at the sensor subsystem—the very first
stage of the processing pipeline—offers a significant advantage in
terms of system-level energy and latency, as much less sensory data
needs to be transmitted or processed by the subsequent stages®>. Both
stateful and stateless techniques can be applied to substantially
improve energy efficiency and reduce the burden on later processing
stages.

The most widely used stateless methods for initial sparsification
include sparse coding and vector symbolic architecture (VSA) (also
known as hyperdimensional computing). Sparse coding aims to
represent input signals using an overcomplete set of basis vectors,
ensuring that only a few coefficients are nonzero, so the data repre-
sentation is highly sparse™. Similarly, VSA employs high-dimensional
sparse vectors to encode information, naturally promoting sparsity in
the activation space by emphasizing zero-valued components in
representations®’. While these stateless techniques effectively exploit
the instantaneous sparsity of the original signal, they are inherently
limited in exploiting temporal correlation as they lack internal states to
memorize previously seen input patterns.

Stateful methods can be employed to achieve higher sparsity
levels. These methods leverage past information or spatial correlations
to encode the data more efficiently. Compared to stateless methods,
stateful methods are particularly effective in natural environments
where input signals have strong spatiotemporal correlations, because
they dynamically adapt to the characteristics of the signals. Using
these correlations, algorithms can drastically reduce power con-
sumption and bandwidth requirements, making them ideal for
resource-constrained perception tasks.

A prominent example, shown in Fig. 2, is the neuromorphic
dynamic vision sensor (DVS)*, also known as the event camera®. In
DVS, pixels use delta modulation®* to remove temporal redundancy by
asynchronously quantizing temporal changes in scene brightness (the
logarithm of intensity) as ternary ON/OFF events that encode the
location, time, and brightness-change polarity. After each event, the
current brightness is stored in the pixel on a capacitor to detect the
next change. The sparse event-based camera output enables the sub-
sequent neural network to selectively process only reflectance changes
on an event-by-event® or patch-by-patch basis®. A simple scheme,
such as processing accumulated event frames only when event counts
reach a few thousand, can effectively save idle computation without
compromising latency®®. To further increase the output sparsity, spa-
tial filtering before the temporal delta modulation removes spatial
redundancy*’. Although maintaining the states requires extra circuit
area and energy, the resulting enhancement in output sparsity can
reduce the response latency to sub-millisecond under most illumina-
tion conditions®, sensor output bandwidth by more than 100x*” and
the computational burden on subsequent stages by 20x* compared to
frame-based cameras. Advances in image sensor wafer stacking have
reduced the complex pixel size to only a few times that of standard
frame-based imagers®®.

Another example of a stateful spiking sensor is the neuromorphic
silicon cochlea*’, which uses leaky integrateand-fire (LIF) neurons to
generate sparse outputs. Specifically, a LIF neuron maintains a state
using its membrane potential that integrates the input current. When
the integrated value crosses a threshold, an output pulse is generated,
and the state is reset. Therefore, the amplitude of a constant input is
converted into a corresponding output pulse frequency, naturally
producing a sparser output for a low-amplitude input®’. However,
using a LIF neuron to encode an input sound can lead to a large
number of events unless the input sound is largely absent. To address
this, the silicon cochlea leverages the time-varying temporal frequency

composition of natural sounds by filtering the original sound through
different frequency channels’® before applying event-based encoding.
The resulting output events are sparse across both frequency channels
and time. This event readout can reduce computational cost by 40x*’
and achieve better localization accuracy for short latencies below
500 ms compared to generalized cross-correlation algorithms’.

The fundamental consideration in designing dynamic-sparsity-
aware sensor subsystems is the trade-off between the cost of inducing
dynamic sparsity and the gain from exploiting it. The costs include
larger pixels, potential information loss, extra encoding/decoding
circuits, and state maintenance overhead for stateful methods. The
gains include energy, bandwidth, and latency savings in sensor readout
and subsequent processing. This trade-off can be addressed in three
ways: (1) Reducing the cost of inducing dynamic sparsity, such as
sharing periphery circuits via time-multiplexing’?, imposing structural
regularity on the sparsity*®, devising more power- and area-efficient
circuits” and leveraging advanced fabrication technologies®®. (2)
Improving the gain of exploiting dynamic sparsity, such as con-
ditioning the signal to enhance sparsity**’°, applying power- and clock-
gating to idle circuits®® and skipping incoming events whenever
possible’®®’. (3) Striking a balance between cost and gain, which
involves analyzing the data distribution for the targeted application
and selecting the most appropriate implementation, as demonstrated
in ref. 74 for voice activity detection.

Memory subsystem

The memory subsystem is a critical bottleneck in modern computing
systems, consuming a significant portion of the system’s area and
energy footprint™’®. As such, the design of the memory subsystem of
an intelligent perception system must be meticulously planned to fully
leverage the benefits of dynamic sparsity. In the context of brain-
inspired computing, memory is primarily used to store weights and
activations, which have distinct requirements in terms of memory size,
latency, and bandwidth. The difference between the less frequently
updated weight memory and the activation memory necessitates
unique design trade-offs when exploiting dynamic sparsity.

The activation memory is a natural candidate where dynamic
sparsity can be exploited. In biological neural networks, the action
potentials are transmitted from one neuron to another through axons,
requiring no additional storage or buffering for the sparse neural
activities. While implementing such a direct routing scheme in hard-
ware is possible for tiny neural networks’”’%, routing congestion and
energy overhead dominate as the network grows larger and more
complicated”. Eventually, this approach becomes infeasible with cur-
rent technology.

In modern neural processing systems, this routing issue is
resolved by buffering the intermediate activations in memory after
computation and loading them from memory later. By leveraging
dynamic sparsity, the activation data can be compressed before writ-
ing to the activation memory, thereby reducing the required memory
capacity and bandwidth. Depending on the characteristics of the
activation sparsity, different encoding methods and compression
algorithms can be applied. Stateless methods, such as sparsity map®,
run-length encoding®®', Huffman coding®, and least-square fitting®,
are relatively simple to implement and can achieve a moderate com-
pression ratio of up to 5x *. Stateful methods, such as bit-plane
compression®* or feature-map-based compression®, leverage extra
state memory to achieve a compression ratio exceeding 10x.

Although the weights are static, the weight memory can also
leverage and benefit from the dynamic sparsity of the activations. In
the biological brain, the synaptic weights are co-located with the
neurons. Such an organization allows computation to be performed
without expending energy or time to move the weights to the compute
unit. To achieve the same goal in hardware, similar weight memory
organization can be implemented using in-memory computing (IMC)
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architectures’®**®, In these architectures, the weights are stored in a
matrix of memory cells capable of performing MAC operations in-
place. The input activations are sent through the bit lines along the
rows, and the output activations are obtained from the word lines
along the columns. While exploiting weight sparsity in IMC archi-
tectures is a challenge®®, dynamic activation sparsity more easily offers
energy and latency savings to IMC by reducing the frequency of bit line
activations. For example,®® showed that when there are many zeros in
the activation, more bit lines can be activated simultaneously to
reduce compute latency by up to 2.7x for typical CNN models. By using
bit-serial encoding for input activations, savings can even be achieved
when the activation magnitudes are small but not exactly zero, as
demonstrated in ref. 90 for diffusion models. Similarly, by using binary
events to encode input activations, IMC accelerators for SNNs’’”8
naturally scale their power consumption with the input activity rate.

Although IMC architectures closely mimic the organization of the
neural system, scaling them to larger networks’®? using current
complementary metal-oxide semiconductor (CMOS) technology is
extremely costly. Assuming 1-bit precision, storing all 10® synaptic
weights of the human brain in a 2 nm CMOS process’ would require
26 m? of chip area, which is four orders of magnitude larger than a
typical die’*. Therefore, in many systems, the network weights are
stored in dedicated memory with higher density, such as off-chip
DRAM, and must be moved to the arithmetic units before
computation®. Since accessing off-chip DRAM requires 100x more
energy while providing less than 0.01x bandwidth compared to on-
chip SRAM”, dynamic activation sparsity can offer a huge power and
latency advantage by skipping all DRAM access for the fan-out weights
of an inactive neuron. For example,’® achieved a 10x speedup with 90%
temporal activation sparsity for an RNN, while”” reduced the genera-
tion latency by 1.8x with 50% sparsity for a transformer-based LLM.

Just as in the sensor subsystem design, it is crucial in memory
subsystem design to balance the hardware overhead of handling
dynamic sparsity with the resulting energy and bandwidth savings.
Unlike sparse weights, which can be statically compressed before
deployment, sparse activations must be handled on-the-fly. This
overhead can be controlled through either dedicated hardware enco-
ders/compressors in the memory interface/arithmetic unit front-end
or through optimized software-level implementations. For instance,
on programmable accelerators like GPUs, dedicated GPU kernels could
be used to manage dynamic sparsity by optimizing dataflow without
requiring specialized circuitry”, On application-specific hardware,
designers often use dedicated silicon area to minimize the sparsifica-
tion and encoding overhead to dig out as much speedup as possible
from the activation sparsity>>*’.

Often, techniques with more aggressive data compression rates
come with more complex encoder/decoder designs and increased
hardware overhead. This trade-off can be addressed in two ways: (1)
Avoiding the overhead of irregular memory access by aiming for
structured instead of unstructured dynamic sparsity. This enables the
memory subsystem to fetch and store a fixed amount of data words
per compressed data tile and maintain data layout regularity'**'",
While structured sparsity'®>'*® has seen adoption in commercial pro-
ducts for static weight sparsity, it is still under-explored for dynamic
sparsity. (2) Dynamically adapting the compression mode and sparsity
handling method according to the specific levels of dynamic
sparsity'®. This allows for dynamically switching between optimized
configurations based on the data statistics.

Neural-compute subsystem

Electronic systems with real-time heterogeneous sensory input increas-
ingly process these signals using neural networks. The neural-compute
subsystem is, hence, another crucial area where dynamic sparsity can be
exploited to reduce computation and improve energy efficiency.

Stateless dynamic sparsity in the intermediate activations of
neural networks naturally arises from sparse activation functions such
as ReLU'”, thresholded ReLU', and Sparsemax'”’. Training methods
such as L-regularization'*® that penalize large activation values further
enhance the dynamic sparsity. By applying magnitude-based sorting
and thresholding, sparsity can also be induced for other activation
functions that do not produce zero-valued outputs, such as softmax’®
and sigmoid**. While sparse activation functions produce unstructured
dynamic sparsity with an unpredictable sparsity level, the sorting-
based methods®*** lead to structured dynamic sparsity since the
number of active neurons in each layer is always fixed. Similarly, the
winner-take-all mechanism'® also enforces structuredness in sparsity
by retaining only the largest activation. This structuredness results in
more predictable workloads, which are easier to exploit at the
hardware level.

The dynamic sparsity introduced by various algorithms can be
exploited by hardware MAC units using features such as zero-gating
and zero-skipping. With zero-gating, the MAC units are dynamically
deactivated to reduce dynamic power upon encountering zero-valued
operands. With the levels of sparsity observed in typical CNNs, a 1.6x
energy saving can be achieved®. Compared to zero-gating, zero-
skipping allows more gains by processing only non-zero values
through data-dependent scheduling. This improves the utilization of
MAC units and leads to additional 2.3x energy savings compared to
zero-gating®. Stateless dynamic sparsity is gradually being adopted in
production-scale models"® and accelerators™.

The prototypical example of statefully sparse neural networks is
SNNs, in which each neuron maintains its membrane potential as a
state and emits spikes only when its membrane exceeds a
threshold">™™. Various SNN accelerator designs have been proposed to
verify the feasibility of this neuromorphic computation model*>*%"*,
Yet, other networks can also exploit stateful sparsity with less of the
major SNN drawback of unpredictable memory access. In delta
networks**, fully connected RNNs retain their previous neuron acti-
vation as states and compute new activation only if the activation
change exceeds a threshold, thus inducing dynamic sparsity at the
column level of the weight matrix. CNNs™ and transformers"® can
undergo a delta transformation so that a neuron holds state in return
for fewer operations but more memory for holding state. Also, LLMs
use state, in the form of the KV cache to avoid re-computation of the
data elements”"%, and smart KV caching optimization techniques try
to reduce this state while maintaining state information"’"'?, Taking
this one step further, the state can be more than just the previous
activation value. By equipping each neuron with an additional gating
input that determines when the neuron is allowed to communicate its
output™, the neurons can be activated more intelligently using a
combination of spatiotemporal information.

Dynamic sparsity benefits are not for free. Gating or skipping of
redundant computations are accompanied by overheads in control,
memory, and scheduling that demand analysis. For example, the
control and scheduling overhead differ greatly between unstructured
and structured sparsity. Unstructured sparsity'” creates irregular,
data-dependent memory access patterns, complicating hardware
schedulers, which must dynamically generate addresses for non-zero
data, introducing latency and causing significant workload imbalances
across parallel processing elements. One way to address this is to
design intrinsically structured dynamic sparsity, e.g., delta networks*,
process entire weight matrix columns corresponding to above-
threshold activation vector changes, dramatically simplifying control
logic and ensuring predictable, regular data access. This regular
sparsity structure can also be imposed by dropping a fraction of acti-
vation values'?'**, Moreover, run-time load balancing can also be used
through sparsity-dependent input and output data rerouting, as seen
in SpArch'®.
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Stateful sparsity also increases memory requirements, which can
overshadow the benefits. A delta network, for example, already stores
its hidden states, but it must also store the previous pre-activation
state of each neuron. However, since the state space of RNNs is tiny
compared to the weight space, a recurrent layer with 512 neurons with
16-bit precision requires only an additional 1kB. But for feedforward
CNNs, using temporal sparsity may not make sense because the state
spaces (feature maps) are often larger than the number of weights.
Using temporal sparsity with these architectures requires holding all
units in memory all the time, and reading feature maps to check for
changes before writing new values. For these architectures, temporal
sparsity might only benefit very sparse applications like surveillance'.

When applying stateful sparsity in large models, this state foot-
print can become prohibitive unless mitigated by new techniques that
can compress the state itself or recompute it on the fly when needed.
Overall, balancing the complexity of hardware implementations with
the benefits of sparsity remains a critical challenge.

Modular system-level dynamic sparsity

The subsections above focus mainly on the exploitation of fine-grained
dynamic sparsity in individual subsystem components, such as within
single accelerator cores. SoCs increasingly exploit dynamic sparsity
across the three subsystem levels to improve energy efficiency and
latency. Examples include designs that do keyword spotting'**'?” and
face recognition”™”, In these state-of-the-art designs, spatial and
temporal sparsity are leveraged at the level of system modules, in
which complete subsystems are dynamically activated and de-
activated during system operation. More examples can be found in
consumer mobile electronics, implanted biomedical devices, and
space missions™, which must run on limited energy. These systems
use wake-up sensors to monitor the information content of incoming
sensor data, and only selectively wake up other system components
when deemed useful and necessary.

Figure 4D illustrates such exploitation of dynamic sparsity at the
module level, in the context of a hypothetical intelligent sensor that
detects elderly fall accidents'. At the lowest power level, only the
passive infrared (PIR) motion detector is on while everything else is
sleeping, and the standby power is on the order of 50 pW"* A motion
event detected by the PIR sensor turns on a sub-milliwatt event
camera, Its sparse output with activity-dependent event rate drives a
small CNN that detects the locations of human joints™. The input
frames and layer activities are extremely sparse, and the CNN hardware
exploits dynamic sparsity to skip nonzero activations. The resulting
low-dimensional joint position locations then drive a small RNN using
temporal sparsity to skip operations®. Together, these neural net-
works burn about 10 mW*>1*¢ but are active only 0.2% of the time.
Only when the spatiotemporal pattern of joint motions indicates a fall,
will the radio (around 100 mW) be briefly turned on to alert caregivers.
But this radio transmission occurs so rarely that the average power is
kept below 100 pW, allowing continuous operation on a small battery
for years.

In large-scale generative Al, similar hierarchical and modular
activation strategies also start to emerge. In speculative decoding'”, a
small draft model proposes token sequences that are then selectively
verified by a larger target model, thereby gating compute in a data-
driven way. MoE**™*°, on the other hand, is a technique where only a
subset of specialized sub-networks (experts) are activated for each
input, allowing the model capacity to scale efficiently without
increasing computation for every input. A gating network decides
which experts to use, enabling dynamic routing and improving both
accuracy and efficiency. Similarly, recent studies""* demonstrate that
activation sparsity can be exploited within LLMs—particularly recur-
rent ones—to reduce inference energy without loss in accuracy. These
techniques reflect a growing interest in applying dynamic sparsity
principles at architectural and algorithmic levels in mainstream Al.

Outlook

Dynamic sparsity, especially context-aware or task-aware sparsity,
holds great potential in improving the energy efficiency of perception
systems that operate in natural environments. In addition, real-world
signals recorded in naturalistic interactions can be statistically sparse,
thereby offering computational benefits for dynamic-sparsity-aware
systems. For example, a 3.5-day overhead activity-driven event camera
recording of a mouse in its cage is over 60,000 x smaller than a 1kHz
monochrome camera recording with the same spatiotemporal
resolution”. The reduced sensor data leads directly to reduction in
computes within the postprocessing network.

By adopting sparsity-enhancing techniques described earlier, the
neural networks will further provide more dynamic sparsity. As
demonstrated using a delta network™®, we measured 67% dynamic
sparsity using a spoken language understanding benchmark™, repre-
senting a modest 3 x savings. We further tested the same system on a
24 h working-day cellphone audio recording from one of the authors.
The phone was mostly on the person except during sleeping hours. For
this recording of normal everyday sounds, the average dynamic spar-
sity in the network was over 95%, representing a 20 x savings.

Today’s solutions for perception systems still do not go far
enough in terms of brain-inspired stateful dynamic sparsity. Current Al
perception systems—such as vision systems—typically use stateless
networks that require a full network update for each input frame,
independent of the computed information from the past. Dynamic
sparsity is still beneficial for these networks when deployed on hard-
ware that supports the sparsity type, e.g., zero-skipping in CNNs*?,
Accelerators employing stateless dynamic sparsity have already
entered mass production™. Stateless methods require minimal shift in
both neural network and hardware architecture, and therefore will
bring advantage in the short term.

In the long term, however, we expect stateful dynamic sparsity to
hold more potential because it can exploit the context encoded in the
states (Box 2) with a closer connection to dynamical biological net-
works. To fully unlock the potential of neuro-inspired dynamic spar-
sity, we believe it is crucial to investigate how states can be used to
further enhance the sparsity level (Table 1), especially when we move
to networks that use information from multiple sensors and solve
more complex tasks. For example, for object detection and tracking,
we can leverage context-aware sparsity so that a complete update of
the network is not needed for each incoming frame. Therefore, we
have to push further along several axes to enable the multi-sensory
systems of the future.

We further elucidate the role of dynamic sparsity in a stateless
system versus a stateful system in Fig. 5. In a stateless system (Fig. 5A),
the layers in the hierarchy are updated sequentially in time for each
input frame. Dynamic sparsity-enhancing techniques described earlier
can be included in the system modules to reduce the number of
computes and memory fetches. Going one step further, adding states
to a neuron along with local recurrence as in SNNs or RNNs (Fig. 5B),
can help to further sparsify the signal output.

Finally, including top-down feedback (Fig. 5B) through bidirec-
tional connections introduces some form of speculative operation into
the overall system, enabling it to dynamically activate only certain
modules at the lower level or a sub-network within them. Yet, the
amount of sparsity will strongly depend on the information encoded in
the states: the better the system can predict the next incoming signal
based on its current states, the more computes can be saved. This form
of context-aware sparsity can be useful for networks that, for example,
are trained to attend to a specific object in a scene. Likewise, biological
systems spend more attention (computational power) upon unex-
pected events using attention mechanisms and predictive models in
brain computation. Hence, the outputs, only need to carry the pre-
diction error, as proposed in various neuroscience literature'*'*, This
would be possible if the stateful systems become self-learning systems,
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Table 1| Limitations and opportunities for dynamically sparse perception systems

Current limitations

Bio-inspired opportunities

Significantly increasing sensor modalities and data volumes is challenging in
perception systems, even when stateless sparsity is exploited.

Stateful techniques allow to further boost sparsity due to the high spatiotemporal
correlations present in sensory inputs.

Most state-of-the-art stateful sparsity-aware hardware utilizes very simplistic
notions of state, such as (a linear combination of) a neuron’s past inputs.

Advanced states can pursue the prediction of the expected inputs, instead of
mimicking the past inputs. This allows updates only upon surprise.

Today's stateful systems compute, retain, and utilize state purely within one
computational building block (e.g., a neuron or neural layer), raising the cost of
its computation, limiting its predictive value, and exploitation opportunities.

State information should be shared between different system components, and
especially be fed back from higher intelligence to lower sensory layers, just like
the brain feeds expectation values back into the lower areas of the cortex.

Stateful dynamically sparse systems lack a proper hierarchical organization, and
do not exploit states at and across multiple abstraction layers towards dynamic
activity gating.

Stateful dynamic sparsity should be formalized and unified across abstraction
layers, to allow a coordinated dynamic (de)activation of blocks with different
granularity.

A. Stateless perception system

Decision making
High-level processing
Low-level processing

Feature extraction

Sensing

B. Stateful perception system

Stateful neurons
Local recurrence —
Top-down feedback

%

Fig. 5| Brain-inspired perception with stateful dynamic sparsity. Thinner arrows
indicate sparser data flow. Boxes filled in grey indicate stateful modules. Boxes
filled in blue are activated modules, where lighter fill color indicates fewer activated
neurons. A Hierarchical updating of the modules across time for a stateless system.
Neurons within each module are sparsely activated (see Fig. 3). B More dynamic
sparsity enabled through stateful systems. Bidirectional connections across

C. Visual brain areas

G%
N

Time

Brain inspiration

Time

modules indicate the bottom-up feedforward and top-down feedback seen in many
brain areas. C Early visual areas V1/V2 extract low-level features, higher-level areas
V3/V4 extract more complex features, and inferior temporal areas TEO/TE are
involved in visual processing and object recognition. The top-down feedback helps
further reduce the signal transmission between the modules.

capable of learning the patterns in the processed information. As
shown in Fig. 5C, the early visual areas in the brain are mutually con-
nected with the higher-level visual areas, which in turn are connected
to two key areas of the inferior temporal cortex responsible for visual
processing and object recognition. The mutual connections allow both
feedforward and feedback processing.

The realization of the vision projected here can, however, quickly
become too expensive in terms of the computation of such advanced
states, at the risk of introducing more overheads than the potential
savings. This will likely be the case when the computation and
exploitation of states is left to a single compute entity (a neuron or a
neural layer). The overhead can only be kept under control if states are
computed and shared between a larger set of entities. This has two
consequences. Firstly, it will require communication between different
hierarchical layers, with especially the introduction of a feedback path
from higher abstraction layers towards the lower sensory layers. Sec-
ondly, taking this one step further, this calls for a unified theory and
approach for stateful dynamical system (de)activation across different
hierarchical layers of abstraction.

Research directions
To enable the envisioned advanced dynamically sparse perception
systems of the future, the following research directions shown in Fig. 6,
should be explored further, from neuroscience to device technology:
1. At the neuroscience level, a better understanding of the
mechanisms used by brains to dynamically sparsify neural activity
is needed, for example, through concepts of attention, saliency,
working memory"?, and learned neural representations that
match the statistics of the natural environment®. Also, the explicit
engagement of brain circuits that support predictive coding in
tackling complex tasks in natural environments should be stu-
died. Feedback is critical for stateful systems, and understanding
the role of feedback signals within a layer, between layers of the
cortex, and between different brain areas*** for a predictive
model will be useful for training dynamically sparse stateful
systems.
2. At the application level, dynamic sparsity could offer substantial
benefits across diverse energy-constrained perception systems.
Ultra-low-power intelligent sensor nodes can exploit temporal
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Fig. 6 | Directions for further research. Realizing dynamic sparsity’s full potential calls for a cross-layer research effort spanning applications, algorithms, architectures,
circuits, and device technologies, with neuroscience providing the foundational inspiration.

redundancy in environmental data to activate processing only
when significant changes occur'®. For implantable biomedical
devices, particularly processors for neural interfaces or neuro-
prostheses near or in the brain, dynamic sparsity can be extracted
by leveraging the sparse nature of neural signals for reduction in
computation. Wearable technologies, from hearables to multi-
sensor health monitors, similarly benefit by transmitting only
critical events rather than continuous data streams, simulta-
neously extending battery life and reducing wireless bandwidth
requirements'*®. Beyond individual devices, dynamic sparsity
addresses system-level challenges in future 6G wireless networks.
By enabling selective data transmission and reducing redundant
communication, it helps manage the power demands of inter-
connecting billions of edge devices with data centers'"’. Finally,
another open opportunity is to couple dynamic sparsity with
continual learning to reduce resource usage while maintaining
accuracy on real-world tasks™®,

3. At the algorithmic level, new sparse update schemes are needed
for perception systems to efficiently process multiple dynamic
data streams of different temporal scales to accomplish multiple
tasks simultaneously. Innovations are also needed for future sta-
teful systems, particularly training methods for predictive coding
systems'*1*149 that determine the predictive state at the different
processing levels and the conditioning of the networks for max-
imal energy savings from the state-induced sparsity. We see the
potential increase of dynamic sparsity without information loss by
using predictive coding”. We also see value in investigating
whether new stateful architecture, such as state-space models and
RNNs, can benefit from dynamic sparsity-enhancing or exploiting
methods; and whether they can act as better predictors. And yet,
relatively unexplored is how dynamic sparsity could reduce the
cost of continual learning in deployed systems through fewer
weight updates and less memory access™.

4. Atthe architectural level, we need to replace the static scheduling
used in current Al accelerators with dynamic scheduling for
exploiting data-dependent sparsity while limiting the resulting
control overhead. Selective processing allows predictions to be
determined close to the sensors, sparsifying the wake-up of more
expensive modules. Dynamic schedulers need hardware support;
otherwise, they will be costly. Other considerations include load
balancing and efficient shared memories that allow workloads to
be dynamically shifted between processing cores. We also see
potential in combining dynamic sparsity with emerging architec-
tural paradigms, such as in-memory computing. Some of the
dynamic sparsity techniques are used in recent mass-produced
smartphone neural processing units", but there are many
opportunities to improve them by exploiting multiple sparsity
types in combination.

5. At the circuit level, more techniques are needed to support
dynamic sparsity. These include ways of using dynamic circuits
and reducing the idle power of circuit blocks so that the power
savings from dynamic sparsity are maximized. In addition, fine-
grained dynamic sparsity exploitation could benefit from the
emerging time-domain circuits’®. Introducing gating functions
coming from an auxiliary neuron or network that uses the data
and states of connected neurons or other networks will help in
dynamic reconfiguration or activation of subsystems. This is
possible by building more efficient multiplexers, which can be
rather slow (like in the brain) but need to be more energy-
efficient. Low-cost storage of this configuration locally is needed,
which boils down to the need for compact memory.

6. Atthe device technology level, the main limitation for our vision is
that the data movement for the feedback mechanisms and the
states are dense and ideally 3D. We need denser memories
directly stacked with the compute layers. Just like the brain is a 3D
interwoven structure of computing and memory, emerging
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memory devices interwoven with computation and wafer
stacking®® can potentially reduce the structural dissimilarity
between the brain and conventional 2D CMOS chips, enabling
more faithful implementation of bio-inspired activity-driven
computing’®*'. We need to determine the area and energy cost
of retaining state and moving data, and how this cost can be
improved by emerging memories and advanced 3D packaging.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.
19.

20.

Bourzac, K. Fixing Al’s energy crisis. Nature. https://doi.org/10.
1038/d41586-024-03408-z (2024).

Zador, A. et al. Catalyzing next-generation Artificial Intelligence
through NeuroAl. Nat. Commun. 14 https://doi.org/10.1038/
s41467-023-37180-x (2023).

Bartolozzi, C., Indiveri, G. & Donati, E. Embodied neuromorphic
intelligence. Nat. Commun. 13 https://doi.org/10.1038/s41467-
022-28487-2 (2022).

LeCun, Y., Denker, J. & Solla, S. Optimal brain damage. In
Advances in Neural Information Processing Systems, Vol. 2 https://
proceedings.neurips.cc/paper_files/paper/1989/file/
6c9882bbac1c7093bd25041881277658-Paper.pdf (Morgan-Kauf-
mann, 1989).

Han, S., Mao, H. & Dally, W. J. Deep compression: compressing
deep neural networks with pruning, trained quantization and
Huffman coding. In International Conference on Learning Repre-
sentations (OpenReview, 2016).

Tan, M. & Le, Q. EfficientNet: rethinking model scaling for con-
volutional neural networks. In Proceedings of the International
Conference on Machine Learning, Vol. 97, 6105-6114 https://
proceedings.mlr.press/v97/tan19a.html (PMLR, 2019).

He, Y. et al. AMC: autoML for model compression and acceleration
on mobile devices. In Proceedings of the European Conference on
Computer Vision (eds Ferrari, V. et al.) 784-800 (Springer Inter-
national Publishing, 2018).

Vaswani, A. et al. Attention is all you need. In Advances in Neural
Information Processing Systems, Vol. 30 (eds Guyon, |. et al.)
(Curran Associates, Inc., 2017).

Tay, Y., Dehghani, M., Bahri, D. & Metzler, D. Efficient transformers:
a survey. ACM Comput. Surv. 55, 1-28 (2022).

Wang, Z., Hu, Y. & Liu, S.-C. Exploiting spatial sparsity for event
cameras with visual transformers. In IEEE International Conference
on Image Processing, 411-415 (IEEE, 2022).

Allman, J. Evolving Brains https://www.goodreads.com/book/
show/1633356.Evolving_Brains (Scientific American Library, New
York, 2000).

Laughlin, S. B. & Sejnowski, T. J. Communication in neuronal
networks. Science 301, 1870-1874 (2003).

Olshausen, B. A. & Field, D. J. Sparse coding of sensory inputs.
Curr. Opin. Neurobiol. 14, 481-487 (2004).

van Hateren, J. H. & Ruderman, D. L. Independent component
analysis of natural image sequences yields spatio-temporal filters
similar to simple cells in primary visual cortex. Proc. R. Soc. Lond.
Ser. B: Biol. Sci. 265, 2315-2320 (1998).

Lewicki, M. S. Efficient coding of natural sounds. Nat. Neurosci. 5,
356-363 (2002).

Laurent, G. Olfactory network dynamics and the coding of multi-
dimensional signals. Nat. Rev. Neurosci. 3, 884-895 (2002).
Barlow, H. B. et al. Possible principles underlying the transfor-
mation of sensory messages. Sens. Commun. 1, 217-233 (1961).
Benda, J. Neural adaptation. Curr. Biol. 31, R110-R116 (2021).
Abbott, L. F. & Regehr, W. G. Synaptic computation. Nature 431,
796-803 (2004).

Hochreiter, S. & Schmidhuber, J. Long short-term memory. Neural
Comput. 9, 1735-1780 (1997).

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

Pope, R. et al. Efficiently scaling transformer inference. Proc.
Mach. Learn. Syst. 5, 606-624 (2023).

He, B. et al. MA-LMM: memory-augmented large multimodal
model for long-term video understanding. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recogni-
tion, 13504-13514 (IEEE, 2024).

Rao, R. P. & Ballard, D. H. Predictive coding in the visual cortex: a
functional interpretation of some extra-classical receptive-field
effects. Nat. Neurosci. 2, 79-87 (1999).

Petersen, S. E. & Posner, M. I. The attention system of the human
brain: 20 years after. Annu. Rev. Neurosci. 35, 73-89 (2012).
Rodieck, R. W. The Vertebrate Retina: Principles of Structure and
Function (WH Freeman, 1973).

Lichtsteiner, P., Posch, C. & Delbruck, T. A 128 x 128 120 dB 15 us
latency asynchronous temporal contrast vision sensor. IEEE J.
Solid-State Circuits 43, 566-576 (2008).

Gallego, G. et al. Event-based vision: a survey. IEEE Trans. Pattern
Anal. Mach. Intell. 44, 154-180 (2022).

Paul, S. et al. A sub-cm?® energy-harvesting stacked wireless sen-
sor node featuring a near-threshold voltage |A-32 microcontroller
in 14-nm tri-gate CMOS for always-on always-sensing applica-
tions. IEEE J. Solid-State Circuits 52, 961-971 (2017).

Hoefler, T., Alistarh, D., Ben-Nun, T., Dryden, N. & Peste, A.
Sparsity in deep learning: pruning and growth for efficient
inference and training in neural networks. J. Mach. Learn. Res.
22, 1-124 (2021).

Lin, T., Stich, S. U., Barba, L., Dmitriev, D. & Jaggi, M. Dynamic
model pruning with feedback. In International Conference on
Learning Representations (OpenReview, 2020).

Mocanu, D. C. et al. Scalable training of artificial neural networks
with adaptive sparse connectivity inspired by network science.
Nat. Commun. 9, 2383 (2018).

Evci, U., Gale, T., Menick, J., Castro, P. S. Ill & Elsen, E. Rigging the
lottery: making all tickets winners. In Proceedings of the Interna-
tional Conference on Machine Learning (eds Daumé, H. & Singh.
A.) 2943-2952 (PMLR, 2020).

Liu, S., Yin, L., Mocanu, D. C. & Pechenizkiy, M. Do we actually need
dense over-parameterization? In-time over-parameterization in
sparse training. In Proceedings of the International Conference on
Machine Learning (eds Meila, M. & Zhang, T.) 6989-7000
(PMLR, 2021).

Liu, S. et al. Sparse training via boosting pruning plasticity with
neuroregeneration. In Advances in Neural Information Processing
Systems (eds Ranzato, M. et al.) 9908-9922 (Curran Associates,
Inc., 2021).

Aimar, A. et al. NullHop: a flexible convolutional neural network
accelerator based on sparse representations of feature maps. IEEE
Trans. Neural Netw. Learn. Syst. 30, 644-656 (2019).

Moons, B., Uytterhoeven, R., Dehaene, W. & Verhelst, M. Envision:
a 0.26-to-10 TOPS/W subword-parallel dynamic-voltage-accu-
racy-frequency-scalable convolutional neural network processor
in 28nm FDSOI. In IEEE International Solid-State Circuits Con-
ference, 246-247 (IEEE, 2017).

Gao, Y., Zhang, B., Qi, X. & So, H. K.-H. DPACS: hardware accel-
erated dynamic neural network pruning through algorithm-
architecture co-design. In Proceedings of the ACM International
Conference on Architectural Support for Programming Languages
and Operating Systems, 237-251 https://doi.org/10.1145/3575693.
3575728 (Association for Computing Machinery, New York, NY,
USA, 2023).

Shazeer, N. et al. Outrageously large neural networks: the
sparsely-gated mixture-of-experts layer. In International Con-
ference on Learning Representations https://openreview.net/
forum?id=B1ckMDglg (2017).

Nature Communications | (2025)16:9928


https://doi.org/10.1038/d41586-024-03408-z
https://doi.org/10.1038/d41586-024-03408-z
https://doi.org/10.1038/s41467-023-37180-x
https://doi.org/10.1038/s41467-023-37180-x
https://doi.org/10.1038/s41467-022-28487-2
https://doi.org/10.1038/s41467-022-28487-2
https://proceedings.neurips.cc/paper_files/paper/1989/file/6c9882bbac1c7093bd25041881277658-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/1989/file/6c9882bbac1c7093bd25041881277658-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/1989/file/6c9882bbac1c7093bd25041881277658-Paper.pdf
https://proceedings.mlr.press/v97/tan19a.html
https://proceedings.mlr.press/v97/tan19a.html
https://www.goodreads.com/book/show/1633356.Evolving_Brains
https://www.goodreads.com/book/show/1633356.Evolving_Brains
https://doi.org/10.1145/3575693.3575728
https://doi.org/10.1145/3575693.3575728
https://openreview.net/forum?id=B1ckMDqlg
https://openreview.net/forum?id=B1ckMDqlg
www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-025-65387-7

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lepikhin, D. et al. GShard: scaling giant models with conditional
computation and automatic sharding. In International Conference
on Learning Representations (OpenReview, 2021).

Fedus, W., Zoph, B. & Shazeer, N. Switch transformers: scaling to
trillion parameter models with simple and efficient sparsity. J.
Mach. Learn. Res. 23, 1-39 (2022).

Xia, H. et al. Unlocking efficiency in large language model infer-
ence: a comprehensive survey of speculative decoding. In ACL
(Findings), 7655-7671 https://aclanthology.org/2024.findings-acl.
456 (2024).

Spector, B. F. & Re, C. Accelerating LLM inference with staged
speculative decoding. In Workshop on Efficient Systems for
Foundation Models at ICML 2023 https://openreview.net/forum?
id=RKHF3VY]LK (2023).

Liu, X. et al. Online speculative decoding. In Proceedings of the
International Conference on Machine Learning, Vol. 235,
31131-31146 https://proceedings.mlr.press/v235/liu24y.

html (2024).

Neil, D., Lee, J. H., Delbruck, T. & Liu, S.-C. Delta networks for
optimized recurrent network computation. In Proceedings of the
International Conference on Machine Learning, Vol. 70, 2584-2593
https://proceedings.mlr.press/v70/neil17a.html (PMLR, 2017).
Gao, C., Neil, D., Ceolini, E., Liu, S.-C. & Delbruck, T. DeltaRNN: a
power-efficient recurrent neural network accelerator. In Pro-
ceedings of the ACM/SIGDA International Symposium on Field-
Programmable Gate Arrays, 21-30 (Association for Computing
Machinery, 2018). https://dl.acm.org/doi/abs/10.1145/3174243.
3174261.

Han, Y. et al. Dynamic neural networks: a survey. IEEE Trans. Pat-
tern Anal. Mach. Intell. 44, 7436-7456 (2022).

Liu, S.-C., van Schaik, A., Minch, B. A. & Delbruck, T. Asynchronous
binaural spatial audition sensor with 2 x 64 x 4 channel output.
IEEE Trans. Biomed. Circuits Syst. 8, 453-464 (2014).

Bartolozzi, C. et al. Event-driven encoding of off-the-shelf tactile
sensors for compression and latency optimisation for robotic skin.
In IEEE/RSJ International Conference on Intelligent Robots and
Systems, 166-173 (IEEE, 2017).

Delbruck, T., Li, C., Graca, R. & Mcreynolds, B. Utility and feasibility
of a center surround event camera. In IEEE International Con-
ference on Image Processing, 381-385 (IEEE, 2022).

Mahmoud, M., Siu, K. & Moshovos, A. Diffy: a déja vu-free differ-
ential deep neural network accelerator. In Annual IEEE/ACM
International Symposium on Microarchitecture, 134-147

(IEEE, 2018).

Lin, J., Un, K.-F., Yu, W.-H., Martins, R. P. & Mak, P.-I. A 47-nW voice
activity detector (VAD) featuring a short-time CNN feature
extractor and an RNN-based classifier with a non-volatile CAP-
ROM. [EEE J. Solid-State Circuits 58, 3020-3029 (2023).

Yang, H. et al. A 1.5 uW fully-integrated keyword spotting SoC in
28-nm CMOS with Skip-RNN and fast-settling analog frontend for
adaptive frame skipping. IEEE J. Solid-State Circuits 59,

29-39 (2024).

Subramoney, A., Nazeer, K. K., Schone, M., Mayr, C. & Kappel, D.
Efficient recurrent architectures through activity sparsity and
sparse back-propagation through time. In International Con-
ference on Learning Representations (OpenReview, 2023).
Cheng, L., Pandey, A., Xu, B., Delbruck, T. & Liu, S.-C. Dynamic
gated recurrent neural network for compute-efficient speech
enhancement. In Interspeech, 677-681 https://doi.org/10.21437/
Interspeech.2024-958 (ISCA, 2024).

Merolla, P. A. et al. A million spiking-neuron integrated circuit with
a scalable communication network and interface. Science 345,
668-673 (2014).

Davies, M. et al. Loihi: a neuromorphic manycore processor with
on-chip learning. IEEE Micro 38, 82-99 (2018).

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

Parger, M. et al. DeltaCNN: end-to-end CNN inference of sparse
frame differences in videos. In Proceedings of the IEEE/CVF Con-
ference on Computer Vision and Pattern Recognition, 12497-12506
(IEEE, 2022).

Gupta, A., Vohra, J. & Alioto, M. CogniVision: end-to-end SoC for
always-on smart vision with mW power in 40nm. In |[EEE Sympo-
sium on VLS| Technology and Circuits, 1-2 (IEEE, 2024).

Son, B. et al. A 640 x 480 dynamic vision sensor with a 9 um pixel
and 300 Meps address-event representation. In IEEE International
Solid-State Circuits Conference, 66-67 (IEEE, 2017).

Hua, W., Zhovu, Y., De Sa, C. M., Zhang, Z. & Suh, G. E. Channel gating
neural networks. In Advances in Neural Information Processing Sys-
tems, Vol. 32 (eds Wallach, H. et al.) (Curran Associates, Inc., 2019).
Wang, X., Yu, F., Dou, Z.-Y., Darrell, T. & Gonzalez, J. E. SkipNet:
learning dynamic routing in convolutional networks. In Proceed-
ings of the European Conference on Computer Vision (eds Ferrar,
V., Hebert, M., Sminchisescu, C. & Weiss, Y.) 409-424 (Springer
International Publishing, 2018).

Zhou, F. & Chai, Y. Near-sensor and in-sensor computing. Nat.
Electron. 3, 664-671 (2020).

Kleyko, D., Rachkovskij, D. A., Osipov, E. & Rahimi, A. A survey on
hyperdimensional computing aka vector symbolic architectures,
part I: models and data transformations. ACM Comput. Surv. 55,
1-40 (2022).

Schindler, H. R. Delta modulation. IEEE Spectr. 7, 69-78 (1970).
Messikommer, N., Gehrig, D., Loquercio, A. & Scaramuzza, D.
Event-based asynchronous sparse convolutional networks. In
Proceedings of the European Conference on Computer Vision,
415-431 https://doi.org/10.1007/978-3-030-58598-3 25
(Springer-Verlag, 2020).

Moeys, D. P. et al. Steering a predator robot using a mixed frame/
event-driven convolutional neural network. In International Con-
ference on Event-based Control, Communication, and Signal Pro-
cessing, 1-8 https://ieeexplore.ieee.org/abstract/document/
7605233/ (ieeexplore.ieee.org, 2016).

Gebhrig, D. & Scaramuzza, D. Low-latency automotive vision with
event cameras. Nature 629, 1034-1040 (2024).

Guo, M. et al. A three-wafer-stacked hybrid 15-MPixel CIS +
1-MPixel EVS with 4.6-GEvent/s readout, in-pixel TDC, and on-chip
ISP and ESP function. IEEE J. Solid-State Circuits 58,

2955-2964 (2023).

Liu, S.-C. et al. Bringing dynamic sparsity to the forefront for low-
power audio edge computing: brain-inspired approach for spar-
sifying network updates. IEEE Solid-State Circuits Mag. 16,

62-69 (2024).

Kim, K. & Liu, S.-C. Continuous-time analog filters for audio edge
intelligence: review on circuit designs. IEEE Circuits Syst. Mag. 23,
29-48 (2023).

Liu, S.-C., Rueckauer, B., Ceolini, E., Huber, A. & Delbruck, T. Event-
driven sensing for efficient perception: vision and audition algo-
rithms. IEEE Signal Process. Mag. 36, 29-37 (2019).

Niwa, A. et al. A 2.97 um-pitch event-based vision sensor with
shared pixel front-end circuitry and low-noise intensity readout
mode. In IEEE International Solid-State Circuits Conference, 4-6
https://doi.org/10.1109/ISSCC42615.2023.10067566 (2023).

He, Y. et al. An event-based neural compressive telemetry with > 11
x loss-less data reduction for high-bandwidth intracortical brain
computer interfaces. IEEE Trans. Biomed. Circuits Syst. 18,
100-1111 (2024).

Yang, M. et al. Nanowatt acoustic inference sensing exploiting
nonlinear analog feature extraction. IEEE J. Solid-State Circuits 56,
3123-3133 (2021).

Horowitz, M. Computing’s energy problem (and what we can do
about it). In IEEE International Solid-State Circuits Conference,
10-14 (IEEE, 2014).

Nature Communications | (2025)16:9928

12


https://aclanthology.org/2024.findings-acl.456
https://aclanthology.org/2024.findings-acl.456
https://openreview.net/forum?id=RKHF3VYjLK
https://openreview.net/forum?id=RKHF3VYjLK
https://proceedings.mlr.press/v235/liu24y.html
https://proceedings.mlr.press/v235/liu24y.html
https://proceedings.mlr.press/v70/neil17a.html
https://dl.acm.org/doi/abs/10.1145/3174243.3174261
https://dl.acm.org/doi/abs/10.1145/3174243.3174261
https://doi.org/10.21437/Interspeech.2024-958
https://doi.org/10.21437/Interspeech.2024-958
https://doi.org/10.1007/978-3-030-58598-3_25
https://ieeexplore.ieee.org/abstract/document/7605233/
https://ieeexplore.ieee.org/abstract/document/7605233/
https://doi.org/10.1109/ISSCC42615.2023.10067566
www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-025-65387-7

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Sebastian, A., Le Gallo, M., Khaddam-Aljameh, R. & Eleftheriou, E.
Memory devices and applications for in-memory computing. Nat.
Nanotechnol. 15, 529-544 (2020).

Wang, D. et al. Always-on, sub-300-nW, event-driven spiking
neural network based on spike-driven clock-generation and clock-
and power-gating for an ultra-low-power intelligent device. In IEEE
Asian Solid-State Circuits Conference, 1-4 (IEEE, 2020).

Liu, Y. et al. An 82 nW 0.53 pJ/SOP clock-free spiking neural net-
work with 40 us latency for AloT wake-up functions using
ultimate-event-driven bionic architecture and computing-in-
memory technique. In IEEE International Solid-State Circuits Con-
ference, Vol. 65, 372-374 (IEEE, 2022).

Boahen, K. Dendrocentric learning for synthetic intelligence.
Nature 612, 43-50 (2022).

Chen, Y.-H., Krishna, T., Emer, J. S. & Sze, V. Eyeriss: an energy-
efficient reconfigurable accelerator for deep convolutional neural
networks. IEEE J. Solid-State Circuits 52, 127-138 (2017).
Parashar, A. et al. SCNN: an accelerator for compressed-sparse
convolutional neural networks. ACM SIGARCH Compuit. Archit. N.
45, 27-40 (2017).

Moons, B. & Verhelst, M. A 0.3-2.6 TOPS/W precision-scalable
processor for real-time large-scale ConvNets. In [EEE Symposium
on VLSI Circuits, 1-2 (IEEE, 2016).

Xu, H., Xie, C., Lu, X., Du, L. &Du, Y. Memory-efficient compression
based on least-squares fitting in convolutional neural network
accelerators. In IEEE International Conference on ASIC, 1-4

(IEEE, 2023).

Kim, J., Sullivan, M., Choukse, E. & Erez, M. Bit-plane compression:
transforming data for better compression in many-core archi-
tectures. ACM SIGARCH Comput. Archit. N. 44, 329-340 (2016).
Xie, C., Shao, Z., Zhao, N., Du, Y. & Du, L. An efficient CNN inference
accelerator based on intra- and inter-channel feature map compres-
sion. IEEE Trans. Circuits Syst. I: Regul. Pap. 70, 3625-3638 (2023).
Zhang, W. et al. Neuro-inspired computing chips. Nat. Electron. 3,
371-382 (2020).

Sun, J., Houshmand, P. & Verhelst, M. Analog or digital in-memory
computing? Benchmarking through quantitative modeling. In
IEEE/ACM International Conference on Computer Aided Design,
1-9 (IEEE, 2023).

Kim, D. E., Ankit, A., Wang, C. & Roy, K. SAMBA: sparsity aware in-
memory computing based machine learning accelerator. IEEE
Trans. Comput. 72, 2615-2627 (2023).

Yue, J. et al. STICKER-IM: a 65 nm computing-in-memory NN pro-
cessor using block-wise sparsity optimization and inter/intra-macro
data reuse. IEEE J. Solid-State Circuits 57, 2560-2573 (2022).

Guo, R. et al. A 28nm 74.34 TFLOPS/W BF16 heterogenous CIM-
based accelerator exploiting denoising-similarity for diffusion
models. In IEEE International Solid-State Circuits Conference, Vol.
67, 362-364 (IEEE, 2024).

Kaplan, J. et al. Scaling laws for neural language models. Preprint
at https://arxiv.org/abs/2001.08361 (2020).

Hoffmann, J. et al. An empirical analysis of compute-optimal large
language model training. In Advances in Neural Information Pro-
cessing Systems, Vol. 35, 30016-30030 https://proceedings.
neurips.cc/paper_files/paper/2022/file/
cle2faff6f588870935f114ebe04a3e5-Paper-Conference.pdf
(Curran Associates, Inc., 2022).

Moore, S. TSMC lifts the curtain on nanosheet transistor tech
(accessed 17 December 2024). https://spectrum.ieee.org/tsmc-n2.
Andersch, M. et al. NVIDIA Hopper architecture in-depth (acces-
sed 17 December 2024). https://developer.nvidia.com/blog/
nvidia-hopper-architecture-in-depth/.

Delbruck, T. & Liu, S.-C. Data-driven neuromorphic DRAM-based
CNN and RNN accelerators. In Asilomar Conference on Signals,
Systems, and Computers, 500-506 (IEEE, 2019).

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

1.

12.

13.

14.

115.

Gao, C., Rios-Navarro, A., Chen, X, Liu, S.-C. & Delbruck, T.
EdgeDRNN: recurrent neural network accelerator for edge infer-
ence. IEEE J. Emerg. Sel. Top. Circuits Syst. 10, 419-432 (2020).
Liu, J. et al. Training-free activation sparsity in large language
models. In International Conference on Learning Representations
(OpenReview, 2025).

Haziza, D. et al. Accelerating transformer inference and training
with 2:4 activation sparsity. In Workshop on Sparsity in LLMs at
ICLR 2025 (OpenReview, 2025).

Gao, C., Delbruck, T. & Liu, S.-C. Spartus: a 9.4 TOp/s FPGA-based
LSTM accelerator exploiting spatio-temporal sparsity. IEEE Trans.
Neural Netw. Learn. Syst. 35, 1098-1112 (2024).

Dong, H., Chen, B. & Chi, Y. Towards structured sparsity in trans-
formers for efficient inference. In Workshop on Efficient Systems
for Foundation Models at ICML 2023 (OpenReview, 2023).

Chen, Z. et al. Dynamic N:M fine-grained structured sparse
attention mechanism. In Proceedings of the ACM SIGPLAN Annual
Symposium on Principles and Practice of Parallel Programming
https://doi.org/10.1145/3572848.3577500 (ACM, 2023).

Zhang, Y. et al. Learning best combination for efficient N:M spar-
sity. In Advances in Neural Information Processing Systems, Vol. 35
(eds Koyejo, S. et al.) 941-953 (Curran Associates, Inc., 2022).
Castro, R. L. et al. VENOM: a vectorized N:M format for unleashing
the power of sparse tensor cores. In Proceedings of the Interna-
tional Conference for High Performance Computing, Networking,
Storage and Analysis, 1-14 (IEEE, 2023).

Yuan, Z. et al. STICKER: an energy-efficient multi-sparsity com-
patible accelerator for convolutional neural networks in 65-nm
CMOS. IEEE J. Solid-State Circuits 55, 465-477 (2019).

Nair, V. & Hinton, G. E. Rectified linear units improve Restricted
Boltzmann Machines. In Proceedings of the International Con-
ference on Machine Learning, 807-814 (Omnipress, 2010).
Konda, K., Memisevic, R. & Krueger, D. Zero-bias autoencoders
and the benefits of co-adapting features. In International Con-
ference on Learning Representations (OpenReview, 2015).
Martins, A. & Astudillo, R. From Softmax to Sparsemax: a sparse
model of attention and multi-label classification. In Proceedings of the
International Conference on Machine Learning, Vol. 48, 1614-1623
https://proceedings.mlr.press/v48/martins16.html (PMLR, 2016).
Glorot, X., Bordes, A. & Bengio, Y. Deep sparse rectifier neural
networks. In Proceedings of the International Conference on Arti-
ficial Intelligence and Statistics, (eds Gordon, G., Dunson, D. &
Dudik, M.) 315-323 (PMLR, 2011).

Makhzani, A. & Frey, B. J. Winner-take-all autoencoders. Adv.
Neural Inf. Process. Syst. 28, https://dl.acm.org/doi/abs/10.
https://proceedings.neurips.cc/paper/2015/hash/
5129a5ddcd0dcd755232baa04c231698-Abstract.html (2015).
Mirzadeh, S. . et al. ReLU strikes back: exploiting activation spar-
sity in large language models. In International Conference on
Learning Representations https://openreview.net/forum?id=
0soWxY8q2E (2024).

Park, J.-S. et al. A multi-mode 8k-MAC HW-utilization-aware neural
processing unit with a unified multi-precision datapath in 4-nm
flagship mobile SoC. IEEE J. Solid-State Circuits 58,

189-202 (2023).

Izhikevich, E. Simple model of spiking neurons. IEEE Trans. Neural
Netw. 14, 1569-1572 (2003).

Indiveri, G. et al. Neuromorphic silicon neuron circuits. Front.
Neurosci. 5 https://doi.org/10.3389/fnins.2011.00073 (2011).
Benjamin, B. V. et al. Neurogrid: a mixed-analog-digital multichip
system for large-scale neural simulations. Proc. IEEE 102,
699-716 (2014).

Cavigelli, L. & Benini, L. CBinfer: exploiting frame-to-frame locality
for faster convolutional network inference on video streams. IEEE
Trans. Circuits Syst. Video Technol. 30, 1451-1465 (2019).

Nature Communications | (2025)16:9928

13


https://arxiv.org/abs/2001.08361
https://proceedings.neurips.cc/paper_files/paper/2022/file/c1e2faff6f588870935f114ebe04a3e5-Paper-Conference.pdf
https://proceedings.neurips.cc/paper_files/paper/2022/file/c1e2faff6f588870935f114ebe04a3e5-Paper-Conference.pdf
https://proceedings.neurips.cc/paper_files/paper/2022/file/c1e2faff6f588870935f114ebe04a3e5-Paper-Conference.pdf
https://spectrum.ieee.org/tsmc-n2
https://developer.nvidia.com/blog/nvidia-hopper-architecture-in-depth/
https://developer.nvidia.com/blog/nvidia-hopper-architecture-in-depth/
https://doi.org/10.1145/3572848.3577500
https://proceedings.mlr.press/v48/martins16.html
https://proceedings.neurips.cc/paper/2015/hash/5129a5ddcd0dcd755232baa04c231698-Abstract.html
https://proceedings.neurips.cc/paper/2015/hash/5129a5ddcd0dcd755232baa04c231698-Abstract.html
https://proceedings.neurips.cc/paper/2015/hash/5129a5ddcd0dcd755232baa04c231698-Abstract.html
https://openreview.net/forum?id=osoWxY8q2E
https://openreview.net/forum?id=osoWxY8q2E
https://doi.org/10.3389/fnins.2011.00073
www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-025-65387-7

6.

n7.

8.

19.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

JelCicova, Z. & Verhelst, M. Delta keyword transformer: bringing
transformers to the edge through dynamically pruned multi-
head self-attention. In TinyML Research Symposium (Edge Al
Foundation, 2022).

Yuan, J. et al. KV cache compression, but what must we give in
return? A comprehensive benchmark of long context capable
approaches. In Conference on Empirical Methods in Natural Lan-
guage Processing (eds Al-Onaizan, Y., Bansal, M. & Chen, Y.-N.)
(Association for Computational Linguistics, 2024).

Kwon, W. et al. Efficient memory management for large language
model serving with PagedAttention. In Proceedings of the Sym-
posium on Operating Systems Principles, 611-626 (Association for
Computing Machinery, 2023).

Zhang, Z. et al. H,O: heavy-hitter oracle for efficient generative
inference of large language models. In Advances in Neural Infor-
mation Processing Systems, vol. 36 (eds Oh, A. et al.)
34661-34710 (Curran Associates, Inc., 2023).

Xiao, G., Tian, Y., Chen, B., Han, S. & Lewis, M. Efficient streaming
language models with attention sinks. In International Conference
on Learning Representations (OpenReview, 2024).

Lee, W., Lee, J., Seo, J. & Sim, J. InfiniGen: efficient generative
inference of large language models with dynamic KV cache
management. In USENIX Symposium on Operating Systems
Design and Implementation, 155-172 (USENIX Association, 2024).
Han, S., Pool, J., Tran, J. & Dally, W. Learning both weights and
connections for efficient neural network. In Advances in Neural
Information Processing Systems, Vol. 28 https://proceedings.
neurips.cc/paper_files/paper/2015/file/
aeOeb3eed39d2bcef4622b2499a05fe6-Paper.pdf (2015).
JelCicova, Z., Jones, R., Blix, D. T., Verhelst, M. & Sparseg, J. PeakRNN
and StatsRNN: dynamic pruning in recurrent neural networks. In
European Signal Processing Conference, 416-420 (IEEE, 2021).

Li, S. & Hoefler, T. Near-optimal sparse allreduce for distributed
deep learning. In Proceedings of the ACM SIGPLAN Symposium
on Principles and Practice of Parallel Programming, 135-149
(Association for Computing Machinery, 2022).

Zhang, Z., Wang, H., Han, S. & Dally, W. J. SpArch: efficient
architecture for sparse matrix multiplication. In IEEE International
Symposium on High Performance Computer Architecture, 261-274
(IEEE, 2020).

Giraldo, J. S. P., Lauwereins, S., Badami, K. & Verhelst, M. Vocell: a
65-nm speech-triggered wake-up SoC for 10 uW keyword spotting
and speaker verification. IEEE J. Solid-State Circuits 55,

868-878 (2020).

Giraldo, J. S. P. & Verhelst, M. Hardware acceleration for embed-
ded keyword spotting: tutorial and survey. ACM Trans. Embedded
Comput. Syst. 20, 1-25 (2021).

Jokic, P., Emery, S. & Benini, L. Battery-less face recognition at the
extreme edge. In IEEE International New Circuits and Systems
Conference, 1-4 https://ieeexplore.ieee.org/document/

9462787 (2021).

Jokic, P. et al. A sub-mW dual-engine ML inference system-on-chip
for complete end-to-end face-analysis at the edge. In Symposium
on VLSI Circuits, 1-2 https://ieeexplore.ieee.org/document/
9492401 (IEEE, 2021).

Tzanetos, T. et al. Ingenuity Mars helicopter: from technology
demonstration to extraterrestrial scout. In IEEE Aerospace Con-
ference, 01-19 https://ieeexplore.ieee.org/abstract/document/
9843428/ (2022).

Fu, Z., Delbruck, T., Lichtsteiner, P. & Culurciello, E. An address-
event fall detector for assisted living applications. IEEE Trans.
Biomed. Circuits Syst. 2, 88-96 (2008).

Instruments, T. Technical article: how to bias PIR sensors to pro-
long battery life in wireless motion detectors https://www.ti.com/
lit/ta/ssztab5/sszta55.pdf (2017).

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Li, C., Longinotti, L., Corradi, F. & Delbruck, T. A 132 by 104 10
um-Pixel 250 uW 1kefps dynamic vision sensor with pixel-parallel
noise and spatial redundancy suppression. In Symposium on VLSI
Circuits, C216-C217 (IEEE, 2019).

Calabrese, E. et al. DHP19: dynamic vision sensor 3D human pose
dataset. In IEEE/CVF Conference on Computer Vision and Pattern
Recognition Workshops, 1695-1704 http://openaccess.thecvf.
com/content_CVPRW_2019/papers/EventVision/Calabrese_
DHP19_Dynamic_Vision_Sensor_3D_Human_Pose_Dataset_
CVPRW_2019_paper.pdf (2019).

Chen, Q. et al. DeltaKWS: a 65nm 36nJ/decision bio-inspired
temporal-sparsity-aware digital keyword spotting IC with 0.6V
near-threshold sram. In IEEE Transactions on Circuits and Systems
for Artificial Intelligence 1-9 (IEEE, 2024).

Zhou, S., Li, Z., Delbruck, T., Kim, K. & Liu, S.-C. An 8.62 uW 75dB-
DRsoc end-to-end spoken-language-understanding SoC with
channel-level AGC and temporal-sparsity-aware streaming-mode
RNN. In IEEE International Solid-State Circuits Conference, Vol. 68,
238-240 (IEEE, 2025).

Leviathan, Y., Kalman, M. & Matias, Y. Fast inference from trans-
formers via speculative decoding. In Proceedings of International
Conference on Machine Learning, (eds Krause, A. et al.)
19274-19286 (PMLR, 2023).

Knunyants, I. et al. Explore activation sparsity in recurrent LLMs for
energy-efficient neuromorphic computing. Preprint at https://
arxiv.org/abs/2501.16337 (2025).

Lugosch, L., Ravanelli, M., Ignoto, P., Tomar, V. S. & Bengio, Y.
Speech model pre-training for end-to-end spoken language
understanding. In Interspeech (International Speech Commu-
nication Association, 2019).

Salvatori, T. et al. Brain-inspired computational intelligence via
predictive coding. Preprint at https://arxiv.org/abs/2308.07870
(2023).

Vladimirskiy, B., Urbanczik, R. & Senn, W. Hierarchical novelty-
familiarity representation in the visual system by modular pre-
dictive coding. PLoS ONE 10, e0144636 (2015).

Parr, T. & Friston, K. J. Working memory, attention, and salience in
active inference. Sci. Rep. 7, 14678 (2017).

Vezoli, J. et al. Cortical hierarchy, dual counterstream architecture
and the importance of top-down generative networks. Neuro-
image 225, 117479 (2021).

Douglas, R. J. & Martin, K. A. Neuronal circuits of the neocortex.
Annu. Rev. Neurosci. 27, 419-451 (2004).

Di Mauro, A. et al. FlyDVS: an event-driven wireless ultra-low
power visual sensor node. In Design, Automation and Test in Eur-
ope Conference and Exhibition, 1851-1854 (IEEE, 2021).
Lewandowski, M., Ptaczek, B. & Bernas, M. Classifier-based data
transmission reduction in wearable sensor network for human
activity monitoring. Sensors 21 https://www.mdpi.com/1424-
8220/21/1/85 (2021).

Wu, Y. et al. DeltaDPD: exploiting dynamic temporal sparsity in
recurrent neural networks for energy-efficient wideband digital
predistortion. IEEE Microw. Wirel. Technol. Lett. 35, 772-775
(2025).

Yildirim, M. O., Gok, E. C., Sokar, G., Mocanu, D. C. & Vanschoren,
J. Continual learning with dynamic sparse training: exploring
algorithms for effective model updates. In Conference on Parsi-
mony and Learning, Vol. 234, 94-107 https://proceedings.mlr.
press/v234/yildirim24a.html (PMLR, 2024).

Sacramento, J., Ponte Costa, R., Bengio, Y. & Senn, W. Dendritic
cortical microcircuits approximate the backpropagation algo-
rithm. Adv. Neural Inf. Process. Syst. 31, 12 (2018).

Chen, X. et al. Exploiting symmetric temporally sparse BPTT for
efficient RNN training. Proc. AAAI Conf. Artif. Intell. 38,
11399-11406 (2024).

Nature Communications | (2025)16:9928

14


https://proceedings.neurips.cc/paper_files/paper/2015/file/ae0eb3eed39d2bcef4622b2499a05fe6-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2015/file/ae0eb3eed39d2bcef4622b2499a05fe6-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2015/file/ae0eb3eed39d2bcef4622b2499a05fe6-Paper.pdf
https://ieeexplore.ieee.org/document/9462787
https://ieeexplore.ieee.org/document/9462787
https://ieeexplore.ieee.org/document/9492401
https://ieeexplore.ieee.org/document/9492401
https://ieeexplore.ieee.org/abstract/document/9843428/
https://ieeexplore.ieee.org/abstract/document/9843428/
https://www.ti.com/lit/ta/sszta55/sszta55.pdf
https://www.ti.com/lit/ta/sszta55/sszta55.pdf
http://openaccess.thecvf.com/content_CVPRW_2019/papers/EventVision/Calabrese_DHP19_Dynamic_Vision_Sensor_3D_Human_Pose_Dataset_CVPRW_2019_paper.pdf
http://openaccess.thecvf.com/content_CVPRW_2019/papers/EventVision/Calabrese_DHP19_Dynamic_Vision_Sensor_3D_Human_Pose_Dataset_CVPRW_2019_paper.pdf
http://openaccess.thecvf.com/content_CVPRW_2019/papers/EventVision/Calabrese_DHP19_Dynamic_Vision_Sensor_3D_Human_Pose_Dataset_CVPRW_2019_paper.pdf
http://openaccess.thecvf.com/content_CVPRW_2019/papers/EventVision/Calabrese_DHP19_Dynamic_Vision_Sensor_3D_Human_Pose_Dataset_CVPRW_2019_paper.pdf
https://arxiv.org/abs/2501.16337
https://arxiv.org/abs/2501.16337
https://arxiv.org/abs/2308.07870
https://www.mdpi.com/1424-8220/21/1/85
https://www.mdpi.com/1424-8220/21/1/85
https://proceedings.mlr.press/v234/yildirim24a.html
https://proceedings.mlr.press/v234/yildirim24a.html
www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-025-65387-7

151.  Mead, C. Neuromorphic engineering: in memory of Misha Maho-
wald. Neural Comput. 35, 343-383 (2023).

152. Brandli, C., Berner, R., Yang, M., Liu, S.-C. & Delbruck, T. A 240 x
180 130 dB 3 s latency global shutter spatiotemporal vision
sensor. IEEE J. Solid-State Circuits 49, 2333-2341 (2014).

153. Lennie, P. The cost of cortical computation. Curr. Biol. 13,
493-497 (2003).
Acknowledgements

S.Z.and S.C.L. are supported by Swiss National Science Foundation (no.
208227). C.G. is supported by Dutch Research Council (NWO) Talent
Programme Veni 2023 (no. 21132) and Marie Sktodowska-Curie Actions
Postdoctoral Fellowship (no. 101107534). M.V. is supported by European
Research Council Seventh Framework Programme (specific programme
“IDEAS”, no. 101088865), the Flanders Al Research Program, and KU
Leuven’s Methusalem programme. Figures 3, 4, and 6 have been
designed using free icon resources from flaticon.com.

Author contributions
S.Z.,C.G., T.D., M.V,, and S.C.L. contributed to the conceptualization,
structuring, and writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-65387-7.

Correspondence and requests for materials should be addressed to
Shih-Chii Liu.

Peer review information Nature Communications thanks Peer review
information: Nature Communications thanks the anonymous reviewers
for their contribution to the peer review of this work. A peer review file is
available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:9928

15


https://doi.org/10.1038/s41467-025-65387-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Exploiting neuro-inspired dynamic sparsity for energy-efficient intelligent perception
	Outline placeholder
	Neural inspiration

	Types of dynamic sparsity
	Dimension of dynamic sparsity
	Structuredness of dynamic sparsity
	Statefulness of dynamic sparsity

	Dynamic sparsity enhancing and exploitation techniques
	Sensor subsystem
	Memory subsystem
	Neural-compute subsystem
	Modular system-level dynamic sparsity

	Outlook
	Research directions

	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




