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Abstract: Brain-inspired neuromorphic computing, which is based on the neuronal structure of the brain, provides a
revolutionary paradigm for real-time edge computing that is efficient in terms of energy consumption. The purpose of this work
is to investigate the role of synaptic plasticity, specifically spike-timing-dependent plasticity (STDP), in increasing
computational efficiency in neuromorphic edge device topologies. A new architecture is shown here that uses STDP to facilitate
on-chip learning and adaptation to a wide range of sensory inputs. Additionally, this design features reduced cloud processing,
lower latency, and improved energy efficiency. The classification of streams online is the primary focus of our efforts. This is
a fundamental operation performed in most edge operations, including autonomous navigation and health monitoring on
wearable devices. Our model is trained and evaluated in a Python-based simulation environment, and Brian2 is used to simulate
neuronal dynamics. The performance of the novel architecture is evaluated using the Spiking Heidelberg Digits (SHD)
benchmark, an appropriate metric for spike-based classification of auditory samples. This architecture demonstrates higher
processing speed and energy efficiency than traditional von Neumann architectures, achieving 96.4% classification accuracy
and a mean power consumption of 2.7 milliwatts.
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The increasing number of devices in the Internet of Things (IoT) and the growing need for real-time data processing have
exposed the limitations of traditional cloud-based computing models, which are overcome with edge-computing-based models
[1]. Centralized data centers face round-trip latency, bandwidth constraints, and privacy concerns, necessitating local
computing, as proposed in the architectures presented in Kumar et al. [2]. Nevertheless, performing complex machine learning
operations on energy-constrained edge devices remains a challenge, primarily due to the inefficiencies of von Neumann
architectures, an area of research investigated by Nguyen et al. [3]. Neuromorphic computing is an evolutionary advance that
leverages the brain's parallel computing model efficiently, as Chen et al. [4] have demonstrated, boosting processing throughput
in real-time systems. Synaptic plasticity is, at its core, a biological process for learning by modulating synaptic strength, one
which models have leveraged based on recommendations by Wunderlich et al. [5].

Spike-Timing-Dependent Plasticity (STDP), a time-dependent Hebbian learning rule, is a biologically plausible neuromorphic
learning rule, as demonstrated in Kaur et al. [6]. The policy enhances SNN learning efficiency by promoting temporal spike
correlation, a pattern described by simulation models [7]. Our approach employs STDP on a novel neuromorphic edge
architecture that features spike-based processing, a concept adopted to reduce latency and energy consumption [8]. SNNs are
based on discrete spike activity rather than continuous activity and are therefore computationally inexpensive, as discussed in
Shalf [9]. Our model, by combining SNNs and STDP, can learn and adapt to new data patterns even under noisy conditions
found in actual senses, as shown by Epie and Chu [10]. This client-side learning paradigm minimizes central model retraining
to the absolute minimum, with significant bandwidth and privacy benefits, as achieved by methods classified by Dhakal et al.
[11]. In applications such as autonomous vehicles and wearable biosensors, the platform adapts well to active contexts, a
necessity that systems developed by Kim et al. [12] provide. This work thus advances neuromorphic engineering and real-time
edge computing, as detailed in previous pioneering research by Wang et al. [13].

2. Literature Review

The quest for brain-like artificial intelligence has propelled the field of neuromorphic computing away from the traditional von
Neumann bottleneck, as depicted in the models of Luo et al. [1]. Traditional systems have a gap between processing and memory
that results in latency. In contrast, neuromorphic hardware avoids this latency by colocating such elements on-chip, an idea
explored in implementations described in Chen et al. [4]. Brain-inspired work laid the foundation for spiking neural networks
(SNNs), which mimic the capacity of living neurons to represent information in spikes, as described by Dorn et al. [7]. The
most significant aspect of this living capacity is synaptic plasticity, a form of learning adaptation believed to be the cellular
basis of learning, an account verified by Kumar et al. [2]. This Hebbian learning hypothesis is a well-supported neuroscience
hypothesis that has been increasingly supported by frameworks such as Spike-Timing-Dependent Plasticity (STDP), a time-
dependent rule proposed by Kaur et al. [6]. STDP adjusts the weight of a synapse as a function of the relative spike timing of
the neurons and imposes temporal causality, a term used for edge-learning mechanisms [5].

Its deployment in edge computing alleviates energy and bandwidth constraints, particularly for streaming data, as demonstrated
by the designs in Nguyen et al. [3]. Most edge devices cannot maintain persistent cloud connectivity, necessitating on-device
learning, as demonstrated by Epie and Chu [10]. STDP-based edge devices automatically learn from data without the need for
additional retraining loops, providing resilience, as measured in performance tests by Dhakal et al. [11]. Event-based sensors,
such as dynamic vision sensors, naturally generate sparse input streams, which are well-suited to SNNs' asynchronous operation
and have been used to generalize to recognition tasks by Shalf [9]. STDP enables unsupervised learning of patterns but remains
an open issue in the design of scalable training protocols, as noted in Wang et al. [13]. Also, scaling the neuromorphic hardware
implementation is in progress, i.e., for application in real-world dynamic environments such as autonomous navigation, as
evaluated by Zhang et al. [8]. Despite such constraints, the combination of STDP-based learning with edge-based SNNs is
highly promising, especially for intelligent sensing applications, as demonstrated by neuromorphic-edge work highlighted in
Kim et al. [12].

3. Methodology

This research is accompanied by a new neuromorphic architecture to leverage synaptic plasticity for edge real-time processing.
The method uses the spiking neural network (SNN) architecture, the Spike-Timing-Dependent Plasticity (STDP) learning rule,
and a test setup to learn the architecture's behaviour. The SNN is implemented in a two-layer structure consisting of an input
layer and a processing layer. The processing layer is composed of the recurrently coupled recurrent network of leaky integrate-
and-fire (LIF) neurons. A single input-layer neuron is projected onto one frequency channel of the auditory sensor. The input
layer receives spike trains from the sensory inputs here: The Spiking Heidelberg Digits (SHD) dataset, with pre-coded auditory
data already provided as spikes. LIF neurons form an analytically manageable model of biologically recorded neurons that
build up over time and spike as soon as the membrane potential crosses a threshold. Inter-processing-unit feedback enables the
network to retain short-term memory of past inputs, a property important for detecting temporal patterns in the input stream.
The STDP learning rule is used for all excitatory synapses in the processing layer. STDP is achieved with a generic asymmetric
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temporal window, i.e., synaptic potentiation for prespike preceding postsynaptic spike slightly and synaptic depression for the
opposite temporal relation. The magnitude of the weight change depends on the interval of the pre- to postsynaptic spikes, and
small values of time produce large weight changes. This learning rule enables the network to learn, without training, to
recognize certain spatio-temporal spike patterns in the input data.

The classification processing layer is a straightforward winner-take-all (WTA) function. Within the WTA circuit, the first neuron
to fire in response to a particular input pattern inhibits others from firing for a brief duration. Thus, each input pattern is mapped
to a specific neuron or a group of neurons. The input digit label is read out based on the identity of the active neuron. The entire
setup is implemented in a locally developed Python-based simulation framework. The Brian2 simulator, an abstract, high-level,
and high-performance SNN simulation platform, is used to simulate the STDP learning rule and the dynamics of LIF neurons.
The simulation is executed for real-time processing of the SHD dataset, with the spike trains fed into the network as they would
be received from a live sound sensor. The architecture's performance is measured using three critical metrics: classification
accuracy, processing latency, and power consumption. Classification accuracy is represented as the ratio of the correctly
identified spoken digits to the number of spoken digits. Latency of processing is the time from the beginning of the input
stimulus to the activation of the corresponding output neuron. Energy consumption is measured in terms of the number of
neuromorphic synaptic computations and neuron spikes, since these are the primary drivers of energy consumption in
neuromorphic computing hardware. Researchers will provide a quantitative evaluation of the above parameters, including an
accurate performance estimate of our proposed structure for real-time edge processing.

4. Description of Data

The dataset used in this work is the Spiking Heidelberg Digits (SHD). The dataset is indeed designed for benchmarking spiking
neural networks and is optimally suited for detecting temporal patterns. The SHD corpus consists of audio recordings of English
and German pronunciations of the speech digits 0-9. The speech is pre-processed audio used to generate spike trains, which are
therefore inherently compatible with our SNN implementation. The raw audio is converted into spikes using a cochlear model
simulation that mimics the human ear's hearing perception. The result is a biologically plausible simulation of the sound
information, in which the different frequency elements of the sound are encoded by the firing patterns of different neurons over
time. The merged data hold 10,000 recordings and 1,000 samples of all the fingers. Analogue recording is provided as a list of
spike times and their respective neuron indices, with each neuron index corresponding to a frequency channel. The sparsity-
based and time-domain representations of the SHD dataset make it the most suitable dataset for benchmarking the performance
of our suggested STDP-based neuromorphic architecture in the real-time processing regime.
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Figure 1: The suggested synaptic plasticity-based neuromorphic architecture for edge processing
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The proposed neuromorphic architecture for real-time edge processing is depicted in Figure 1. The architecture has been divided
into three stages: Sensory Input, Neuromorphic Processing Core, and Classification Output. The stage Sensory Input illustrates
the input stream of spike-based data, for instance, from the SHD dataset, into the system. It is coloured to indicate where parallel
spike trains are fed to the SNN's input layer. The Core of the system is the Neuromorphic Processing Core. It consists of an
input layer of neurons receiving sensory spikes and a recurrently coupled processing layer of leaky integrate-and-fire (LIF)
neurons. The synapses to the input layer and between neurons of the processing layer are plastic and subject to the Spike-
Timing-Dependent Plasticity (STDP) learning rule. This is indicated diagrammatically by "synaptic plasticity" arrows. The
processing layer consists of a Winner-Take-All (WTA) circuit in which sparse sets of the inputs become activated, producing
efficient classification. The Classification Output step defines the mapping of the neuron spikes in the processing layer to the
classification output. For example, a neuron may be stimulated by perceiving the digit 3. The entire hardware is intended to be
integrated on top of a low-power neuromorphic chip, as indicated by the "On-Chip Learning" title, i.e., a system type suitable
for edge devices.

5. Results

Our proposed neuromorphic architecture testing has yielded highly promising results, validating its ability to perform real-time
edge processing. Classification accuracy, processing latency, and power consumption were the key areas of our testing, with
the Spiking Heidelberg Digits (SHD) dataset serving as the baseline. Our STDP-based SNN achieved 96.4% classification
accuracy on the SHD dataset. This incredible level of performance is particularly noteworthy because all the learning was self-
paced within the temporal structure of the data. The network had learned to form different neural assemblies, one of which
selectively responded to a single spoken digit. The winner-take-all (WTA) process was absolutely vital in this happening,
permitting the neural representations of the different digits to be properly isolated and stable. Researchers observed a gradual
increase in accuracy during the initial training epochs as the synaptic weights approached a stable value. The network's
performance plateaued at about 500 presentations per digit, indicating that learning had fully extracted the relevant features
from the input patterns. This rapid convergence is one of the primary advantages of on-chip learning implementations, where
slow training times may not be optimal. The leaky integrate-and-fire (LIF) neuron model is given by:
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Table 1: Performance measures of the proposed architecture

Measures Trial 1 Trial 2 Trial 3 Trial 4 Average
Classification Accuracy (%) 96.2 96.5 96.3 96.6 96.4
Processing Latency (ms) 15.1 15.3 15.0 15.4 15.2
Power Consumption (mW) 2.6 2.8 2.5 2.9 2.7
Synaptic Operations (x10"6/s) 5.2 5.4 5.1 55 5.3
Neuronal Spikes (x1073/s) 8.1 8.3 8.0 8.4 8.2

Table 1 provides a quantitative overview of the key performance metrics of our proposed neuromorphic architecture. Table 1
has five columns: the first column contains the performance measures, and the last four columns contain the outcomes of four
independent experiments. The fifth column presents the average across all measures and experiments, a clear and useful
indicator of the system's performance. The top row, Classification Accuracy, shows that the architecture achieved approximately
96.4% accuracy, demonstrating the effectiveness of the STDP-based learning approach for spoken-digit recognition. The second
row, Processing Latency, demonstrates the system's real-time capability, with an average latency of just 15.2 milliseconds. Such
fast processing is critical in edge applications where the response must be quick.

The third row, Power Consumption, addresses our concern about the energy efficiency of our approach, with an average power
consumption of just 2.7 milliwatts. The final two rows, Synaptic Operations and Neuronal Spikes, keep a closer track of
computation within the network. These, directly measurable in terms of power consumption, confirm the sparse and event-
based nature of computation. Low spikes per second and synaptic operations are by-products of SNN's computationally efficient
model. Therefore, this information provides strong quantitative evidence for the advantage of using synaptic plasticity in real-
time edge processing. The Spike-Timing-Dependent Plasticity (STDP) update rule is:
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Figure 2: Depiction of synaptic weight distribution and neuronal firing rates

Figure 2 is an overlaid histogram of two significant characteristics of the network's post-training behaviour: the synaptic weight
distribution and the neuron firing rates of the processing layer. The x-axis is both a plot of the strength of the synaptic weight
from 0 (maximum) to 1 (minimum) and neuron firing rate in spikes/second. The y-axis is the number of neurons and synapses
or frequency. The histogram of synaptic weight distribution is shaded in blue. The histogram is bimodal, with a peak at each.
Among them, near zero is that all the synapses have been depressed and are silent. The second peak towards the end of the
maximal weight value corresponds to synapses that have been heavily potentiated and form the networks that learned to
recognize the digits. Such a bimodal profile is typical of successful STDP-based learning since it generates a sparse and dense
network structure. The histogram of the neurons' firing rates, plotted in orange, is typically heavily skewed towards low firing
rates. Most neurons have low mean spike rates, and few spike at higher rates in response to single stimuli. This sparsity sparsely
contributes to the low power dissipation of the neuromorphic architecture because energy is consumed only during neuron
spiking. The Alpha-synapse conductance model is:
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Table 2: Comparative analysis of power efficiency

Architecture Data Type Learning Power (mW) Latency (ms)
Proposed Neuromorphic Spikes On-Chip (STDP) 2.7 15.2
Traditional SNN (Offline) Spikes Offline 155 25.8
Deep Neural Network (GPU) Frames Offline 150.0 50.3
Mobile CPU Frames Offline 500.0 120.7
Cloud-based (Inference) Frames Offline 25.0 200.0

Table 2 presents comparative power-efficiency studies of our proposed neuromorphic architecture compared with competing
computing platforms. Table 2 compares five architectures for speech digit classification and assigns them grades based on
discriminating features, including the type of data they process, learning mechanism, power consumption, and latency. The first
row shows excellent performance of our Proposed Neuromorphic design, which utilizes on-chip STDP learning to achieve
ultralow power consumption of 2.7 milliwatts and very low latency of 15.2 milliseconds. The second line is a Traditional SNN
with offline learning, which, while more power- and latency-efficient than previously, consumes much higher power and incurs
much higher latency. The next lines capture the immense power cost and latency of more conventional approaches. A Mobile
CPU-based implementation is much less power-efficient, consuming 500 milliwatts. A Deep Neural Network (DNN) on a GPU,
an accepted approach to machine learning, consumes 150 milliwatts of power and can tolerate more than 50 milliseconds of
latency. Finally, a Cloud-based inference model, despite its apparently low device-level power consumption, has very high
latency (200 milliseconds) because it requires data transport between the edge and the cloud. Table 2 visually illustrates the
order-of-magnitude improvement in power efficiency and latency achieved by our neuromorphic solution, making it a very
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attractive candidate for power-constrained, real-time edge devices. Winner-Take-All (WTA) network dynamics with lateral
inhibition can be governed as:
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Neuromorphic system power consumption estimation will be:
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Figure 3: Power consumption waterfall chart vs. processing latency

Figure 3 is a power consumption waterfall chart vs. processing latency of a subset of the distinguished digits. The chart provides
a natural, easy-to-understand presentation of performance compromises for each digit categorization task. The x-axis identifies
the recognized digits, 0-9. The y-axis labels the performance metric, in this case, power and latency. The plot starts from a
baseline value and proceeds with a series of floating columns, one for each digit. Each column is shaded from green to red to
show aggregated performance, low latency, and low power in green and higher values in red. Power use per digit is shown as
a blue portion of the column, and processing latency is shown in green. The height of the column as a whole shows an aggregated
cost function. The plot shows that, because of their longer duration, the respective numbers are recognized slightly later and
with higher energy than others. For example, the number "7" could have a slightly higher column than the number "1," resulting
in higher computational expense. This kind of graph visualization is quite effective for understanding the performance
behaviour of the neuromorphic system on a case-by-case basis and for identifying potential areas to optimize.

Overall, the graph exhibits minimal power and latency across all numbers, reaffirming the usability of the provided structure.
Our model's processing delay was defined as the time interval from the onset of the input stimulus to the generation of a
classification response (i.e., the activation of a processing-layer neuron). The processing delay averaged 15.2 milliseconds.
Therefore, response time is extremely fast and within the capability of most real-time systems, including voice command
recognition and real-time security systems. The latency is caused by the event-driven character of the SNN and the parallel
processing nature of the neuromorphic architecture. In contrast to data processing systems that use fixed time windows, our
SNN processes data as it arrives, yielding an instant response. The waterfall chart in Figure 3 provides a step-by-step account
of the correlation between processing latency and other factors that influence performance.

One of the biggest benefits of our suggested architecture is its ultralow power consumption. Our simulations indicated a mean
power consumption of 2.7 milliwatts. The ultralow power consumption has several motivations. First, using LIF neurons and
spike-based communication enables sparse event-driven computation and reduced power consumption, with power
consumption limited to where neurons are actually generating spikes. This is a break from constant processing in regular CPUs
and GPUs. Second, on-chip learning with STDP also sidesteps power-hungry cloud communication for model updates. All
computation happens locally in the edge device. The histogram in Figure 2 shows power consumption as a function of the
distribution of neuronal firing rate. The network's low firing activity is one of the key features that make it energy-efficient.
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The power efficiency breakdown shown in Table 2 also attests to the superiority of our method over conventional methods.
Researchers also tested synaptic weight dynamics when learning. The STDP rule effectively organized network connections by
strengthening synapses involved in accurate digit recognition and weakening those that were not. The synapse weight
distribution, as shown in Figure 2, becomes bimodal after training, with the majority of synapses having extremely weak or
extremely strong weights. The inference is that the network has learned a sparse, compact representation of the data, in which
only a subset of necessary synapses is used for classification. The achieved sparsity is one of the reasons why the architecture
has low power demand and computational complexity. Briefly, our study provides strong evidence that exploiting synaptic
plasticity in neuromorphic computing is an appropriate and highly effective approach for real-time edge processing. Our
proposed system, with ultralow power, low latency, and high accuracy, is an appealing solution for many smart edge
applications.

6. Discussion

The evidence presented across the earlier sections is very strong in support of the efficacy of using synaptic plasticity for edge
real-time processing. Our rationale will go on to describe the significance of these results, emphasizing how architecture design,
the learning algorithm, and performance measurement are connected. The 96.4% classification accuracy reported in Table 1
demonstrates that STDP is a highly efficient unsupervised learning algorithm. Contrary to supervised models trained on labelled
data and extensive offline training, our STDP-based model recognized spoken digits solely by being exposed to the temporal
patterns in the spike trains of the SHD dataset. This self-organizing capability is arguably the biggest advantage for edge
devices, as it allows them to learn from new samples and environments without the need for incessant reprogramming or cloud
connectivity. Figure 2's bimodal distribution of synaptic weights is the most compelling evidence of the learning mechanism.
The two distinct populations of the synapses, where the majority of them are the weak synapses and the remaining are the
strong synapses, reflect that the network learned to eliminate the redundant connections and retain only the synapses that are
essential for the task of classification. The learned sparsity is not just computationally efficient but also replicates the sparse
connectivity in biological neural networks.

The neurons' low firing rates in Figure 2 are a function of the resultant learned network structure. By limiting the number of
neurons firing simultaneously, the system maintains its energy cost, keeping power consumption at a very low 2.7 milliwatts.
Comparison with Table 2 puts that power efficiency into perspective. Our architecture is an order of magnitude more power-
efficient than even offline-trained SNNs and several orders of magnitude more efficient than traditional DNNs on GPUs or
CPUs. Such a few-order-of-magnitude power savings is a paradigm for edge computing, where battery life can be a bottleneck.
The potential to perform advanced pattern recognition at very low power consumption enables a vast array of new applications,
from long-duration sensors to completely autonomous drones and robots. A further greatly valuable result of our research is its
extremely low 15.2-millisecond processing delay. As shown in the waterfall plot in Figure 3, this very fast response is delivered
reliably to all recognized digits. This is a direct result of the neuromorphic architecture's event-based, parallel nature. It
processes data as it arrives, in the form of spikes, producing a stream and enabling real-time computation. This is distinct from
the frame-based processing in current systems, which necessarily incurs delays. The worth of high cloud solution latency in
Table 2 (200 milliseconds) clearly indicates the bottleneck of relying on remote servers for real-time computation.

By moving both learning and inference to the edge, our design alleviates this bottleneck, enabling true real-time interaction
with the environment. But it must be noted that our results are subject to constraints and complexities. The Figure 3 waterfall
plot of power and latency across digits shows a sudden change in power and latency between digits, a typical indication that
the temporal pattern complexity of one digit can influence the computation resources devoted to its classification. Unnoticeable
as these changes are in our case now, they are intended to establish the need for subsequent work on designing a proper network
organization and learning parameters to fit the specific tasks. Additionally, although the unsupervised nature of STDP is
attractive, it may not always be sufficient for all applications. For tasks of very high precision or for distinguishing between
patterns that are very close together, both unsupervised and supervised learning systems would be required. In short, our
analysis of the findings unequivocally confirms the fundamental premise of this paper: that synaptic plasticity is the enabler of
next-generation intelligent edge devices. The synthesis of brain-inspired learning rules and parallel event-driven hardware
yields a computational paradigm most suited to the needs of the edge, in a manner not reproducible elsewhere. The realized
high accuracy, low latency, and ultralow power are not incremental but a paradigm shift in how researchers can compute in
resource-limited settings.

7. Conclusion
Researchers have demonstrated the vast potential of synaptic plasticity for real-time edge computing in neuromorphic systems.
Our spiking neural network based on the Spike-Timing-Dependent Plasticity (STDP) learning rule has achieved high accuracy

in spoken digit classification on the Spiking Heidelberg Digits dataset. High accuracy, low latency, and ultralow power
consumption are the three main contributions of the paper. The 96.4% classification rate achieved with unsupervised on-chip
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learning demonstrates STDP's feature-extraction capabilities on high-dimensional temporal data. Self-organization is a crucial
stepping stone toward fully adaptive and autonomous edge devices. The synaptic weights and firing rates of the neurons,
discussed in Figure 2 and summarised in Table 1, exhibit an efficient, sparse network topology, which accounts for the system's
energy efficiency. The 2.7 milliwatt average power consumption and 15.2 millisecond response time, presented in Table 1 and
scaled in Table 2, represent a stunning leap beyond traditional computational standards. These values, along with the division
shown in Figure 3, enable our neuromorphic methodology to overcome the von Neumann bottleneck and meet the extremely
rigorous requirements of real-time edge computing. Finally, this paper provides compelling arguments that by embracing brain-
inspired computing paradigms, or more precisely, synaptic plasticity, researchers can develop a next generation of intelligent
edge devices. They can learn and adapt in real time, lasting for hours on low power, and compute data at the speed and efficiency
needed for unobtrusive interaction with the physical world.

This work also identifies several directions for further investigation. One such direction is the scalability of our architecture, as
described. Although researchers have demonstrated that it can be applied to a specific digit recognition task, future research
will aim to extend these principles to more challenging real-world data and tasks, e.g., continuous speech recognition or
dynamic scene understanding from event cameras. This will involve investigating more complex network topologies and
possibly other aspects of synaptic plasticity to speed up the system's learning. Another significant area is to deploy the
architecture described above on neuromorphic hardware. Whereas our work to date has been simulation-based, the end vision
is to implement these systems in the physical world on low-power, application-specific silicon chips. This too will be a co-
design of learning algorithms and hardware, enabling us to jointly optimize energy efficiency and performance. Researchers
will also explore how to integrate our neuromorphic processing core with future sensing technologies, such as dynamic vision
sensors, to create end-to-end neuromorphic systems. Researchers will also explore integration possibilities of unsupervised
STDP-based learning and supervised or reinforcement learning. This hybrid approach would aim to marry the best of both
worlds: the cost efficiency and scalability of unsupervised learning, and the high precision and task-specific optimality of
supervised learning. Next, researchers introduce our extension to a broader set of edge computing tasks, including personalized
medicine, the industrial Internet of Things, and autonomous robotics, as part of our work to establish real-world, deployable
solutions.
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