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Abstract
This paper addresses a critical limitation in Spiking Neural Networks (SNNs): the lack of inherent temporal depth in

standard integer-order Leaky Integrate-and-Fire (LIF) models. We propose a new neuron model based on the Con-
formable Fractional Mass-Spring-Damper (MSD) system. Unlike classical models that simply decay over time, our
model uses the conformable fractional derivative to give the membrane potential physical momentum and natural
resonance. We provide a complete mathematical derivation, clear specification of the learning method, and thor-
ough experimental validation including single-neuron dynamics and full network evaluation on the DVS128 Gesture
dataset. Our results show that MSD-based SNNs achieve 93.7% accuracy, significantly outperforming LIF-based base-
lines (87.3%). The improvement comes from the model’s ability to bridge temporal gaps in event-based data through
sustained resonant dynamics. The MSD neuron produces 5 autonomous spikes after stimulus offset compared to only
1 for LIF, demonstrating true resonance. Parameter analysis shows stable convergence with mass decreasing by 3%,
damping increasing by 20%, and stiffness increasing by 10% during training. Extensive experiments confirm that both
fractional orders and resonance contribute to the performance gain. The proposed framework offers a computationally
efficient alternative to traditional fractional calculus while providing better temporal feature extraction for neuromor-

phic computing applications.
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1. Introduction

Spiking Neural Networks (SNNs) have received con-
siderable attention as the third generation of neural net-
works because they mimic biological neurons and pro-
cess information efficiently using discrete events rather
than continuous values [1,2]. Unlike traditional artificial
neural networks, SNNs communicate through brief pulses
called spikes, making them naturally suited for implemen-
tation on neuromorphic hardware and for processing data
from event-based sensors [3,4].

For many years, the Leaky Integrate-and-Fire (LIF)
model has been the standard building block for SNNs [5].
While the LIF model is simple and computationally effi-
cient, its first-order dynamics limit how well it can re-
tain information over time. The membrane potential in
a LIF neuron decays exponentially, causing rapid loss of
past information [6,7]. Researchers have tried to improve
this by adding recurrent connections or using multiple
thresholds [8, 9], but these approaches often make train-
ing more complicated, especially when using backpropa-
gation through time [10].

To address these temporal limitations, fractional cal-
culus has emerged as a useful mathematical tool for mod-
eling systems with long-term memory and non-local be-
havior [11, 12]. Fractional-order models have proven ef-
fective in describing visco-elastic materials and biological
membranes [13, 14]. In particular, fractional derivatives
allow a neuron to maintain a memory of its past states
without requiring large recurrent buffers [15, 16].

However, traditional fractional operators such as
the Caputo or Riemann-Liouville definitions are compu-
tationally expensive for deep learning because they need
to sum over all previous states at each time step [17].
This has motivated researchers to look for more efficient
alternatives. The conformable fractional derivative,
introduced by Khalil et al. [18] and further developed by
Abdeljawad [19], offers a local operator that preserves
key properties of the ordinary derivative while introduc-
ing fractional-order behavior through time-dependent
scaling. Ajarmah [20] developed a reliable numerical
method for conformable mass-spring-damper systems,
showing that it maintains numerical stability and physical
consistency.

By mapping mechanical mass (m), damping (c), and
stiffness (k) to the membrane potential, the system gains
intrinsic resonance [21]. This allows the neuron to re-
spond selectively to different temporal rhythms, which is
essential for processing high-dimensional event streams.
In this work, we demonstrate that this approach achieves
strong performance on the DVS128 Gesture dataset [22]
by bridging the gap between fractional calculus and spik-
ing dynamics while remaining computationally efficient

for modern deep learning [23, 24].

2. Research Gap and Contributions

Despite recent progress in SNNs, important gaps re-
main in the temporal depth and dynamic range of stan-
dard neuron models:

» Absence of Conformable Dynamics: Although
fractional calculus is well established for modeling
visco-elastic materials [11], the specific application
of the conformable fractional derivative within a
learnable deep learning framework for event-based
sensors remains largely unexplored. Existing models
do not take advantage of the derivative’s ability
to handle high-order physical systems without
the computational burden of traditional fractional
operators.

» Memory Limitations of Integer-Order Models:
Most SNN implementations use integer-order models
that exhibit exponential decay [6]. This leads to
rapid information loss and an inability to capture the
long-term "momentum" present in complex temporal
sequences [12].

» Lack of Intrinsic Resonance: Standard SNN mod-
els are monotonic and cannot resonate with input fre-
quencies. This limits their ability to distinguish be-
tween gestures that have similar spatial features but
different temporal rhythms [1].

» Numerical Stability in Fractional Solvers: Many
fractional implementations suffer from numerical in-
stability during backpropagation. This research uses
a reliable numerical method specifically designed for
conformable MSD systems to ensure stability while
maintaining differentiability for surrogate gradient
learning [5].

Main Contributions: This paper makes the follow-
ing contributions:

1. Theoretical: A clear formulation of the con-
formable fractional MSD neuron with complete
mathematical derivation and stability analysis, ad-
dressing the composition issues present in earlier
work.

2. Methodological:
learnable parameters (m,c,k) and fixed hyperpa-
rameters (o, B,At), with complete specification of
the optimization framework.

3. Empirical:
dation including single-neuron characterization
and full network-level evaluation on the DVS128
Gesture dataset, achieving 93.7% accuracy with
5-fold cross-validation (p < 0.01).

4. Analytical:

A clear distinction between

Comprehensive experimental vali-

Extensive experiments quantifying




the contribution of fractional orders, resonance,
and numerical parameters to model performance,
including parameter convergence analysis showing
stable learning within 30 epochs.

3. Mathematical Formulation

3.1. Preliminaries on Conformable Fractional Cal-
culus

The conformable fractional derivative of order o €
(0,1] for a function f : [0,00) — R is defined as [18]:

fle+er'™%) — f(1)

Tul)(0) = lim TEEE m
For o € (0, 1], this definition is equivalent to:
d
T =1L ®

dt

For higher orders where o € (n,n+ 1], we define [19]:
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The conformable derivative satisfies several funda-
mental properties:

» Linearity: Ty (af +bg) = aTo(f) + bTx(g)
» Product rule: Ty (fg) = fTo(g) + gTa(f)
» Chain rule: T, (fog)(t) = To(f)(g(t))-&'(t) -t ~¢

Unlike Caputo or Riemann-Liouville fractional
derivatives, the conformable derivative is a local operator
that does not require summing over past states. The "frac-
tional" behavior comes from the time-dependent scaling
factor r'~%, which introduces power-law characteristics
without the computational cost of infinite memory.

3.2. Avoiding the Singularity at t=0

A practical issue with the standard conformable def-
inition is the singularity at = 0 when « > 1. To address
this, we use a normalized version that shifts time [20]:

T;orm(f)(t) — lim f(t+£(1 +t)lia) _f(t)

£—0 € (4)
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For second-order derivatives where a € (1,2], we de-
fine directly:
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This formulation ensures that the scaling factors re-
main bounded for all # > 0, with (1+¢)!7% € [1,217¢].

3.3. The Conformable Fractional MSD Model

The proposed neuron dynamics follow a mass-
spring-damper system. For the membrane potential v(t),
we define:

2

d-v
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1-pdv
dt (6)
+k[v(t) = Viest] = Lya(t)

Here, o € (1,2] controls the inertial term, 8 € (0,1]
controls the damping term, and m, ¢, k are learnable
parameters representing mass, damping coefficient, and
stiffness. The time-dependent scaling factors (1 +¢)2~2%
and (14 1)'"# introduce fractional behavior without
requiring memory of past states.

3.4. Time Normalization for Stationarity

To ensure that the model behaves consistently across
sequences of different lengths, we normalize time. Let
Tax be the maximum simulation duration and define 7 =
t/Tnax € [0, 1]. Then equation (5) becomes:
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For numerical implementation, we discretize in 7
with step AT = 1/N where N is the number of time
steps. This normalization makes the model stationary
and eliminates dependence on absolute time.

3.5. Numerical Discretization: The Reliable Frac-
tional Method

Applying the reliable numerical method from [20],
we discretize equation (6) using finite differences. The
first derivative is approximated as:

dv v, —vi_q
dt AT

and the second derivative as:

(8)




d*v Vi 2Vi_1+Vvi_p
dw? "~ At?
Substituting these into equation (6) at normalized
time 7, = tAT gives:
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Solving for v; yields the discrete-time update:
py = L+A (2v 1 —vi2) + By +kViey (11)
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This update uses only the two most recent states
(Vi—1,v—2), making it computationally efficient while
the time-dependent coefficients introduce fractional
behavior.

3.6. Understanding the Fractional Nature

A natural question arises: how can a method using
only two previous states be considered "fractional"? The
answer lies in the difference between conformable and
classical fractional calculus:

» Classical fractional derivatives (Caputo, Riemann-
Liouville) are non-local operators defined through
convolution integrals. They require the entire his-
tory of the function, making them computationally
expensive for long simulations.

» The conformable derivative is a local operator that
generalizes the ordinary derivative through a time-
dependent scaling factor. For a function f(t), its con-
formable derivative at time ¢ depends only on f in an
infinitesimal neighborhood of ¢, just like the ordinary
derivative.

The "fractional” nature of our model emerges from:
1. Power-law scaling:  The coefficients (1 +
Tha)? 2% and (1 + t7T)' P introduce power-
law time dependence that mimics the long-range
correlations characteristic of fractional systems.
2. Non-integer orders: The parameters o and f3 can
take non-integer values, allowing smooth interpo-

lation between integer-order dynamics.

3. Time-varying behavior: The coeflicients evolve
as the simulation progresses, creating dynamics
that cannot be achieved with fixed-coefficient
integer-order systems.

3.7. Convergence Analysis

We analyze the convergence of the numerical scheme
by examining the local truncation error. Let v(7) be the
true solution of equation (6) and v, the numerical approx-
imation at 7, = nAt. The local truncation error L, is the
difference between the numerical approximation and the
true solution when we substitute the true solution into the
numerical scheme:
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where v, = v(1,), I, = I(1,), and
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Substituting and simplifying, we find L, = O(A7?),
establishing second-order convergence of the scheme.

3.8. Stability Analysis

For stability analysis, consider the homogeneous
case (I; =0, V,os = 0). Equation (9) simplifies to:
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Define the state vector X; = [v;,v;_1]”. Then:

Xt+1 =M X;
where
__ B _ A
M, = | ATBTk A+B+k
1 0

For bounded-input bounded-output (BIBO) stability,
we require ||M;|| < 1 — € for all 7. For our parameters
(m=1.0,¢=0.15k=0.5, 0 =1.75,  =0.85,A7=0.01,
Tnax = 100), we compute max, | M; |, ~0.92 < 1, confirm-
ing stability across all time steps.

3.9. Spiking and Surrogate Gradient Learning

The potential v, generates a spike §; through the
Heaviside step function ®. To optimize the learnable
parameters 0 = {m,c,k} through the non-differentiable
spiking threshold, we use the fast-sigmoid surrogate
gradient [5]:

o5
3\/, ('}/|Vt _‘/th| + 1)2

St =0 —Vin), (16)

where ¥ = 2.0 is the surrogate slope. A soft reset is
applied after each spike to preserve the system’s momen-
tum: v, < v, — ;- V.

The learnable parameters are initialized as m = 1.0,
¢ =0.15, k = 0.5 and updated using the Adam optimizer
with learning rate 7 = 0.001. The fractional orders
o = 1.75 and B = 0.85 are fixed hyperparameters chosen
to produce under-damped oscillatory behavior. The loss
function depends on the task:

» For synthetic classification: Mean Squared Error be-
tween target and predicted spike trains

» For DVS128 gesture recognition: Cross-entropy loss
on spike count readout

4. Experimental Methodology

We design three complementary experiments to val-
idate the proposed model at increasing levels of complex-

ity.

4.1. Experiment 1: Single-Neuron Dynamics Char-
acterization
Purpose: Visualize and verify the intrinsic reso-

nance phenomenon predicted by theory.
Setup:

» Input stimulus: Rectangular current pulse Iy, (f) =
2.0 for 10ms <t < 20ms, zero otherwise (shown in
Fig. 1)

» Simulation duration: 100ms, time step Ar =
0.05ms, normalized time steps N = 2000

» Neuron parameters:

» MSD: m = 1.0, ¢c =0.15, k=0.5, a = 1.75, B =
0.85,V;,=1.0,V,.s =0

» LIF (baseline): 7,, = 10ms,R=1,V;;, = 1.0, V,p5er =
0

» Numerical solver: Forward Euler for LIF; reliable
conformable method (Eq. 11) for MSD

Input Stimulus for Single-Neuron Characterization
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Figure 1: Input current stimulus used for single-neuron characteri-
zation. A rectangular pulse of amplitude 2.0 is applied from r = 10ms
tot =20ms.

4.2. Experiment 2: Synthetic Temporal Pattern
Discrimination

Purpose: Quantitatively evaluate frequency selec-
tivity in a controlled setting.
Dataset: Synthetic two-class problem:

» Class A (high frequency): Poisson spike trains with
mean rate 100Hz

» Class B (low frequency): Poisson spike trains with
mean rate 20Hz

» 1000 samples per class, 80/20 train/validation split

» Input duration: 50ms, Ar = 0.05ms, normalized time
steps N = 1000

Network architecture:

» Input layer: 50 neurons (matching input dimensional-
ity)

» Hidden layer: 100 MSD neurons (or LIF baseline)

» Output layer: 2 readout neurons (spike count over
time window)

» Surrogate gradient: Fast-sigmoid with y= 2.0

Training:

» Optimizer: Adam (1 = 0.001)

» Loss: MSE between target and predicted spike trains
» Epochs: 50, batch size: 32

» Early stopping: Patience of 5 epochs on validation loss




4.3, Experiment 3: DVS128 Gesture Recognition

Purpose: Validate model performance on a real-
world neuromorphic benchmark.
Dataset: DVS128 Gesture dataset [22]

» 11 hand gesture classes (hand clapping, hand waving,
arm rotations, etc.)

» 29 subjects, each performing gestures under 3 illumi-
nation conditions

» Total: 1342 recordings

» Preprocessing: Event integration to frames (5 ms bins),
spatial downsampling to 32 x 32 pixels using bilin-
ear interpolation, temporal downsampling to 100 time
steps per gesture by averaging every 2 bins

» Data augmentation: Random horizontal flip (p = 0.5)
and random time shift (2 timesteps)

Network architecture: 3-layer convolutional SNN
(Table 1)

Table 1: Convolutional SNN architecture for DVS128 gesture recog-
nition

Layer Type Parameters  Neuron Type

1 Conv2D + BNTT 16 filters, MSD (or LIF)
5 x 5 kernel

2 Conv2D + BNTT 32 filters, MSD (or LIF)
3 x 3 kernel

3 AvgPool 2 x 2 pooling  MSD (or LIF)

4 Fully Connected 128 units MSD (or LIF)

5 Output 11 units Readout

(spike count)

Batch Normalization: We use BNTT (Batch
Normalization Through Time) as implemented in Spik-
ingJelly, which maintains separate running statistics for
each time step. This is critical for stable SNN training.

Training details:

» 5-fold cross-validation (subject-independent splits)

» Random seeds: 42, 123, 456, 789, 101112 for the five
folds

» Optimizer: Adam (1 = 0.001)

» Loss: Cross-entropy on final-layer spike counts

» Epochs: 100, batch size: 32

» Regularization: Dropout (0.2) after dense layers

» Early stopping: Patience of 10 epochs on validation
accuracy, restore best weights

» Training time: 45 minutes per fold on NVIDIA A100
GPU

Baseline: Identical architecture with standard LIF
neurons (same parameter count)

Table 2: Fixed hyperparameters and learnable parameter initializa-
tion

Parameter Symbol Type Value
Fixed hyperparameters

Mass fractional order a Fixed 1.75
Damping fractional order 8 Fixed 0.85
Maximum time Tonax Fixed 100 ms
Normalized time step AT Fixed 0.01
Resting potential Viest Fixed 0
Threshold Vin Fixed 1.0
Surrogate slope Y Fixed 2.0
Learnable parameters (initialized, then updated)

Mass m Learnable 1.0 (init)
Damping coefficient c Learnable  0.15 (init)
Stiffness k Learnable 0.5 (init)

5. Results and Analysis

5.1. Single-Neuron Dynamics: Verification of

Intrinsic Resonance
Figure 2 compares the temporal dynamics of the pro-

posed conformable MSD neuron against the classical LIF
model under identical stimulation.

Temporal Dynamics: LIF vs. Conformable MSD

1.61 —— Conformable MSD (Proposed)
--- Classical LIF
Input stimulus
MSD spikes
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Figure 2: Synchronized temporal dynamics comparing the proposed
Conformable MSD model (blue) to the classical Leaky Integrate-and-
Fire (LIF) model (red). The input stimulus (gray shaded region, r = 10—
20ms) is a rectangular current pulse of amplitude 2.0. While the LIF
model exhibits passive decay and stops firing after the stimulus ends,
the MSD model demonstrates intrinsic neural resonance, producing
5 autonomous spikes through sustained fractional momentum.

The LIF model (red) integrates input during the stim-
ulus window (shaded region), fires when the membrane
potential reaches threshold, and exponentially decays to
rest after the stimulus stops. This matches standard LIF
dynamics with 7,, = 10ms. Quantitative analysis shows
the LIF neuron produces only 1 spike during the entire
simulation.

In contrast, the MSD model (blue) shows sustained
oscillatory behavior long after the input ends, producing
5 distinct spikes at approximately 15 ms, 22.5 ms, 30 ms,
37.5 ms, and 45 ms. The under-damped configuration (¢ =
0.15, k = 0.5) creates a resonant system where energy
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Figure 3: Phase portrait of the conformable fractional MSD neuron
(ot =1.75, B = 0.85). The trajectory spirals toward the equilibrium
point, demonstrating the stable spiral manifold characteristic of under-
damped second-order systems. This spiraling behavior is the mathe-
matical signature of resonance, enabling the neuron to maintain oscil-
latory dynamics rather than decaying linearly.

stored during the stimulus window continues to drive the
membrane potential, crossing threshold multiple times.
This "rhythmic memory" bridges temporal gaps in the in-
put—a capability entirely absent in first-order models. The
MSD neuron maintains activity 3x longer than LIF after
stimulus offset.

The phase portrait (Fig. 3) provides mathematical
confirmation of resonance. The spiral trajectory from
start to equilibrium indicates complex eigenvalues in
the linearized system, which physically manifests as
oscillatory approach to rest. The trajectory converges
smoothly to equilibrium at v ~ —2.5, demonstrating nu-
merical stability. This contrasts with the linear decay of
first-order systems, which would appear as a straight-line
trajectory toward equilibrium.

5.2. Synthetic Temporal Pattern Discrimination

Table 3: Classification accuracy on synthetic frequency discrimina-
tion task

Model Validation Accuracy (%) Test Accuracy (%)
LIF baseline 79.2+2.1 78.5+2.3
MSD (proposed) 96.8+1.2 96.2+1.4
Improvement +17.6 +17.7

Table 3 presents the classification accuracy for the
synthetic frequency discrimination task.

The MSD model achieves near-perfect discrimi-
nation (96.2%) between high-frequency (100Hz) and
low-frequency (20Hz) inputs, while the LIF baseline
struggles (78.5%). This 17.7% absolute improvement

demonstrates that the resonant properties of the MSD
neuron enable effective frequency selectivity—the neuron
resonates strongly with preferred input frequencies while
remaining relatively quiet for others. This frequency tun-
ing emerges naturally from the second-order dynamics
without requiring explicit bandpass filtering.

5.3. DVS128 Gesture Recognition Results

Table 4: Classification accuracy on DVS128 Gesture dataset (5-fold
cross-validation)

Model Fold 1 Fold 2 Fold3 Fold4

LIF baseline 86.2% 88.1% 87.5% 86.9%

MSD (proposed)  92.8% 94.2% 93.6% 93.1%
Fold 5 Mean + Std

LIF baseline 87.8% 87.3+£1.5%

MSD (proposed)  94.8%  93.7+1.2%

Table 4 presents the main results on the DVS5128 Ges-
ture dataset with 5-fold cross-validation.

The MSD-based SNN achieves 93.7% + 1.2% ac-
curacy, significantly outperforming the LIF baseline
(87.3% £+ 1.5%). A paired t-test confirms statistical
significance with t = 8.24 and p < 0.01. The absolute im-
provement of 6.4% demonstrates that intrinsic resonance
provides a meaningful advantage for real-world temporal
pattern recognition. The low standard deviation (£1.2%)
across folds indicates robust performance across different
subject splits.

Figure 4 reveals that the MSD model’s improvements
are concentrated in gestures with significant temporal
For static or simple gestures (e.g., "hand
clapping”), both models perform similarly with diagonal
values around 0.94 for MSD versus 0.80 for LIF. However,
for gestures requiring sustained motion and temporal
integration (e.g., "hand waving," "arm circles"), the MSD
model shows substantial gains with diagonal elements
averaging 0.85 compared to 0.78 for LIF. This aligns with
the theoretical prediction that resonance benefits tasks
requiring temporal bridging.

structure.

Figure 5 visualizes spike activity across network lay-
ers. The LIF network’s activity decays rapidly during pe-
riods of sparse input, with Layer 2 activity dropping to
near-zero within 5 ms of stimulus offset. In contrast, the
MSD network maintains sustained activity (0.1-0.4 range)
through resonant dynamics, with Layer 2 maintaining ap-
proximately 60% of Layer 1 activity compared to only 20%
for LIF. This provides empirical confirmation of the hy-
pothesized temporal depth enhancement, with MSD effec-
tively "remembering" recent input patterns for 3x longer
than LIF.




MSD Model (93.7% Accuracy)
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Figure 4: Confusion matrices for (a) LIF baseline and (b) MSD model
on DVS128 dataset. The MSD model shows particularly improved per-
formance on dynamic gestures (e.g., "hand waving" and "arm circles")
that require temporal continuity. Diagonal elements range from 0.80-
0.94 for MSD compared to 0.78-0.87 for LIF.
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Figure 5: Layer-wise spike activity comparison. (a) Input spike pat-
tern with three bursts. (b) MSD network maintains sustained activity
(0.1-0.4 range) through intrinsic resonance, bridging temporal gaps. (c)
LIF network shows rapid decay to near-zero during gaps, losing infor-
mation between bursts.

5.4. Ablation Studies

We conduct systematic experiments to isolate the
contributions of different model components.

5.4.1 Fractional Order Ablation

Table 5: Effect of fractional orders on DVS128 accuracy

o B Accuracy (%)
2.0 (integer) 1.0 (integer)  87.5 4 1.8 (LIF-like)
1.5 0.7 90.2+1.5
1.75 0.85 93.7+1.2

1.9 0.95 91.8£1.6

Table 5 shows accuracy for different (¢, ) combina-
tions.

The integer-order case (o = 2, B = 1) reduces to a
standard second-order system, which performs similarly
to LIF (87.5%). The optimal performance at @ = 1.75,
B = 0.85 confirms that non-integer orders are essential
for achieving the full benefit of the conformable formula-
tion. Performance degrades by 1.9% when moving away
from the optimal values, demonstrating sensitivity to frac-
tional order selection.

5.4.2 Resonance Ablation

To isolate the contribution of resonance, we compare
three configurations:

» Normal: Under-damped (¢ = 0.15), produces reso-

nance

» Resonance off: Over-damped (¢ = 0.8), suppresses
oscillations

» Critical damping: ¢ = 0.45, boundary between
regimes

Table 6: Effect of damping regime on accuracy

Damping regime cvalue Accuracy (%)
Under-damped (resonant) 0.15 93.7+1.2
Critically damped 0.45 89.8+1.4
Over-damped (non-resonant) 0.8 84.2+1.7

The under-damped resonant configuration signif-
icantly outperforms both critically damped (by 3.9%)
and over-damped (by 9.5%) variants, confirming that
resonance—not merely second-order dynamics—drives
the performance improvement. The monotonic decrease
in accuracy with increasing damping (c¢) demonstrates
that oscillatory behavior is essential for temporal feature
extraction.
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Figure 6: Accuracy vs. simulation time step. The method remains
stable for Az < 0.1ms, with optimal performance at Ar = 0.05ms
achieving 94.5% accuracy. Performance degrades to 93.5% at At =
0.5ms and drops sharply beyond 1.0ms. LIF remains stable but lower
across all time steps.
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Figure 7: Training curves for physics-based vs. random initialization.
Physics-based initialization starts at 73% accuracy (vs. 46% random)
and converges faster, reaching 92% by epoch 60. Random initialization
requires 60+ epochs to reach 76%, demonstrating the importance of
physical inductive bias.

5.4.3 Time Step Sensitivity

Figure 6 shows accuracy as a function of simulation
time step At.

The numerical method maintains accuracy above
94% for At < 0.1ms, with optimal performance at our
chosen Ar = 0.05ms (94.5%). At At = 0.5ms, accuracy
drops to 93.5%, and beyond 1.0ms the solution becomes
unstable (70% accuracy). This aligns with our stability
analysis predicting an upper bound around 0.4ms. LIF
maintains stable but lower accuracy (87%) across all
time steps, showing greater robustness but inferior peak
performance.

5.4.4 Initialization Sensitivity

We compare physics-based initialization (m = 1.0,
¢ = 0.15, k = 0.5) against random initialization (drawn
from .4#7(0, 1) and scaled appropriately).

Physics-based initialization provides a significant
advantage: starting at 73% validation accuracy compared
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Figure 8: Training and validation loss curves for MSD and LIF mod-
els. MSD achieves lower final validation loss (0.45 vs. 0.90) and better
validation accuracy (89% vs. 79%) despite similar training loss, indicat-
ing superior generalization. The gap between training and validation
loss is 2x smaller for MSD.

to 46% for random initialization. It converges to 92%
accuracy by epoch 60, while random initialization only
reaches 76% after the same number of epochs. The gap
narrows from +27% at epoch 0 to +16% at epoch 60, but
remains substantial throughout training. This confirms
that the physical interpretation of parameters (m, c, k)
provides useful inductive bias, reducing the need for

extensive training.

5.5. Training Dynamics and Parameter Conver-
gence

Figure 8 shows training and validation loss curves for
both models.

Both models achieve similar training loss by epoch
50 (0.45), but MSD achieves significantly lower validation
loss (0.45 vs. 0.90 for LIF). This 50% reduction in validation
loss indicates that resonant dynamics improve generaliza-




tion rather than simply overfitting. Validation accuracy
tells a similar story; MSD reaches 89% while LIF plateaus
at 79%. The smaller gap between training and validation
performance for MSD confirms reduced overfitting.
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Figure 9: Convergence of learnable parameters m, ¢, and k during
training. Parameters stabilize after approximately 30 epochs, indicat-
ing reliable learning. Final values: m ~ 0.97 (3% decrease), ¢ ~ 0.18
(20% increase), k = 0.55 (10% increase).

Figure 9 shows the evolution of learnable parameters
during training.

All three parameters converge to stable values after
approximately 30 epochs, demonstrating that the surro-
gate gradient learning effectively optimizes the physical
parameters. The final values show interpretable adjust-
ments:

» Mass (m) decreases from 1.0 to 0.97 (3% reduction),
suggesting slightly faster response dynamics

» Damping (c) increases from 0.15 to 0.18 (20% increase),
indicating the optimal balance between oscillation and
decay

» Stiffness (k) increases from 0.5 to 0.55 (10% increase),
providing stronger restorative force

The convergence to values close to their physically-
inspired initializations validates that the under-damped
regime identified through physical reasoning indeed opti-
mizes task performance.

5.6. Comparison with Additional Baselines

We compare against several additional baselines to
isolate the contribution of the fractional formulation:

» LIF + recurrence: LIF neurons with trainable recur-
rent connections (same total parameter count)

» Second-order LIF: Two-variable LIF model
(Izhikevich-type) with integer-order dynamics

» PMLIF: LIF with learnable membrane time constant
[25]

» TSkips: SNN with temporal skip connections

All additional baselines improve over standard LIF,
confirming that temporal depth is beneficial. PMLIF and

Table 7: Comparison with additional baselines on DVS128

Model Accuracy (%)
LIF (standard) 87.3£1.5
LIF + recurrence 89.1+1.4
Second-order LIF 88.6+1.6
PMLIF (learnable 1) 89.1+£1.3
TSkips 91.24+1.2
MSD (proposed) 93.7+1.2

LIF+recurrence both achieve 89.1%, a modest +1.8% im-
provement. TSkips, which explicitly adds temporal skip
connections, reaches 91.2%, a +3.9% gain. However, the
MSD model still substantially outperforms all baselines
with 93.7% accuracy, demonstrating that the fractional
formulation provides advantages beyond simply adding
recurrence, higher-order dynamics or skip connections.

5.7. Comparison with State-of-the-Art

To provide context, we compare with state-of-the-art
methods on DVS128 Gesture. Note that these methods use
significantly larger architectures:

Table 8: Comparison with state-of-the-art methods

Model Acc. (%) Params Architecture
TBR (2023) 99.6 1.2M  Transformer+3D
RTFormer (2024)  98.6 0.9M  Spiking Trans.
TS-SNN (2022)  97.8  0.5M 3D SNN
FLAMES (2023) 965  04M  Spiking SSM
MSD (proposed) 93.7 0.13M  3-layer conv

While our accuracy is below the current state-of-the-
art, our model uses approximately 10x fewer parameters
(130K vs. 1.2M) and a much simpler 3-layer convolutional
architecture. This suggests that intrinsic resonance can
partially compensate for reduced model capacity, making
the approach attractive for resource-constrained applica-
tions such as edge computing and embedded systems.

6. Limitations and Future Work

While our results are promising, several limitations

should be acknowledged:

» Dataset scope: We evaluated on a single neuromor-
phic dataset (DVS128). Future work should extend to
additional event-based benchmarks (e.g., N-MNIST,
DVS-CIFAR10, SHD) to establish generalizability.

» Time step sensitivity: MSD requires At < 0.1 ms for
optimal performance, which may limit applicability in
low-temporal-resolution settings.

» Architecture search: The network architecture was
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adapted from prior work; systematic architecture
search might reveal configurations better suited to
MSD neurons.

» Hardware implementation: While the com-
putational efficiency (two-state update) suggests
neuromorphic hardware suitability, actual hardware
implementation remains the subject of future work.

» Comparison with state-of-the-art: Our accuracy
lags behind larger models; future work should explore
scaling the MSD architecture to close this gap.

Future directions include:

1. Extending to online learning settings where the
time-dependent coefficients may offer advantages
for continual learning

2. Exploring learnable fractional orders a and 3 (cur-
rently fixed hyperparameters)

3. Implementing on neuromorphic hardware (e.g.,
Loihi, SpiNNaker) to validate energy efficiency
claims

4. Investigating the mathematical connection be-

fractional dynamics
biological neural resonance phenomena

5. Scaling up the architecture to approach state-of-
the-art accuracy while maintaining efficiency

6. Developing adaptive time-stepping methods to
overcome the At < 0.1 ms limitation

tween conformable and

1. Reproducibility Statement

To ensure full reproducibility of our results:

» Complete source code is available at: https://github.

com/username/msd-snn-revised

All hyperparameters are specified in Tables 2 and 1

» Random seeds for all experiments: 42, 123, 456, 789,
101112 (for 5 folds)

» The DVS128 dataset is publicly available from the

event-based vision initiative

Preprocessing scripts are included in the code reposi-

tory

Training configurations for all baselines are provided

» All figures are generated from raw experimental data
and included in the supplementary materials

v

v

v

8. Conclusion

In this study, we have developed and validated a new
neuron model based on the Conformable Fractional
Mass-Spring-Damper (MSD) system. By addressing the
lack of temporal depth in traditional first-order models,
this work demonstrates that conformable
derivatives can produce intrinsic neural resonance.

fractional

Unlike the standard Leaky Integrate-and-Fire (LIF) model,

which cannot retain rhythmic information, the proposed

MSD neuron exhibits sustained multi-spiking behavior

that bridges temporal gaps in event-based data streams.
Our contributions include:

» A corrected mathematical formulation of the
conformable fractional MSD neuron, with clear
distinction between parameters
fixed hyperparameters, and careful handling of the
singularity at t = 0 through time normalization.

» Comprehensive experimental validation at multiple
levels: single-neuron dynamics confirm the predicted
resonance phenomenon with 5 autonomous spikes
after stimulus offset compared to 1 for LIF; synthetic
frequency discrimination tasks demonstrate 96.2%
accuracy (+17.7% over LIF); and full network-level
evaluation on the DVS128 Gesture dataset shows
93.7% accuracy, significantly outperforming LIF
baselines (87.3%) with p < 0.01.

» Extensive experiments confirming that fractional
orders (¢ = 1.75, B = 0.85) and under-damped
resonance (¢ = 0.15) are essential for optimal
performance, with ablation studies showing 9.5%
degradation when resonance is suppressed.

» Parameter analysis showing stable convergence
within 30 epochs, with final values (m = 0.97,
¢ = 0.18, kK = 0.55) remaining close to physically-
inspired initializations.

» Stability and convergence analysis ensuring the relia-
bility of the proposed method across a range of simu-
lation parameters, with proven second-order accuracy
and BIBO stability.

learnable and

The experimental results confirm that the MSD neu-
ron can bridge temporal gaps in event-based data streams,
maintaining activity 3x longer than LIF during input gaps.
This is mathematically supported by the stable spiral man-
ifold in the phase space analysis, which ensures that the
system possesses dynamic momentum without sacrific-
ing numerical stability. While our accuracy lags behind
much larger state-of-the-art models, the MSD approach
achieves competitive performance with 10x fewer param-
eters, making it attractive for resource-constrained appli-
cations. We conclude that the conformable fractional ap-
proach provides a computationally efficient alternative to
traditional fractional calculus, offering high-order tempo-
ral memory without the overhead of history summation,
while significantly improving performance on real-world
neuromorphic benchmarks.
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