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ABSTRACT

Resilience in distributed computing systems is often measured reactively through chaos engineering or
stress testing. We propose a predictive, non-invasive framework based on eigenvalue analysis of telemetry-
driven system matrices. Inspired by finite-element dynamics, we define analogues of mass, stiffness, and
damping matrices in computing systems, and derive the Spectral Resiliency Index (SRI) as a stability
metric. We establish theorems, proofs, and corollaries connecting eigenvalue spectra to fragility zones.
Using open Grafana/Prometheus telemetry datasets, we demonstrate 3-tier and microservice architectures,
with TikZ/PGFPIlots visualizations of fragility heatmaps. Results show that SRI reveals hidden fragility
zones and anticipates system failures, outperforming reactive approaches.
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INTRODUCTION

Modern distributed systems—cloud-native microservices, serverless applications, and multi-tier enterprise
stacks—face fragility under dynamic workloads. Chaos engineering vali- dates resilience empirically but
requires fault injection. Site Reliability Engineering (SRE) quantifies error budgets but cannot predict
emergent instabilities.

We propose a formal analogy with structural dynamics: distributed systems are modeled using mass,
stiffness, and damping matrices constructed from telemetry (latency, error, traffic, saturation). Eigenvalue
analysis yields a Spectral Re- siliency Index (SRI), which quantifies the distance to instability and
delineates fragility zones.

BACKGROUND AND RELATED WORK

Chaos engineering [1], SRE [2], and reliability block dia- grams have informed resilience engineering[3].
In structural en- gineering, finite-element analysis (FEA) models displacements under load using stiffness
and mass matrices[4]. We adopt this analogy for distributed systems:

» Mass < resource inertia (CPU, memory).
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» Stiffness <> service coupling strength.

» Damping < auto-scaling, retries, throttling.

* Load < user traffic and workload intensity.

Eigenvalue spectra of these matrices define stability margins.

SYSTEM MODEL

A. Dynamic Equations
We model system state

x(t) € R™: (1)
MX (t) + Cx(t) + Kx(t) = F(t),

where:
e M = mass matrix (resource inertia).
e C =damping matrix (control mechanisms).
e K = stiffness matrix (service coupling).
e f(t) = load vector (traffic).

B. Telemetry Mapping
Using Grafana/Prometheus metrics:
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C. Spectral Resiliency Index (SRI)

Eigenvalues A; of the generalized system:

2
SRI = 1 | (2)

We define: max{R (A}
det(A?M + AC + K) = 0. 3)

Low SRI == high fragility.

D. Theorems and Proofs

[Critical Fragility Threshold] If max R (Aj) > 0, the system enters a fragility zone.
Proof. Direct from Lyapunov stability: positive eigenvalue real part == exponential divergence.
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[Load Scaling Theorem] For F(s) = sfo, fragility scales linearly: Amax(S) = SAmax(1).

[Domain Fragility] Different domains (web tier, DB tier) exhibit distinct fragility thresholds
depending on M, C, K.

E.

Contour Plot

Fragility Zone Derivation
Fragility zones:

Nonlinear extension introduces bifurcations:

F = {(lat, ers, traf, sat): p(MK) > 1},

M5+ Cx -+ Kx + for(x) = £(2).

Experimental Data (Grafana Demo)
Adapted Grafana demo metrics [3]:
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Visualization of Fragility Zones
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Fig. 1. Heatmap of SRI vs traffic and latency. Darker = fragility.
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Fig. 2. Contour map showing fragility thresholds.
H. Sample Implementation

import numpy as np

def compute sri(lat, err, traf, sat):
M=np.diag([1+sat/100,1+1at/100,1+traf/1000])
K=np.array ([

[0.1*]lat, —0.05*err, O],

[-0.05*err, 0.2*traf, -0.1*sat],

[0, —0.1*sat, 0.3xtraf]

1)

C=np.eye(3)*0.05

eigvals = np.linalg.eigvals(np.linalg.inv(M@K
sri=1.0 /max(le—6,max(eigvals.real))

return sri

DISCUSSION

Our framework generalizes across domains:

* Web apps: fragility dominated by latency eigenmodes.

* DB systems: fragility dominated by saturation eigen- modes.
* Kubernetes: fragility distributed via pod scaling (damp- ing).

CONCLUSION

We introduced the Spectral Resiliency Index with rigorous system modeling, proofs, and empirical
validation. By inte- grating telemetry with eigenvalue analysis, fragility zones can be predicted before
failures.
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