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ABSTRACT

Distributed computing resilience is often evaluated by reactive, empirical approaches such as chaos
engineering, which—while valuable—require injecting failures and cannot fully anticipate emergent
fragility. This paper develops a predictive, non-invasive framework by adapting finite-element analysis
(FEA) principles to distributed systems. We model nodes as elements with capacities, communication as
stiffness couplings, workloads as load vectors, and performance degradation as displacements. Fragility is
measured using a von-Mises style stress formulation.

This revised manuscript incorporates reviewer feedback by: adding a clear problem statement, introducing
a concise state-of-the-art section, providing narrative bridges be- fore equations, presenting telemetry-
based parameter estimation, expanding proofs into for- mal theorems, and including a fully worked 4-node
toy example with numerical results and TikZ/PGFPlots figures. The approach yields resilience scores,
fragility indicators, and closed-form critical-load thresholds, validated with illustrative calculations.
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INTRODUCTION

Distributed systems—microservices, serverless computing, and hybrid cloud architectures—must remain
reliable under dynamic workloads, hardware failures, and cascading risks. Current prac- tices such as chaos
engineering [1] and Site Reliability Engineering (SRE) [2] have improved resilience, but they remain
inherently reactive: one must inject faults or wait for failures to observe system limits.

PROBLEM STATEMENT
Existing resilience approaches lack a predictive, non-invasive frame- work that can anticipate fragility

before failures occur. This paper proposes a finite-element analogy, integrating system telemetry with
matrix mechanics, to compute resilience and fragility metrics in advance.
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RELATED WORK AND RESEARCH GAP (SOTA)

Chaos Engineering tools (Netflix Chaos Monkey, Gremlin) deliberately inject faults to observe recovery.
SRE methods define service-level indicators (SLIs), objectives (SLOs), and error budgets. Analytical
approaches—queueing models, reliability block diagrams, cascading failure models in power grids [3,
4]—offer useful abstractions. Yet these approaches:

- are reactive or destructive,
- lack a unifying mathematical formulation, and
- provide limited predictive power when scaling workloads.

Our proposed FEA analogy addresses this gap by predicting fragility using telemetry-compatible matrices
without perturbing production.

FINITE-ELEMENT ANALOGY AND TELEMETRY-COMPATIBLE MODEL

1.1 Narrative analogy

In structural engineering, forces on beams produce displacements and stresses governed by a stiffness
matrix. Analogously, in distributed systems:

» Node < element with finite capacity w;
« Service dependency « stiffness coupling k;,
- Workload < external force (traffic vector f),
 Latency/error/saturation <> displacement response u.
1.2 Mathematical formulation
We write the equilibrium model as:
Ku=f, K = K(0) + diag(ui), 1)

where K© encodes inter-node couplings and diag(lii) encodes node capacities.

1.3 Telemetry parameter estimation

Couplings, capacities, loads, and thresholds are estimated from telemetry:
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1.4 Resilience and fragility metrics
Resilience score:
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Fragility (von-Mises analogue):
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THEOREMS AND PROOFS

[Critical Load Theorem] For scaled load f(s) = sfo, the response scales as u(s) = suo. Fragility scales
linearly: )
Gum.ilS) = 89, ;-

Critical load factor: Oy

Rexit = m.lin (0"
Cym.d

[Modal Fragility Theorem] Let K = vV AV T with eigenpairs (A, v;). Then

>
u= AYvif)v,.
i

J
Modes with small Aj and large projection vTf dpminate fragility.
[Cascade Condition Theorem] If node j yields, redistributed load via neighbors R(j) causes
node k to fail if

avm,k + onm,k = oy,k-

Fragility amplifies when (vTR(j)F)/A; is large.
WORKED 4-NODE EXAMPLE

Nodes: Frontend (1), API (2), Worker (3), DB (4).
2.1 Baseline system

Adjacency (traffic) matrix:

0 50 20 0
10 0 30 5
A= %0 s 0 %, u=[100, 150, 80, 200].
0 0 0 O
Decomposing stiffness:
0 O i O
40 =30 -10 0 140  -30 -10 0

o _g=30 50 -17.5 =2.5; I
K G-10 -17.5 475 205t K=K +diag(u)

g—30 200 -—17.5 —2.5g
0d=-10 =17.5 127.5 =200°
0 =2.5 =20 22.5 0 =2.5 =20 2225

Baseline load vector:
fo=[200, 50, 20, 5]".
2.2 Response and fragility
Solving Ku, = f; gives:
u, = [1.565,0.517, 0.360, 0.061]T, 0 =[0.977, 0.323, 0.225, 0.038]".
vm

Yield thresholds: o, = [1.5, 0.8, 0.5, 0.4], hence

Scriti = [1.53,2.48,2.22,10.56],  Scrie = 1.53.
2.3 Summary Table

2.4 Plots (TikZ/PGFPlots)

DISCUSSION AND CONCLUSION 3



A Finite-Element Analogy For Distributed Computing Resilience: Predictive, Non-Invasive Resiliency Engineering Beyond Chaos

Contributions

Testing

= Predictive, non-invasive framework for distributed resilience.

» Telemetry-compatible mapping from call graphs, CPU/mem, SLAs.

< Rigorous theorems (critical load, modal fragility, cascade).

- Toy example with numerical validation, table, and plots.

Table 1: 4-Node System Results

Node Mi  foi  Uoi Oumi Oyi Scriti
Frontend 100 200 1.565 0.977 1.5 1.53
API 150 50 0.517 0.323 0.8 2.48
Worker 80 20 0360 0.225 0.5 2.22
DB 200 5 0.061 0.038 0.4 10.56
25 | — Max Fragility a
-» Yield Threshold
2 [ -
% 1.5 | RN EE RN R SN .
5
S
E 1f -
0.5 .
0 [ -
-0.2 0.2 04 06 08 1 1.2 14 16 18 2 22 24 26

Load scaling s

Figure 1: Maximum fragility vs load scaling. Threshold = 1.53 marks first yield.

LIMITATIONS

Linearized model, dependence on telemetry quality, and exclusion of cold-start and configuration shifts.

FUTURE WORK

Extensions include nonlinear K(u), stochastic load modeling, and hybrid validation combining chaos tests

with predictive FEA.
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