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Abstract

The growing deployment of industrial robotics and artificial intelligence—driven automation across logistics,
manufacturing, and large-scale industrial environments has fundamentally altered the requirements placed on
the underlying compute and network infrastructure that supports these systems. Traditional on-premises
deployments, while providing acceptable proximity to field devices, fail to deliver the elastic scalability and
operational automation that modern robotics platforms demand; at the same time, purely centralized cloud
architectures introduce latency characteristics that are structurally incompatible with the deterministic timing
requirements of real-time control loops. This review examines the architectural principles governing multi-
tier cloud network infrastructures designed to reconcile these competing demands, with particular focus on
metro-proximate Local Zone deployments, hyperscale backbone connectivity between infrastructure tiers,
failure domain isolation strategies, and deterministic network monitoring frameworks. The review further
analyzes how workload separation across well-defined infrastructure tiers allows robotic command and
control functions to operate with low-latency determinism while resource-intensive application services scale
freely within centralized cloud regions. A simulation-based quantitative evaluation conducted across four
architectural configurations, the proposed four-tier architecture, a region-centric cloud baseline, a generic
three-tier edge-cloud baseline, and an on-premises reference, demonstrates, under simulation conditions
representative of public-internet-routed region-centric deployments, a 17.6-fold reduction in P99 control loop
latency, a 411-fold improvement in backbone failure recovery time, and a fleet-aggregate availability of
99.94% relative to 97.83% for the region-centric baseline. The architectural patterns discussed here offer a
durable engineering foundation for organizations building production-grade robotics systems at scale.

Keywords: Cloud Robotics, Edge Computing, Local Zone Infrastructure, Real-Time Control Systems, Multi-
Tier Network Architecture, Failure Domain Isolation, Deterministic Network Recovery, Traffic Engineering

1. The Emergence of Metro-Proximate Cloud Infrastructure for Robotics Systems
Industrial robotics and artificial intelligence—driven automation systems are rapidly transforming operational
environments across logistics facilities, manufacturing plants, and large-scale industrial sites, environments
that collectively place extraordinary demands on the compute and network infrastructure underpinning their
operation. At the core of this transformation lies a fundamental requirement for tightly coordinated, low-
latency interaction between robotic clients, sensing systems, and command orchestration platforms. Unlike
conventional enterprise software, robotics workloads impose strict temporal constraints on data processing;
control loop stability depends directly on network latency, jitter, and reliability [1].

For many years, the dominant approach to robotics control infrastructure centered on dedicated on-premises
servers physically situated within the operational facility itself. This arrangement guaranteed that command
systems remained geographically close to robotic clients, which in turn kept network round-trip times within
the deterministic bounds required by real-time control loops. However, this proximity came with a structural
cost that has grown increasingly difficult to justify as robotics deployments have scaled in complexity. On-
premises infrastructure carries significant operational burdens that scale poorly with deployment complexity.
While hybrid on-premises cloud platforms — rack-mounted cloud infrastructure extensions deployed directly
within customer facilities — have emerged to address some of these limitations by delivering managed
services and cloud-integrated tooling at the facility level, these offerings introduce their own constraints: they
require substantial upfront investment, dedicated physical space, and the provisioning of power and cooling
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infrastructure sufficient to host dense compute racks. These conditions are neither universally available nor
economically justifiable across all industrial deployment contexts. For organizations whose operational
facilities cannot accommodate these physical and logistical requirements, or whose deployment scale does
not warrant the associated capital outlay, an alternative architecture is required [2].

The recognition of these limitations has driven many organizations toward cloud-native robotics architectures,
yet the transition introduces a new class of challenges that cannot simply be dismissed as implementation
details. Centralized cloud regions are commonly located at substantial geographic distances from operational
sites, distances that translate directly into network round-trip latencies well in excess of what real-time
robotics control systems can tolerate. A control loop requiring single-digit millisecond feedback cannot
function reliably when its command system is hundreds of kilometers away; propagation physics imposes a
latency floor no software optimization can overcome.

Metro-proximate cloud infrastructure, most commonly implemented through the Local Zone construct offered
by major hyperscale cloud providers, addresses this challenge by extending cloud compute capabilities into
metropolitan areas that are geographically close to operational environments while simultaneously
maintaining deep integration with larger regional cloud infrastructure. Robotic command and control systems
hosted within Local Zones interact with field-deployed robotic clients over short metropolitan network paths,
maintaining the latency characteristics of on-premises deployments while operating within a fully managed
cloud-native environment that provides the scalability and operational automation that on-premises
infrastructure cannot match.

This architecture establishes a foundational principle for robotics infrastructure design: proximity-based
compute must coexist with centralized cloud services in a coordinated multi-tier architecture. As illustrated in
Fig. 1, the complete system spans four distinct infrastructure layers, the Operations Site hosting robotic clients
and sensing devices, the Local Zone (Metro Cloud) layer providing edge compute and storage for command
and control, inference, and sensor processing functions, the Cloud Provider Backbone delivering high-speed
private redundant transport between tiers, and the Central Cloud Region hosting scalable microservices, data
analytics, and model training workloads. The coexistence of metro-proximate and regional cloud layers allows
organizations to simultaneously address the deterministic performance requirements of robotic control
systems and the  scalability @ demands of  robotics  applications in  enterprises.

Operations Site Cloud Provider Backbone Central Cloud Region

P a o
S | e B o

High-Speed Backbone

Robotic Clients

Command | Inference Safety & Data & Services  Microservices | Data Maodel
& Control Engine Sensor Private, Redundant Flow & Databases | Analytics  Training
E m Processing Network

Sensors & Devices Edge Compute & Storage Scalable Cloud Services

Fig. 1. Multi-tier cloud network architecture for real-time robotics systems, illustrating the operations site,
Local Zone metro cloud layer, cloud provider backbone, and central cloud region with associated service
components.

2. Background and Related Work

2.1 Traditional Industrial Control Hierarchies and Their Structural Limitations

The governance of industrial automation systems has historically been organized according to hierarchical
reference models whose conceptual foundations predate the cloud computing era by several decades. The
ANSI/ISA-95 standard, which codifies the integration interface between enterprise resource planning
platforms and manufacturing operations management systems, establishes a five-level functional hierarchy in
which field devices occupy Level 0, basic machine control occupies Levels 1 through 2, manufacturing
operations management occupies Level 3, and business planning and logistics functions occupy Level 4 [13].
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The Purdue Enterprise Reference Architecture, developed in the early 1990s and subsequently adopted as the
conceptual basis for industrial network segmentation in numerous cybersecurity and operational technology
governance frameworks, elaborates this hierarchy by prescribing the network topology and inter-level
communication patterns appropriate at each functional tier [14]. These frameworks suited on-premises
environments where all functional layers shared a single facility and communication traversed deterministic
local network segments.

However, both models assumed co-located compute and hardware-based scalability and had no provision for
cloud analytics, inference pipelines, or remote fleet management. Supervisory Control and Data Acquisition
systems and Distributed Control Systems, while operationally mature and widely deployed in process and
discrete manufacturing environments, operate within an architectural paradigm that assumes deterministic
local communication paths and does not readily accommodate the geographic distribution and workload
elasticity that cloud-native robotics platforms require [15]. The structural rigidity of PLC-and-SCADA
hierarchies, which optimize for determinism within a bounded physical perimeter at the expense of operational
extensibility beyond it, represents the foundational limitation that motivated exploration of intermediate
compute paradigms as described in the sections that follow.

2.2 Edge and Fog Computing Paradigms

The recognition that neither purely on-premises nor purely centralized cloud architectures could satisfy the
combined requirements of latency-sensitive industrial applications motivated the development of edge and
fog computing paradigms that explicitly distribute compute resources across points intermediate between field
devices and central cloud infrastructure. The fog computing model, first articulated as a formal architectural
concept in the context of Internet of Things applications [16], proposed organizing application logic across a
continuum of compute resources spanning endpoint devices, geographically distributed fog nodes, and central
cloud regions, with placement decisions governed by the latency, bandwidth, and computational intensity
characteristics of individual application components rather than by organizational convention or physical
proximity alone. The Multi-access Edge Computing specification promulgated by the European
Telecommunications Standards Institute extended this concept into the mobile network domain by defining a
standardized application hosting platform deployable within cellular radio access network infrastructure,
targeting applications whose response time requirements fall within the single-digit millisecond range that
centralized cloud hosting cannot provide [17].

A widely cited conceptual taxonomy [18] distinguished three structural variants of edge computing, device-
level edge, in which processing occurs at or immediately adjacent to field hardware; infrastructure edge, in
which processing occurs at carrier-grade network aggregation points; and cloud edge, in which processing
occurs in geographically distributed compute infrastructure operated by cloud providers, and identified the
cloud edge category as the variant most capable of combining operational proximity with the managed
infrastructure maturity that production industrial deployments demand. Earlier three-tier architectures in the
academic literature that instantiated this cloud edge model typically modeled intermediate compute nodes
using generic parameterizations whose connectivity to central cloud regions, failure handling behavior, and
operational management interfaces remained underspecified [19], limiting their utility as engineering
blueprints for production deployments where these details are precisely the dimensions that determine
operational outcomes. The present architecture addresses this gap by specifying, at the implementation level,
both the service placement criteria governing what resides in the metro tier and the backbone connectivity
mechanisms that govern how that tier interacts with the central region.

2.3 Commercial Edge Cloud Platform Implementations

Major hyperscale cloud providers have developed proprietary edge extension platforms that instantiate the
cloud edge computing model within production-grade managed infrastructure, each with distinct scoping
assumptions and operational trade-offs. Microsoft Azure loT Edge provides a container-based runtime that
deploys cloud-managed workloads to edge-connected gateway hardware, enabling local inference execution
and sensor data preprocessing while maintaining lifecycle management integration with Azure cloud services,
a model suited to deployments where edge compute is realized through on-premises gateway hardware rather
than cloud-provider-managed infrastructure [20]. Amazon Web Services offers the AWS Local Zone
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construct as its metro-scale cloud edge implementation, provisioning full cloud infrastructure, including
compute, storage, network load balancing, and container management services, at metropolitan locations
geographically proximate to population centers and industrial sites, in contrast to the gateway-device model
that confines processing to customer-managed hardware. Google's Anthos platform generalizes Kubernetes
workload management across on-premises, edge, and multi-cloud environments, enabling consistent policy
enforcement and application deployment at distributed locations while maintaining a centralized management
control plane hosted within Google Cloud infrastructure [21].
Amazon Web Services additionally offers AWS Outposts as a hybrid on-premises extension model, delivering
fully managed AWS compute, storage, and networking services as rack-mounted hardware deployed within
customer facilities. Outposts enable organizations to run cloud-native workloads on-premises with the same
APIs, management interfaces, and operational tooling available within AWS cloud regions, addressing the
elastic scaling and managed redundancy gaps of traditional on-premises deployments. However, Outposts
deployments require that the host facility provide adequate physical space, power capacity, and cooling
infrastructure to support high-density compute racks — requirements that may be impractical or cost-
prohibitive in space-constrained industrial environments, brownfield facilities, or multi-site deployments
where replicating dedicated infrastructure at every operational location is not economically viable. Lead times
for capacity scaling are measured in weeks rather than the minutes characteristic of cloud-native provisioning,
limiting suitability for deployments with highly variable or difficult-to-forecast compute demands. Per-unit
compute costs also carry a premium relative to equivalent regional cloud capacity, making total cost of
ownership comparisons sensitive to the specific utilization profile and geographic footprint of each
deployment [20].

Container orchestration frameworks adapted for edge deployment, most notably the KubeEdge project, which
extends the Kubernetes control plane to resource-constrained edge nodes while maintaining bidirectional
metadata synchronization with a cloud-hosted management plane [22], have attracted substantial research
interest as mechanisms for coordinating distributed multi-tier workloads across heterogeneous infrastructure.
However, open-source edge orchestration frameworks introduce operational complexities that managed
cloud-provider infrastructure abstracts away: intermittent connectivity handling, resource constraint
enforcement on heterogeneous edge hardware, and cluster state consistency maintenance across
geographically distributed nodes each require explicit engineering investment that cloud-provider-managed
Local Zone infrastructure handles as a built-in operational responsibility rather than a customer-facing
concern.

2.4 Academic Research on Multi-Tier Industrial and Robotics Architectures

The academic literature of the past several years reflects sustained engagement with the challenge of
reconciling industrial control requirements with cloud-native operational capabilities across tiered
infrastructure. A body of work examining 5G mobile edge computing for robotic and automated
manufacturing systems has demonstrated that mobile-network-integrated edge compute resources can achieve
round-trip latencies consistent with real-time control requirements for specific classes of robotic manipulation
tasks, while also identifying latency variability under network congestion as a persistent challenge that
geographic proximity alone cannot fully resolve [4]. Parallel investigations into Time-Sensitive Networking
protocols, specifically the deterministic queuing and traffic shaping mechanisms standardized in the IEEE
802.1 TSN family, have established a complementary approach to bounding latency within local area network
segments of industrial architectures, with implementations increasingly integrated into Ethernet-based field
device communication for applications requiring microsecond-level timing precision [23]. The OPC Unified
Architecture standard, formalized in [EC 62541, has emerged as a leading protocol candidate for bridging the
communication gap between field-level industrial devices and cloud-based application platforms, providing a
platform-independent service-oriented communication model capable of operating across both local area and
wide-area network paths without protocol translation at tier boundaries [24].

Research into multi-area, multi-service edge-cloud continuum architectures has begun to address the planning
and optimization dimensions of tiered infrastructure at metropolitan and regional scales, examining how joint
optimization of workload placement, capacity provisioning, and service routing affects latency, cost, and
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resilience simultaneously rather than treating each dimension as a separate optimization objective [9]. Cloud
robotics architecture surveys have catalogued reference deployment patterns for distributed robotic systems
spanning edge and cloud tiers, identifying decentralized multi-cloud patterns as a direction of increasing
practical relevance for large-scale heterogencous robotic fleet deployments that must span multiple
operational sites across different geographic areas [6].

2.5 Positioning of the Present Work and Novel Contributions

Against the landscape of prior work surveyed in the preceding subsections, the architectural framework
examined in this review occupies a distinct engineering position characterized by dimensions of contribution
that existing treatments address partially or omit entirely. Prior fog and edge computing literature establishes
the conceptual legitimacy of intermediate-tier compute deployment but rarely examines the specific
operational integration characteristics, backbone connectivity engineering, backbone-level failure isolation,
workload placement governance at the service category level, of cloud-provider-managed metro infrastructure
as opposed to generic edge nodes whose connectivity properties are left underspecified as simulation
parameters. Commercial platform treatments of edge runtimes focus on gateway-device deployments
operating at a granularity below the metro scale, whereas Local Zone infrastructure operates at the full
metropolitan scale, targeting operational environments physically separated from field hardware but requiring
latency characteristics materially superior to those available from distant central regions. The failure domain
isolation and graceful degradation framework articulated in the present architecture extends substantially
beyond the fault tolerance models addressed in most edge computing literature, which tend to address device-
level or individual link failures without modeling the coordinated interaction between multiple distinct failure
domains in a layered resilience architecture.

The novel contributions of the present work are, accordingly, the formalization of a four-tier infrastructure
reference model designed specifically for industrial robotics deployments, with explicitly defined service
placement criteria distinguishing the operations site, metro cloud, backbone transport, and central-region tiers;
the specification of backbone connectivity engineering as a first-class architectural concern encompassing the
multi-domain failure isolation framework with explicit graceful degradation modes defined for each tier-
crossing failure scenario; and the deterministic monitoring architecture that integrates passive telemetry
collection, rapid failure detection mechanisms, and active probing into a layered observability system whose
temporal resolution is calibrated to control loop timing requirements. These contributions are evaluated
quantitatively in Sections 9 and 10 against three baseline architectures representative of the on-premises,

region-centric, and generic edge-cloud approaches surveyed above.
Prior Approach Key Limitation Present Architecture's Advance
ISA-95 / Purdue No elastic scaling; integration with | Metro-proximate cloud tier with native
Model (on- cloud analytics requires custom hyperscale integration replaces static
premises bridging; cloud connectivity on-premises hierarchy while preserving
hierarchy) unspecified proximity
Foe / MEC Intermediate node connectivity, Backbone connectivity engineering and
g/ . management, and failure behavior rapid-detection-based recovery
generic three-tier . . .
: underspecified; no backbone formalized as first-class architectural
architectures .
transport guidance components
. Scoped to gateway-device Cloud-provider-managed Local Zone
Commercial edge .
. granularity below metro scale; abstracts hardware management;
runtimes (IoT . . . .
customer responsible for provider backbone handles inter-tier
Edge, Greengrass) . o o
connectivity and resilience resilience
Deployment patterns catalogued Simulation-based quantitative
Academic cloud without quantitative performance evaluation of latency, throughput,
robotics surveys evaluation or failure domain MTTR, and scalability across four
analysis architectural configurations
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Mobile network dependency Fixed metropolitan network paths
5G MEC robotics | introduces air-interface variability; eliminate air-interface variability;
studies backbone to central region left backbone engineering controls inter-

unengineered tier latency and recovery

Table 1: Comparative positioning of the proposed four-tier architecture against representative prior
approaches, identifying the key limitation of each prior approach and the specific advance the present
architecture provides [13]-[22].
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3. Control Loop Latency and the Limitations of Region-Centric Cloud Architectures
The operational integrity of real-time robotics systems depends upon tightly bounded control loop cycles in
which robotic clients continuously exchange telemetry readings, command acknowledgments, and feedback
signals with centralized control services at rates that allow physical actions to be governed with precision.
Sensor ingestion, inference evaluation, and command arbitration must all complete within deterministic
latency budgets frequently measured in single-digit milliseconds [3]. No buffering strategy compensates for
late feedback; delayed commands produce real-time physical consequences regardless of software design.
When robotics clients interact directly with centralized cloud regions, the physical distance separating
operational sites from regional infrastructure becomes the binding constraint on system performance. Network
propagation delay across continental paths accumulates to values that place round-trip times outside the
bounds that real-time robotics systems require, even over dedicated wide-area circuits. Beyond static
propagation delay, region-centric architectures expose robotics systems to a second class of problem that is in
some ways more dangerous: latency variability. Routing dynamics across long-haul paths, congestion events
on transit networks, and multi-tenant contention within shared cloud infrastructure can produce unpredictable
latency spikes that destabilize control loop timing even when average round-trip times appear nominally
acceptable [4]. A system that fails intermittently under congestion cannot be safely deployed in production.
Local Zones resolve both of these structural limitations by positioning compute resources within the same
metropolitan area as the operational facility they serve. The reduction in geographic distance translates directly
into a reduction in propagation delay, bringing round-trip times between robotic clients and Local Zone
command systems into ranges consistent with real-time operational requirements. Equally important, the use
of metropolitan network infrastructure rather than long-haul wide-area paths largely insulates Local Zone
connectivity from the routing variability and congestion dynamics that make region-centric architectures
unsuitable for latency-sensitive robotics workloads. Because Local Zones are integrated directly into the same
cloud provider infrastructure as their parent regions, they inherit the reliability engineering, network
redundancy, and operational tooling that make hyperscale cloud platforms attractive in the first place, meaning
that the latency benefits of proximity come without any sacrifice in infrastructure maturity or operational
consistency.

Characteristic in Region-Centric Impact on Robotics Control

Challenge Category Architecture Loop
Accumulates progressively across Places round-trip times
Propagation Delay long-haul continental network paths structurally outside real-time
regardless of circuit quality operational bounds
Arises from dynamic routing changes, | Destabilizes control loop timing
Latency Variability | transit network congestion, and even when average latency

asymmetric path selection

appears nominally acceptable

Multi-Tenant
Network Contention

Shared physical cloud infrastructure
generates throughput fluctuations
under elevated aggregate demand

Introduces unpredictable
command delays during peak
production load periods

Wide-Area Path
Reliability

Dependent on multi-hop external
transit handoffs beyond the cloud
provider's operational control

Degrades command signal
consistency and introduces
intermittent delivery failures

Geographic Distance
Constraint

Fixed physical separation between the
operational site and cloud region is
irresolvable through software

Cannot be overcome through
protocol optimization or
application-layer buffering
strategies

Table 2: Architectural challenges of region-centric cloud deployments for real-time robotics systems,
contrasting their inherent characteristics against the deterministic requirements of industrial control loop

operation [3], [4].
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4. Local Zones as the Robotics Command and Control Layer
Within a multi-tier robotics cloud architecture, the Local Zone tier carries primary responsibility for all
latency-sensitive operational workflows, the services that must interact with robotic clients in real time and
that cannot tolerate the additional delay introduced by communication with a geographically distant cloud
region. This includes command arbitration systems that resolve and dispatch control instructions to individual
robots, sensor ingestion pipelines that receive and preprocess data streams from field devices, inference
engines that evaluate incoming telemetry against operational models, and safety control modules whose
outputs must reach robotic actuators before a potentially hazardous condition escalates [5]. For many
industrial robots, this consolidation is a prerequisite for safe operation, not merely an optimization.
The interaction model between robotic clients and Local Zone command systems follows a continuous cycle
in which telemetry data flows inward from field devices, decision logic executes against that data, and control
instructions flow outward to the robotic devices, all over metro-scale network paths whose latency
characteristics support the timing requirements of the control loop. This preserves the response determinism
of on-premises deployments while adding managed updates, elastic scaling, and integrated monitoring.
Beyond the core command loop, Local Zones may also host a range of supporting services that contribute to
broader fleet coordination: event streaming platforms that aggregate telemetry from multiple robotic clients
before forwarding it to regional analytics systems, intermediate transformation pipelines that reshape raw
sensor data into formats suitable for downstream machine learning inference, and state management services
that maintain real-time visibility into the operational status of every device in the robotic fleet [6].
What defines the Local Zone tier architecturally is not the breadth of services it hosts but the specificity of the
criterion governing what belongs there. Services are placed in the Local Zone if and only if their latency
requirements cannot be satisfied by a regional deployment; everything else deliberately resides within the
central cloud region, where compute density, storage capacity, and service breadth are greater. This constraint-
driven placement keeps the Local Zone footprint compact and purposeful, avoiding the complexity of
replicating the full regional ecosystem at every metro location.
Resource Dimensioning and Capacity Planning
The architectural principles governing workload placement across the four infrastructure tiers translate into
concrete resource requirements whose magnitudes determine whether a planned Local Zone deployment is
technically and economically viable before procurement commitments are made. The dimensioning
framework presented here establishes baseline calculations for network bandwidth, compute capacity, and
storage provisioning as a function of fleet size, using the workload parameters defined in Section 9.1 as inputs
and extending them to deployment scales beyond the simulation evaluation range.
Network Bandwidth. Aggregate payload data transfer between robotic clients and the Local Zone command
tier encompasses operational commands, control acknowledgments, sensor data streams, and application-
layer event records generated continuously across the active fleet. The volume and burstiness of this traffic
vary substantially across deployment contexts depending on the sensor modalities in use, the operational data
frequency, and the density of event-driven payloads generated during production activity. Capacity planning
for Local Zone access links must therefore be grounded in deployment-specific payload characterization rather
than generic per-robot estimates, accounting for steady-state throughput alongside burst traffic arising from
fleet-wide alert events, scheduled synchronization cycles, and concurrent model update distribution. Access
link provisioning should incorporate an engineering safety margin above the projected peak aggregate load
sufficient to prevent queuing degradation on command and control traffic during burst periods. Backbone
bandwidth between the Local Zone and central region must additionally accommodate outbound aggregated
data forwarding to regional analytics platforms, inference model synchronization from the central training
pipeline, and fleet configuration distribution. Backbone provisioning should include utilization headroom
above projected steady-state load to absorb concurrent burst demands without throughput reduction on any
traffic category sharing the inter-tier path.
Compute Capacity. Inference workloads constitute the dominant compute consumer within the Local Zone
tier at production fleet scales. The appropriate provisioning for a given deployment depends on the inference
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model architectures in use, the number of concurrent sensor streams requiring real-time processing, and the
target inference latency the control loop cycle budget permits. Command arbitration and state management
workloads are CPU-bound and scale approximately linearly with fleet size and control cycle frequency.
Capacity planning should establish upper-bound estimates for both GPU-bound inference demand and CPU-
bound arbitration load at the anticipated production fleet scale, with provisioned headroom sufficient to
accommodate predictive scaling cycles without latency exceedances during capacity ramp-up periods.
Capacity planning should additionally account for the practical scalability ceiling of each Local Zone
deployment, the fleet size at which compute density or access link capacity requires either Local Zone
expansion or distribution of the fleet across multiple zones, a threshold that should be established through
load testing at representative production traffic volumes rather than estimated from generic per-device figures.
Storage Capacity. Local Zone storage requirements are governed by two functions: operational data caching
to support the graceful degradation window described in Section 6.2, and inference model cache storage for
all model versions currently active within Local Zone inference engines. Retention window duration is the
primary cost driver for operational data storage and should be sized according to the post-incident forensic
requirements established by the organization's operational continuity policies. Inference model cache storage
should retain at minimum the current deployed version and one preceding version per model category,
providing rollback capability through a single deployment cycle. The specific storage volumes required at any
deployment scale should be derived from measured or estimated per-device data rates and retention
requirements for each operational context.

Cost Comparison. Three deployment models present meaningfully different total cost of ownership profiles
at representative fleet scales. On-premises infrastructure deployments incur high capital expenditure for server
hardware, network equipment, and physical space, with operational expenditure concentrated in hardware
maintenance, personnel for on-site operations, and periodic refresh cycles; at a 100-robot fleet scale, a
representative on-premises command and control infrastructure deployment carries an estimated annualized
total cost that, inclusive of hardware amortization over a standard refresh cycle, data center space allocation,
and dedicated network operations staffing, is substantially higher than equivalent cloud-native provisioning
at comparable compute capacity. Precise figures vary significantly by geography, facility cost structure, and
hardware generation; illustrative industry estimates suggest annualized costs at this scale in the range of
$180,000 to $240,000, though organizations should conduct deployment-specific cost modeling before
drawing comparative conclusions [30]. Regional cloud deployments eliminate capital expenditure but incur
operational expenditure for compute instances, data transfer, and the engineering cost of latency-mitigation
workarounds that are ultimately insufficient at continental separation distances; at equivalent fleet scale,
regional cloud operational expenditure for compute and data transfer reaches approximately $120,000 to
$160,000 annually, offset by the absence of capital outlay but burdened by the productivity cost of control
loop instability documented quantitatively in Section 10.1. Local Zone hybrid deployments carry a per-unit
compute cost premium of approximately 15 to 25 percent relative to equivalent central region instance types,
reflecting the geographic scarcity and smaller economies of scale of metropolitan infrastructure, but this
premium is applied only to the latency-sensitive workload subset that genuinely requires metro proximity, the
supervisory and analytics workloads that constitute the majority of total compute consumption by volume
remain in the central region at standard pricing. The resulting blended cost for a Local Zone hybrid deployment
at 100-robot scale is estimated at approximately $145,000 to $195,000 annually, within the range of both
alternatives but delivering the latency and availability characteristics that neither alternative can provide [30].

Service Category Function within the Local Zone Tier Role in Robotics Operations

Resolves competing control instructions | Ensures coordinated, conflict-
and dispatches finalized commands to | free actuation across the robotic

Command
Arbitration System

individual robotic devices fleet
Sensor  Ingestion | Receives, validates, and pre-processes | Provides timely, structured input
Pipeline continuous data streams originating from | to downstream inference and
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field-deployed sensing devices decision systems

Evaluates incoming telemetry against | Supports autonomous decision-
Inference Engine trained operational models to generate | making within latency bounds

real-time decision outputs required by the control loop

Aggregates and sequences telemetry | Enables fleet-wide operational
Event  Streaming | events from multiple concurrent robotic | coordination without
Platform clients before forwarding to regional | introducing inter-device

analytics communication delays

Provides consistent command
context and supports fleet-level
situational awareness in real
time

Table 3: Functional service categories hosted within the Local Zone command and control tier, describing
each service's operational role and its specific contribution to real-time robotics fleet coordination [5], [6].

Maintains continuously updated visibility
into the operational status of every active
device within the robotic fleet

State Management
Service

5. Leveraging Cloud Provider Backbones for Regional Service Integration

While the Local Zone tier handles the time-sensitive operational layer of a robotics platform, the broader
application ecosystem, model training pipelines, distributed analytics systems, data warehousing, fleet
configuration services, and orchestration frameworks, resides within the central cloud region, where the
compute density and service breadth needed to support these workloads are available at scale. Connecting
these tiers reliably and predictably is a central architectural requirement; a low-latency Local Zone loses much
of its value if the path to regional services is unreliable.

Modern distributed cloud architectures address this requirement by routing inter-tier traffic over the private
backbone networks operated by hyperscale cloud providers rather than over public internet infrastructure.
These backbones provide high-capacity optical transport, redundant routing paths, and traffic engineering that
maintain stable performance under variable load. The result is a connectivity layer whose latency and
reliability properties are considerably more predictable than public internet routing, allowing organizations to
design inter-tier communication patterns with confidence that the network will behave consistently across
varying conditions [8].

The practical effect of backbone connectivity is that Local Zones function as seamless extensions of the central
cloud region rather than as isolated metro compute islands. Sensor data generated at operational sites flows
from Local Zone control systems into regional analytics and storage platforms through controlled backbone
paths, machine learning model updates trained in the central region are delivered to Local Zone inference
engines with reliable timing, and fleet configuration changes originating in regional orchestration systems
propagate to Local Zone command services without traversing external network infrastructure. This
bidirectional data flow across a high-performance private network enables a clean separation of workload
types, real-time control interactions remain within the Local Zone tier, while resource-intensive background
processing executes within the central cloud region, without creating operational silos that would otherwise
fragment the robotics platform into disconnected subsystems.

Backbone Attribute Engineering Characteristic Benefit for Robotics Platform Integration
High-capacity optical fiber

Supports continuous, uninterrupted flow of

Transpprt Layer 1nfra§tructure engineered for large-scale robotics telemetry and model data
Capacity sustained large-volume data .
between tiers
transfer

Multiple independent routing
paths provisioned across
physically diverse network
segments

Prevents individual link or node failures from
disrupting inter-tier connectivity between the
Local Zone and central region

Routing Redundancy
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Centralized policy-driven path . .
selection and load distribution Maintains stable and predictable latency

Traffic Engineering o S characteristics even under variable and
managed within the provider's . .\
asymmetric load conditions

operational domain

Fully private infrastructure
operationally separated from
public internet routing and
transit networks

Consistent latency and

Eliminates exposure to external congestion,
third-party transit variability, and
unpredictable routing dynamics

Network Isolation

Enables deterministic design of inter-tier

Performance throughput behavior governed . -
. O communication patterns with well-understood
Predictability by the provider's internal SLA
. performance envelopes
commitments

Table 4: Engineering attributes of hyperscale cloud provider backbone networks, describing each attribute's
technical characteristic and its corresponding benefit for the integration of Local Zone and central cloud
region robotics infrastructure [7], [8].

6. Implementation Details

6.1 Backbone Protocol Architecture and Traffic Engineering

The inter-tier connectivity path between the Local Zone and the central cloud region must satisfy a set of
engineering characteristics whose collective effect on performance and resilience is fundamentally different
from what standard internet-routed connectivity can provide. These characteristics — rather than any specific
protocol implementation — define the operational requirements that backbone infrastructure must meet.

Fast Failure Detection. Routing infrastructure on backbone-facing interfaces must detect peer or path failures
within sub-second windows. Relying on default routing protocol timeout mechanisms, which under standard
configurations require 90 to 180 seconds to declare a peer unreachable, leaves robotic clients operating
without live backbone communication for intervals far exceeding the graceful degradation window. Rapid
keepalive mechanisms that operate independently of the control plane routing protocol provide the detection
latency necessary for rerouting to be initiated before locally cached command state is exhausted.

Fast Reconvergence. Upon failure detection, traffic rerouting must complete within the forwarding plane on
a timescale of tens of milliseconds. This requires pre-provisioned backup paths whose forwarding entries are
installed at transit nodes ahead of any failure event, so that switchover requires no control-plane computation
at failure time. Architectures relying on reactive control-plane reconvergence to compute and install alternate
paths after a failure is detected cannot achieve the recovery latency required to sustain control loop continuity
during backbone disruption events.

Traffic Engineering. Path selection across the backbone should be governed by explicit operational policies
that assign inter-tier robotics traffic to paths whose measured latency and packet loss fall within defined
operational envelopes. The path selection mechanism must be capable of evaluating multiple candidate paths
simultaneously and steering traffic away from degrading segments before degradation propagates to the
application layer.

Priority Queuing. Robotics command and control traffic must receive preferential forwarding treatment over
background synchronization, firmware distribution, and bulk archival flows sharing the same physical
infrastructure. Traffic marking applied at the operational site edge must be consistently honored at all
intermediate forwarding points along the path to the Local Zone; inconsistent enforcement at any intermediate
hop is a common deployment failure mode that degrades the latency isolation the marking policy is intended
to provide. Marking consistency should be verified through active per-traffic-class latency measurement
during commissioning and monitored continuously thereafter.

Physical Redundancy. Diverse last-mile access paths provisioned over independent physical infrastructure
ensure that single access link failures produce failover without traffic loss. Active-active configurations that
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distribute load across both paths during normal operation, with each path independently sized to carry the full
fleet traffic load, provide higher resilience than active-standby configurations in which the standby path is idle
until a failure is detected. The specific routing protocol and keepalive mechanism used to implement these
characteristics are deployment-specific choices governed by the network equipment and operator expertise
available at each site; what is architecturally non-negotiable is the set of detection, convergence, and traffic
engineering behaviors that any chosen implementation must deliver. Bidirectional Forwarding Detection [25]
and MPLS Traffic Engineering [26] represent widely deployed standards that instantiate the fast detection and
fast reconvergence characteristics described above, and were used as the specific simulation mechanisms in
the evaluation reported in Section 10.

6.2 Inference Model Caching and Delta Synchronization

The graceful degradation capability of the Local Zone tier during backbone connectivity interruptions depends
entirely on the continuous availability of current, validated inference models within the Local Zone cache,
making model versioning and synchronization a critical implementation concern that must be engineered with
the same rigor applied to the primary command and control path. The model versioning framework within the
reference architecture maintains a locally resident copy of every inference model version currently deployed
to Local Zone inference engines, with delta synchronization cycles triggered by publication of new model
versions from the central region's training and deployment pipeline. Delta synchronization transmits only the
parameter differentials distinguishing successive model versions rather than retransmitting complete model
artifacts, substantially reducing backbone bandwidth consumption per update cycle and decreasing the
probability that a model update is interrupted by a transient connectivity event whose duration falls between
the scheduled synchronization interval and the maximum update transmission time [32].

Conflict resolution for scenarios in which multiple model versions are generated during a backbone
unavailability window follows a timestamp-governed last-writer-wins policy administered by the central
model registry, with Local Zone inference engines rejecting out-of-order version updates that would overwrite
a more recent locally cached state. The synchronization protocol implements exponential backoff with
configurable ceiling intervals for retry attempts following backbone restoration, preventing demand
amplification in scenarios where multiple Local Zone deployments simultaneously initiate large pending
update synchronizations after an extended outage period. Inference service endpoints within the Local Zone
serve all incoming requests from the most recently synchronized model version throughout any
synchronization interruption without surfacing the cache state to robotic clients, preserving consistent
inference behavior from the client's perspective regardless of the backbone synchronization status [2].

6.3 Failure Detection Configuration and Health Probe Architecture

The layered failure detection framework is instantiated with configuration parameters that collectively define
the temporal resolution of the observability layer relative to the timing requirements of the control loop. Rapid
keepalive mechanisms on backbone-facing interfaces are configured to detect peer or path failures within sub-
second windows, as described in Section 6.1, with the specific detection interval sized to ensure that rerouting
is initiated well before the graceful degradation cache window is exhausted. Active health probes are
dispatched at 50-millisecond intervals from Local Zone monitoring agents to each instrumented service
endpoint, command arbitration systems, inference engines, and state management services, within both the
Local Zone and central region tiers, with probe results evaluated against a five-probe rolling window to
distinguish single-probe packet loss events, which do not constitute actionable failures, from sustained
endpoint unavailability requiring escalation to the automated recovery layer [11].

Passive telemetry collection agents deployed at each infrastructure tier publish link utilization, one-way
latency samples, jitter measurements, and routing stability indicators to a centralized time-series platform.
During steady-state operation, these agents publish at ten-second intervals. When any monitored metric
crosses a defined warning threshold, the collection interval automatically escalates to one second. This
adaptive sampling strategy concentrates high-resolution collection precisely at the moments when conditions
indicate an impending failure event, avoiding the continuous overhead of high-frequency collection during
normal operation. Alert threshold configurations incorporate hysteresis bands requiring that a metric remain
above its recovery threshold for a minimum of three consecutive collection intervals before the corresponding
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alert is cleared, preventing the oscillatory alarm behavior that would otherwise occur when a metric fluctuates
around a threshold boundary under marginal network conditions [11], [12].
6.4 Load Balancing and Fleet-Scale Session Management
In multi-site robotics deployments where operations span several metropolitan areas, each served by a
geographically proximate Local Zone, inter-zone load management requires systematic coordination to
prevent concentration of fleet traffic on a subset of zones while others remain underutilized. The reference
architecture employs latency-aware initial assignment in which each robotic client is directed to the Local
Zone exhibiting the lowest measured round-trip latency at the time of initial registration, with periodic
reassessment cycles triggering reassignment when the latency differential between the currently assigned zone
and the best-available alternative exceeds a defined migration threshold, a threshold calibrated to prevent
churn from transient latency fluctuations while ensuring that persistent improvements in alternative zone
connectivity are reflected in client assignments within a bounded response window.
Within a single Local Zone, command and control service instances are distributed across independent
compute nodes using consistent hashing keyed on robotic client identifiers, maintaining session affinity that
prevents successive control messages for a single client from being routed to different service instances
without an explicit session handoff, a requirement driven by the stateful nature of command arbitration logic,
which must maintain continuous awareness of each client's most recent telemetry readings and pending
command queue to generate safe, non-conflicting control instructions. Predictive horizontal scaling of Local
Zone compute capacity is triggered by fleet telemetry patterns associated with known production cycle
transitions, shift start events, scheduled maintenance window completions, production rate step changes,
rather than by reactive utilization threshold monitoring alone, allowing capacity to be provisioned ahead of
demand increases that would otherwise manifest as transient latency spikes before the scaling response
activates [5], [6].
6.5 Security Architecture Across Tier Boundaries
Each tier boundary in the multi-tier architecture introduces a trust transition that requires explicit
authentication and encryption enforcement rather than inherited network-perimeter trust from adjacent layers.
Robotic clients authenticate to Local Zone command and control services using mutual Transport Layer
Security with X.509 device certificates provisioned during manufacturing or initial commissioning, ensuring
bidirectional identity verification before any operational data is exchanged and preventing unauthorized
devices from injecting spurious telemetry or command acknowledgments into the control plane. Local Zone
services authenticate to central region services across backbone paths using service identity credentials
managed within the cloud provider's identity and access management platform, with role-based access control
policies restricting each Local Zone service to the minimum set of central region APIs required for its specific
operational function, limiting the blast radius of a compromised Local Zone service instance to its assigned
permissions rather than to the full central region service ecosystem [31].
Network-level isolation between the operations-site access segment, the Local Zone service network, and the
backbone connectivity layer is enforced through Virtual Private Cloud constructs and security group policies
that prevent lateral traffic movement across tier boundaries absent explicit policy authorization, ensuring that
a compromised component within one tier cannot directly initiate connections to services in adjacent tiers
without traversing enforced policy checkpoints. Encrypted tunnels protect all inter-tier traffic on backbone
paths using provider-managed key infrastructure, with automated key rotation distributed to Local Zone
service instances through a centralized secrets management service that performs credential refresh without
requiring service restarts that would interrupt active robotic control sessions or produce observable latency
spikes in the command and control path.
The security architecture described in the preceding paragraphs maps directly to the zone-and-conduit model
prescribed by IEC 62443, the international standard series governing cybersecurity for industrial automation
and control systems, whose adoption across manufacturing, logistics, and process industry environments is
increasingly required by both regulatory frameworks and enterprise procurement policies for industrial
technology deployments. IEC 62443 organizes industrial network security around the concept of Security
Zones, logical groupings of assets with equivalent security requirements and trust levels, and Conduits, the
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controlled communication paths connecting assets in different zones, each of which must enforce security
policies commensurate with the sensitivity differential between the zones it bridges [31].

Within the four-tier reference architecture, the operations-site field layer constitutes a distinct Security Zone
whose assets, robotic clients, field sensors, and local gateway hardware, share a trust level defined by their
physical exposure to the operational environment and their direct interaction with physical processes; this
zone operates at IEC 62443 Security Level 2, requiring authentication of all communicating entities, integrity
protection of all operational commands, and availability measures sufficient to prevent single failures from
causing process disruption. The Local Zone command and control tier constitutes a second Security Zone at
Security Level 2 to 3, reflecting its role as the supervisory authority over field-layer assets and its integration
with enterprise application services through the backbone conduit; the elevated security level at the upper
bound of this range is warranted for deployments in which the robotic fleet operates in close physical
proximity to human workers or handles materials whose mishandling carries safety consequences. The central
cloud region constitutes a third Security Zone at Security Level 1 to 2 for analytics and orchestration services
that do not directly issue commands to field-layer assets, with elevation to Security Level 3 recommended for
any central region service whose outputs feed directly into Local Zone command arbitration logic without an
intermediate human review step.

The three conduits connecting these zones, the operations-site-to-Local-Zone conduit, the Local-Zone-to-
backbone conduit, and the backbone-to-central-region conduit, each enforce the security controls described
in Section 6.5: mutual TLS authentication at conduit boundaries using X.509 certificates satisfies IEC 62443's
requirement for bidirectional entity authentication on inter-zone communication paths; VPC security group
enforcement at tier boundaries satisfies the conduit integrity requirement by preventing traffic from bypassing
policy checkpoints; and role-based access control restricting each Local Zone service to its minimum required
central region API permissions implements the principle of least privilege that IEC 62443 specifies for inter-
zone data flows. Encrypted tunnel protection of backbone paths using provider-managed key infrastructure
satisfies the confidentiality requirement for conduits crossing organizational or administrative boundaries.
Periodic automated key rotation, which the reference architecture implements without service restarts through
centralized secrets management, satisfies IEC 62443's requirement for cryptographic material lifecycle
management without introducing the availability risk that manual key rotation procedures with service restart
dependencies would create in a continuously operating robotics control environment.

7. Failure Domains and Resilient Connectivity Models for Robotics Systems
Any realistic assessment of a production robotics infrastructure must grapple directly with the question of
what happens when things go wrong, because in complex distributed systems, failure at some layer is a
certainty to design for, not an edge case. Operational sites, metropolitan connectivity links, Local Zone
compute and storage resources, backbone transport paths, and central cloud region services each represent
independent potential sources of disruption, and the architectural challenge is to ensure that failures in any
one of these domains do not cascade into failures across the others in ways that compromise robotics
operations [9].
The foundational principle of resilient multi-tier architecture is the isolation of failures within well-defined
infrastructure boundaries. A connectivity disruption between an operational site and its associated Local Zone
should not affect the availability of regional cloud services; conversely, an outage within the central cloud
region should not immediately disrupt the control loops that are operating between robotic clients and Local
Zone command systems. Achieving this isolation requires not only logical separation at the architectural
design level but also physical redundancy at the infrastructure level, multiple independent connectivity paths
between operational sites and Local Zones, diverse routing paths across the provider backbone network, and
redundant service instances deployed across independent infrastructure components within both the Local
Zone and regional tiers [10]. Each of these redundancy mechanisms targets a distinct failure mode, and
together they reduce the probability that any single event produces a total loss of operational control.
Equally important to redundancy is the concept of graceful degradation, the specification of explicit
operational modes for scenarios in which some portion of the infrastructure is unavailable. If the backbone
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A

goes down briefly, Local Zone command systems should continue operating from cached inference models,
fleet state, and safety configurations, preventing undefined failure states that risk safety or continuity.
Deliberately designing degraded modes, rather than treating full connectivity as the only supported state,

separates genuinely resilient architectures from those that only appear resilient.

Failure Domain | Isolation and Redundancy Mechanism Resilience Outcon.le for Robotics
Operations
. ., | Multiple independent physical access paths | Prevents a single link failure at the
Operational Site L . . . . .
. provisioned between the operational site and | site ~ perimeter from  severing
Connectivity . .
its associated Local Zone command and control access
Redundant compute and storage instances | Sustains control plane service
Local Zone . R C
deployed across independent hardware | availability during individual node or
Infrastructure o .
components within the Local Zone component failures
Diverse routing paths across physically | Protects inter-tier data flow from
Backbone . . . N
separated  backbone segments  with | disruption caused by individual
Transport Path .
automated traffic failover transport segment outages
Logical and operational separation between | Ensures  regional  infrastructure
Central  Cloud - . 3
. . regional services and the Local Zone control | outages do not propagate into real-
Region Services . . . .
plane time robotic control loop disruptions
Degraded Locally cached inference models, fleet state | Allows robotic operations to persist
Operational data, and safety configurations retained | safely through transient backbone or
Continuity within the Local Zone regional connectivity loss

Table 5: Failure domain isolation strategies and associated resilience outcomes across the principal
infrastructure layers of a multi-tier robotics cloud architecture, illustrating how each domain is protected
from cross-layer failure propagation [9], [10].

The resilience outcomes described in Table 5 are governed by the specific detection and recovery timing
parameters whose values determine whether a failure event produces a recoverable transient or an
operationally significant disruption. For backbone transport path failures, the scenario most consequential for
Local Zone graceful degradation activation, the detection timeline is governed by the keepalive interval
configured on backbone-facing interfaces. Rapid keepalive mechanisms detect path failures within a sub-
second window; forwarding-plane fast reroute then activates against pre-provisioned backup paths within tens
of milliseconds of failure detection, completing traffic switchover before control-plane reconvergence
processes have completed. The full detection-to-convergence interval of 0.31 seconds documented in Section
10.3 represents the end-to-end window during which robotic clients are served by Local Zone cached inference
state rather than centrally synchronized models, a window short enough that no model freshness violation
occurs under cache refresh schedules provisioned conservatively against worst-case backbone unavailability.
For Local Zone compute node failures, the pre-warmed redundant instance takeover mechanism completes
session handoff within 4.2 seconds on average, bounded by the session state replication lag rather than by
cold instantiation time, a recovery profile fundamentally different from deployments relying on reactive
instance launch, whose cold start latencies in cloud environments commonly reach 60 to 120 seconds and
would exceed the graceful degradation window for backbone outages of comparable duration. Split-brain
scenarios, in which network partitioning causes Local Zone services and central region services to maintain
inconsistent views of fleet state simultaneously, are mitigated by designating the Local Zone as the
authoritative source for real-time command state during any backbone connectivity loss event, with central
region services entering a read-only reconciliation mode upon backbone restoration and applying the
timestamp-governed conflict resolution policy described in Section 6.2 to resolve any state divergence
accumulated during the partition window.

2849



A ISSN: 2096-3246
Volume 58, Issue 01, 2026

8. Deterministic Monitoring and Rapid Failure Detection in Robotics Network

Architectures

The value of the resilience mechanisms described in the preceding section depends entirely on how quickly
failures are detected and acted upon, because a recovery system that activates ten seconds after a connectivity
disruption provides materially less protection to a real-time robotics control loop than one that activates within
a fraction of a second. Monitoring infrastructure must meet the same deterministic performance standard as
the control systems it oversees; observability latency translates directly into recovery latency with physical
consequences [11].

Deterministic monitoring systems address this requirement by providing continuous, low-overhead telemetry
collection across every tier of the robotics network infrastructure, from the access links connecting operational
sites to the Local Zone, through the metropolitan network paths over which control loop traffic flows, to the
backbone segments carrying inter-tier data between the Local Zone and the central cloud region. These metrics
are analyzed in real time to detect degradation before it reaches the application layer, allowing corrective
action while control loop timing remains within bounds.

At the protocol level, rapid keepalive and failure detection mechanisms complement continuous telemetry
monitoring by providing subsecond detection of connectivity failures between specific infrastructure
components. When a failure is detected, automated routing systems redirect traffic across preconfigured
alternate paths with convergence times that are orders of magnitude faster than those achievable through
conventional routing protocol reconvergence alone, dramatically reducing the window during which robotic
clients may be operating with stale or absent command signals [12]. Active health probes further supplement
this architecture by continuously testing end-to-end connectivity between infrastructure tiers, measuring not
only binary reachability but also the quality characteristics, latency percentiles, packet delivery rates, and
service endpoint responsiveness, that determine whether a path is operationally acceptable for robotics traffic.
The integration of these three complementary mechanisms, passive telemetry, fast failure detection protocols,
and active probing, produces a layered observability architecture capable of maintaining deterministic
operational behavior across the full range of network disruption scenarios that a production robotics
deployment is likely to encounter.

9. Evaluation Methodology

9.1 Simulation Environment

Quantitative performance evaluation of the four-tier architecture was conducted using a discrete-event
network simulation environment constructed on the NS-3 network simulator [27], extended with custom
application-layer modules implementing the command arbitration, sensor ingestion, inference serving, and
state management service categories described in Section 4. The simulated topology instantiated a three-
architecture comparative framework that evaluated the proposed architecture alongside a region-centric cloud
baseline, in which all services resided in a simulated central cloud region at continental geographic separation,
and a generic three-tier edge-cloud baseline, modeled on the fog computing and MEC architectures described
in Section 2.2, whose intermediate compute node was positioned at a simulated carrier-grade infrastructure
facility rather than a metropolitan Local Zone. An on-premises baseline, placing all command and control
services within the operations-site network segment, was included as a reference point for latency
characteristics achievable without geographic separation.

Network link parameters were calibrated against published cloud infrastructure specifications and empirical
network measurement literature rather than derived independently. Metro-scale access links were configured
at 10 Gbps capacity with 2-millisecond one-way propagation delay and 0.001% packet loss rate, consistent
with metropolitan Ethernet interconnect specifications and empirical Local Zone latency characterizations
reported in cloud provider documentation. Provider backbone links were configured at 100 Gbps capacity
with 45-millisecond one-way propagation delay and 0.005% packet loss rate, representing continental-scale
private optical transport. Public internet wide-area paths were configured with 50-millisecond average one-
way delay, 0.5% mean packet loss rate, and a delay variability distribution drawn from empirical wide-area
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measurement studies [28], to represent the transmission medium applicable to the region-centric baseline.
Simulated robotic client populations were evaluated at fleet sizes of 10, 50, 100, 200, and 500 concurrent
devices, with each client generating telemetry at 50-millisecond intervals and requiring command
acknowledgment within the latency bounds defined in Section 9.2. Each configuration was executed across
five independent simulation runs of 24 simulated operational hours each, with failure injection scenarios
conducted as separate dedicated runs.
9.2 Performance Metrics
Five primary metrics governed quantitative evaluation across all architectural configurations. Control loop
round-trip latency was defined as the elapsed time from telemetry packet generation at a simulated robotic
client to receipt of the corresponding command response at the same client, with results disaggregated into
P50, P95, and P99 percentile values to characterize both typical performance and the tail latency behavior that
is operationally most consequential for control loop stability, a single P99 exceedance within a real-time
control cycle represents a potential safety event regardless of how favorable the median latency appears.
Backbone throughput was measured as the sustained aggregate data transfer rate achievable across the
simulated inter-tier path under varying offered load levels, expressed in megabits per second, with the
throughput value at 80% of maximum offered load used as the primary comparison metric to reflect realistic
operating margins rather than peak burst capacity.
Mean Time to Recovery following simulated infrastructure failures was measured as the interval between
failure event injection and restoration of all robotic clients to within-SLA command latency, disaggregated
across four failure scenario types, operations-site uplink failure, Local Zone compute node failure, backbone
path failure, and central region service disruption, to isolate the recovery characteristics of each failure domain
independently. Infrastructure availability was computed as the fraction of total simulated operational time
during which all monitored robotic clients received command responses within the latency SLA, reported at
both the individual-client level and the fleet-aggregate level. Compute utilization efficiency was measured as
the ratio of useful computational operations, inference evaluations, command dispatches, telemetry processing
cycles, to total provisioned compute capacity at each infrastructure tier, enabling quantification of the
workload separation strategy's effect on resource utilization efficiency relative to consolidated-tier baselines
[3], [6].
9.3 Baseline Architectures
The region-centric baseline represented the naive cloud migration pattern in which all command and control,
inference, and fleet orchestration services reside in a central cloud region at continental geographic separation
from the operations site, with all inter-tier communication traversing public internet wide-area paths. The on-
premises baseline placed all services within the operations-site local area network, representing the traditional
proximity-first deployment model. The generic three-tier edge-cloud baseline introduced an intermediate
compute node between the operations site and central region, modeled on fog computing and MEC reference
architectures [16], [17], with a simulated intermediate-to-central-region link configured using public internet
path parameters rather than private backbone parameters, representing the connectivity characteristic typical
of non-cloud-provider edge deployments. Each baseline was evaluated under identical workload parameters
and failure injection configurations as the proposed architecture, ensuring that performance differences in
results are attributable to architectural properties rather than workload variation.
9.4 Statistical Analysis
All latency measurement distributions were tested for normality using the Shapiro-Wilk test prior to
comparative analysis; results consistently rejected the normality hypothesis at the 0.05 significance level
across all architectural configurations and fleet sizes, consistent with the heavy-tailed latency distributions
characteristic of packet-switched network measurements reported in the empirical networking literature [28].
Consequently, non-parametric statistical methods were applied throughout: Mann-Whitney U tests were used
for pairwise latency distribution comparisons between architectural configurations, with Bonferroni
correction applied to control familywise error rate across all pairwise comparisons, and rank-biserial
correlation coefficients were computed as scale-independent effect size measures to distinguish statistical
significance from practical significance. Throughput and availability metrics, which exhibited approximately
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normal distributions under the simulation conditions used, were compared using Welch's t-test without the
pooled-variance assumption.

10. Results and Analysis

10.1 Control Loop Latency

Latency analysis produced the most consequential differentiation between architectural configurations,
demonstrating that the control loop performance requirements of real-time industrial robotics are structurally
satisfiable only by architectures that position command and control services within metro-proximate compute
infrastructure. At the 100-client fleet configuration, the proposed four-tier architecture produced a P50
command round-trip latency of 6.3 milliseconds, a P95 latency of 9.1 milliseconds, and a P99 latency of 12.4
milliseconds, values consistent with the real-time operational bounds required by the industrial control loop
specifications examined in the surveyed literature [3], [6]. The on-premises baseline produced the lowest
observed latencies of 3.1, 4.2, and 5.8 milliseconds at P50, P95, and P99 respectively, confirming that the
proposed Local Zone deployment closely approximates on-premises proximity characteristics while providing
cloud-native operational capabilities that the on-premises baseline cannot offer.

The region-centric baseline produced P50, P95, and P99 latencies of 96.7, 143.2, and 218.6 milliseconds at
the same 100-client fleet size, reflecting the compound contribution of continental propagation delay, multi-
tenant queuing under shared central region load, and public internet path variability. These values exceed real-
time control loop tolerance thresholds by one to two orders of magnitude under all percentile conditions,
confirming the qualitative assessment of region-centric structural limitations articulated in Section 3 with
quantitative precision that design-document analysis cannot provide. The generic three-tier edge-cloud
baseline achieved P50 and P95 latencies of 22.4 and 38.7 milliseconds respectively, materially improved
relative to the region-centric architecture but still exceeding real-time operational bounds at P95 and above,
particularly at fleet sizes where queuing at the intermediate node contributed disproportionately to P99
degradation. Fig. 2. Control loop round-trip latency percentile comparison across four architectural
configurations at fleet size N=100. X-axis: Latency percentile (P50, P95, P99). Y-axis: Latency in
milliseconds (logarithmic scale). Data series: Four-tier proposed, three-tier edge-cloud, region-centric, on-
premises. Error bars: =1 standard deviation across five simulation runs. Horizontal dashed reference line at
15 ms indicating nominal real-time control SLA boundary.
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Scalability analysis across fleet sizes from N=10 to N=500 revealed that the proposed architecture exhibits
sub-linear latency growth with increasing fleet size: P99 latency increased from 8.7 milliseconds at N=10 to
12.4 milliseconds at N=100 and 27.3 milliseconds at N=500, an absolute increase of 18.6 milliseconds across
a fifty-fold fleet size expansion, attributable to Local Zone compute queuing under elevated aggregate request
load but remaining within acceptable operational bounds across the full range evaluated. The region-centric
baseline exhibited super-linear latency scaling, with P99 values rising from 181.3 milliseconds at N=10 to
218.6 milliseconds at N=100 and 394.2 milliseconds at N=500, driven by the compound effect of backbone
congestion under high aggregate traffic and increasing multi-tenant resource contention within the central
region. Mann-Whitney U tests confirmed statistically significant differences between all pairwise architectural
comparisons across all fleet sizes (p < 0.001 with Bonferroni correction), and rank-biserial correlation
coefficients exceeded 0.85 for all comparisons involving the proposed architecture versus region-centric
baseline, indicating large practical effect sizes beyond statistical significance. Fig. 3. P99 control loop latency
as a function of fleet size across all four architectural configurations. Log-log scaling exponents:
Proposed=0.31, Edge=0.54, Region-Centric=0.67, On-Premises=0.12.
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10.2 Backbone Throughput and Reliability

Backbone throughput evaluation measured the sustained aggregate data transfer capacity available for sensor
telemetry, inference model synchronization, and fleet state replication traffic between Local Zone and central
region tiers under varying fleet load levels. At the 100-client fleet configuration, aggregate backbone
utilization at steady state measured 847 megabits per second, approximately 0.85% of the provisioned
backbone capacity, providing substantial headroom for burst traffic associated with fleet-wide alert events,
batch model synchronization cycles, and scheduled data archival operations without requiring dynamic
capacity reconfiguration. Backbone throughput remained at 99.2% of offered load across the full fleet size
range, with no statistically significant throughput degradation observed even at the N=500 configuration
where aggregate offered load reached 4.2 gigabits per second.

In contrast, the region-centric baseline, routing all traffic over simulated public internet wide-area paths,
achieved effective throughput of only 91.4% of offered load at the 100-client configuration and 78.3% at the
500-client configuration, losses attributable to TCP congestion window reduction triggered by the simulated
public internet packet loss rate, whose multiplicative decrease behavior causes aggregate throughput
degradation disproportionate to the raw loss rate [28]. The practical consequence for robotics data pipelines
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over public internet paths is the requirement for substantially enlarged retransmission buffers and longer end-
to-end delivery latencies for telemetry streams that have strict downstream processing deadlines in inference
and analytics pipelines. Fig. 4. Aggregate backbone throughput as percentage of offered load versus fleet size.
Provider backbone retains 98.7%+ at N=500; public internet degrades to 78.3% under TCP congestion.
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Fig. 4: Backbone Throughput Retention vs. Fleet Size

10.3 Failure Recovery and MTTR Analysis

Failure recovery evaluation produced the results most clearly distinguishing the proposed architecture's rapid-
detection resilience framework from baseline recovery mechanisms. In backbone path failure scenarios, the
proposed architecture — employing rapid keepalive-based failure detection and forwarding-plane fast reroute
against pre-provisioned backup paths — achieved a mean detection-to-convergence interval of 0.31 seconds,
compared to 127.4 seconds for the region-centric baseline relying on default routing protocol timeout
expiration and 18.7 seconds for the three-tier edge baseline employing standard routing protocol
reconvergence, an improvement factor of 411 times over the region-centric baseline representing the
difference between a sub-second recovery event that robotic clients experience as a transient cache-served
interval and an extended two-minute disruption during which no graceful degradation mechanism preserves
control loop continuity. Local Zone compute node failure scenarios produced mean recovery times of 4.2
seconds for the proposed architecture, against 38.6 seconds for the three-tier edge baseline modeling single-
instance service deployments requiring cold instantiation of replacement processes.

Central region service disruption scenarios demonstrated that robotic operations could persist for a minimum
of 340 continuous seconds, the graceful degradation window provisioned in the simulation configuration,
without any monitored robotic client experiencing command latency violations or entering undefined failure
states, validating the operational continuity design described in Section 6.2. No comparable graceful
degradation capability was demonstrated by any baseline architecture. Fig. 5. Rapid keepalive detection with
forwarding-plane fast reroute restores all clients within 0.31 s, 411x faster than the region-centric default-
timeout baseline (127.4 s). X-axis shows key event timestamps at equal spacing for readability; outage bars
(Part B) are drawn to scale.
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Mean Time to Recovery (seconds)

Backbone path failure , proposed

Rapid keepalive detection +

architecture forwarding-plane fast 0.31
reroute

Backbone path failure , three-tier Standard routing protocol
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Table 6: Mean Time to Recovery across principal failure scenarios, comparing recovery mechanisms and
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outcomes between the proposed four-tier architecture and reference baselines at fleet size N=100. Values are
averages across five simulation runs [7], [25], [26]

10.4 Workload Distribution Efficiency

The constraint-driven workload separation strategy produced measurable compute efficiency benefits relative
to architectures consolidating all workloads within a single tier. At the 100-client fleet configuration, Local
Zone compute utilization in the proposed architecture measured 64.3% during peak operational periods,
reflecting a well-loaded deployment of the latency-sensitive service set without the co-hosted overhead of
model training, batch analytics, or fleet orchestration workloads that would otherwise compete for the same
compute resources and introduce queuing that degrades control loop latency. Central region compute
utilization for the same configuration measured 41.7% during peak periods, consistent with the lower and
more bursty resource demand profile of background processing workloads that operate on aggregated
historical data rather than real-time telemetry streams.

The region-centric baseline, which consolidated all workloads in the central region, exhibited peak compute
utilization of 89.4% at the 100-client configuration, a utilization level that introduces measurable queuing
delay and contributes to the tail latency inflation observed in Section 10.1. The on-premises baseline exhibited
local compute utilization of 61.2% for command and control functions, confirming that the Local Zone tier
closely replicates the efficiency characteristics achievable within on-premises infrastructure for latency-
sensitive workload categories. Fig. 6. Peak compute utilization across infrastructure tiers at fleet sizes N=50,
100, and 200. Region-centric centralized consolidation exceeds the 80% queuing degradation threshold at
N=100 and reaches 97.6% at N=200.
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Fig. 6: Compute Utilization Across Infrastructure Tiers
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10.5 Scalability Characterization

Scalability analysis across the full fleet size range confirmed favorable scaling properties on all five primary
metrics. Aggregate backbone bandwidth consumption scaled approximately linearly with fleet size, increasing
from 169 megabits per second at N=10 to 4.2 gigabits per second at N=500, a 24.9-fold increase corresponding
to a 50-fold fleet size increase, indicating sub-linear bandwidth scaling consistent with the aggregation
efficiency of event streaming components that batch telemetry before forwarding to the central region. Control
loop P99 latency growth was characterized by a log-log scaling exponent of 0.31 for the proposed architecture,
compared to 0.67 for the region-centric baseline and 0.54 for the three-tier edge baseline, confirming that the
workload separation strategy provides a compounding scalability advantage as fleet size grows.
Infrastructure availability, measured as the fleet-aggregate fraction of operational time during which all clients
received within-SLA command responses inclusive of simulated failure events, measured 99.94% for the
proposed architecture at N=100, compared to 99.21% for the three-tier edge baseline and 97.83% for the
region-centric baseline, differences that translate, over a continuous annual operational period, to
approximately 5.3 hours, 68.9 hours, and 191.4 hours of below-SLA operation respectively. Fig. 7. Fleet-
aggregate availability as a function of fleet size across all four configurations. At N=100: Proposed=99.94%
(5.3 h/yr below SLA), Edge=99.21% (68.9 h/yr), Region-Centric=97.83% (191.4 h/yr).

-
100.1% 0 O —) H

98%-
06% -t f ' T
10 50 100 200 500
- Four-Tier Proposed Tier E - Region-Centric

-~ On-Premises
Fig. 7: Fleet-Aggregate Availability vs. Fleet Size

11. Discussion

11.1 Interpretation of Key Findings

The quantitative results reported in Section 10 collectively support three principal engineering conclusions
regarding multi-tier cloud architecture for industrial robotics. First, metro-proximate compute placement is a
structural prerequisite, not merely a performance optimization, for real-time control loop operation: the P99
latency values produced by the region-centric baseline fall outside real-time operational bounds at every fleet
size evaluated, and no protocol optimization achievable within a region-centric topology can overcome the
propagation delay imposed by continental geographic separation, since propagation delay is a physical
constraint, not an engineering shortfall. Second, backbone connectivity engineering — rapid failure detection,
deterministic traffic engineering, and forwarding-plane fast reroute against pre-provisioned backup paths —
produces recovery performance that is categorically different from what conventional default-timeout routing
or public-internet routing provides, translating directly into a 411-fold MTTR improvement for backbone
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failure events. Third, the constraint-based workload separation strategy preserves both a latency benefit and a
scalability benefit simultaneously, because it prevents resource-intensive background workloads from
competing with control-plane traffic for Local Zone resources while also avoiding the utilization ceiling that
causes region-centric architectures to exhibit disproportionate latency growth at large fleet scales.

. . . Proposed Four-Tier Region-Centric Performance
Evaluation Dimension . .
Result Baseline Ratio
P99 control loop latency at | 15 4 iijiceconds 218.6 milliseconds | L%
N=100 improvement
Backbone throughput o 78.3% of offered 26.7% higher
retention at N=500 99.2% of offered load load retention
Backbone failure MTTR 0.31 seconds 127.4 seconds 411 faster
recovery

Fleet_—aggregate availability 99 949, 97 83% 2.1.1 percentage
at N=100 points
P99 latency scaling exponent 031 0.67 2.16x more
(log-log) favorable

Table 7: Summary of key quantitative results comparing the proposed four-tier architecture against the
region-centric baseline across the five primary evaluation metrics [3], [28].

11.2 Limitations and Trade-Offs

The architectural framework carries several trade-offs that production deployment decisions must explicitly
account for. Metro-proximate Local Zone infrastructure carries a higher per-unit compute cost than equivalent
capacity in central cloud regions, reflecting the geographic scarcity premium associated with metropolitan
infrastructure footprints and the smaller economies of scale achievable at metro deployment densities [30];
deployments across many metropolitan areas require cost-benefit modeling that weighs the infrastructure
premium against disruption and safety incident costs. The graceful degradation capability of the Local Zone
tier is bounded by the freshness of locally cached inference models, a constraint requiring cache refresh
scheduling to complete a full model synchronization well within the maximum expected backbone
unavailability duration, and which imposes a practical limit on how frequently inference models can be
updated without risk of serving stale outputs during a degradation window.

The simulation-based evaluation methodology employed in this work, while parameterized against published
infrastructure specifications and empirical network measurement data, necessarily simplifies aspects of
production cloud backbone behavior, multi-tenant traffic patterns, routing policy interactions, and correlated
failure modes that arise from shared physical infrastructure, whose full stochastic characterization requires
instrumented production deployments outside the scope of the present investigation. Empirical validation of
the latency and recovery findings against production-instrumented Local Zone deployments would strengthen
the evidential basis for the architectural recommendations advanced here. The cost-performance trade-off
between deployment models admits quantitative framing through a break-even analysis that identifies the fleet
scale at which the Local Zone compute cost premium is offset by the avoided operational cost of control loop
failures under region-centric or on-premises alternatives. At the per-robot Local Zone compute cost premium
of approximately $15 to $25 per robot per month relative to central region equivalent capacity, derived from
the Cost Comparison analysis in Section 4, and an estimated operational disruption cost of $2,000 to $8,000
per hour of below-SLA robotic fleet operation, inclusive of production throughput loss, incident response
labor, and safety review overhead, the break-even fleet size at which the Local Zone premium is recovered
through avoided disruption costs depends on the disruption frequency differential between architectures.
Using the fleet-aggregate availability values from Section 10.5, 99.94% for the proposed architecture versus
97.83% for the region-centric baseline, the annual below-SLA operational hours differential at N=100 is 186.1
hours; at a conservative $2,000 per hour disruption cost, this differential represents $372,200 in annual
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avoided cost against an annual Local Zone compute premium of approximately $18,000 to $30,000 for a 100-
robot fleet, yielding a break-even recovery within the first month of operation at fleet sizes above
approximately 10 to 15 robots. This analysis confirms that the cost premium of Local Zone deployment is
economically justifiable at fleet scales well below those typically considered in enterprise robotics investment
decisions, and that the primary barrier to adoption is capital planning convention rather than cost-performance
arithmetic [30].

11.3 Practical Deployment Guidance

Three implementation priorities emerge from the evaluation results as deserving immediate attention in
production deployments. Rapid keepalive-based failure detection on all backbone-facing interfaces should be
treated as a non-negotiable baseline requirement rather than an optional enhancement; the 411-fold MTTR
improvement documented in Section 10.3 at negligible operational overhead represents one of the highest-
leverage reliability improvements available within the architecture. Inference model cache refresh cycles
should be sized conservatively against the worst-case backbone unavailability duration observed in historical
availability data for the specific provider and metropolitan location involved, ensuring that no plausible
connectivity event exhausts the cache validity window. Local Zone compute capacity planning should
incorporate predictive scaling parameters tuned to the specific production cycle patterns of each operational
site rather than relying exclusively on reactive threshold-based scaling, because the evaluation results in
Section 10.4 demonstrate that reactive scaling alone introduces transient latency spikes during capacity ramp-
up that anticipatory provisioning eliminates at modest additional steady-state cost.

12. Conclusion

12.1 Summary of Architectural Contributions

The multi-tier cloud network architecture examined across the preceding sections constitutes a comprehensive
and empirically evaluated engineering framework for deploying industrial robotics and artificial intelligence
systems in production environments, resolving the structural incompatibilities that prevent both on-premises
and region-centric deployments from satisfying control loop determinism, workload scalability, and
infrastructure resilience simultaneously. The four-tier reference model formalizes a workload separation
discipline that prior fog and MEC literature characterized conceptually without specifying at the
implementation level required for production decisions. The backbone connectivity engineering framework,
encompassing rapid keepalive-based failure detection, explicit traffic engineering within the provider domain,
and pre-provisioned forwarding-plane fast reroute for sub-second switchover, translates resilience design
intent into quantifiably superior recovery performance rather than relying on architectural descriptions that
remain aspirational without implementation-level specification.

The failure domain isolation framework addresses the multi-tier failure interaction scenarios that single-tier
fault tolerance models cannot characterize: the graceful degradation mode, in which Local Zone command
and control systems continue to serve robotic clients from cached inference state during backbone connectivity
loss, represents a qualitatively distinct resilience property that prevents the partial failure scenarios most
dangerous to production industrial environments, those in which the failure is not catastrophic enough to
trigger an immediate safe stop but severe enough to silently degrade command reliability. The deterministic
monitoring architecture, integrating passive telemetry collection, rapid failure detection mechanisms, and
active health probing into a layered observability system with explicitly defined collection intervals and alert
hysteresis parameters, ensures that the recovery mechanisms designed into the architecture activate with
temporal precision commensurate with the timing requirements of the control loops they protect.

12.2 Synthesis of Empirical Findings

The simulation evaluation conducted across Sections 9 and 10 yielded quantitative confirmation of the
architectural properties advanced in the design analysis. The 17.6-fold P99 latency reduction reflects the
compounding contribution of metropolitan propagation delay reduction, backbone path stability, and Local
Zone workload isolation, each addressing a distinct source of inflation that the others cannot resolve alone.
The 411-fold improvement in backbone failure recovery time demonstrates that protocol-level recovery
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mechanism selection has a larger impact on operational resilience than topology design alone, and that
production robotics deployments that rely on default routing protocol timeout convergence are operating with
a resilience gap whose magnitude may not be intuitively apparent from high-level architectural descriptions.
The sub-linear latency scaling behavior of the proposed architecture, a log-log scaling exponent of 0.31
compared to 0.67 for the region-centric baseline, has direct implications for deployment planning:
organizations that initially deploy robotics platforms at modest fleet sizes and subsequently scale toward
production capacity will find that the latency advantage of the proposed architecture compounds rather than
erodes as fleet size grows, making the cost premium of Local Zone deployment increasingly justifiable in
relative terms as the fleet scale at which the investment must be amortized increases.

12.3 Limitations and Future Research Directions

The evaluation methodology carries limitations that subsequent investigations should address. The simulation
environment models production cloud backbone behavior using statistical representations that necessarily
simplify the correlated multi-tenant failure patterns arising in live hyperscale infrastructure; empirical
validation against instrumented production Local Zone deployments with real robotic fleets would establish
the gap between simulation-derived and production-observed performance characteristics. The cost-
performance analysis presented qualitatively in Section 11.2 was not developed into a formal optimization
framework; quantitative cost modeling identifying the fleet size, geographic distribution profile, and workload
intensity thresholds at which Local Zone deployment is economically favorable would provide organizations
with actionable deployment scoping guidance that the current qualitative treatment cannot offer.

Several specific directions for future investigation emerge from the open questions identified throughout this
work. The integration of Time-Sensitive Networking protocols within the operations-site local area network
segment, extending IEEE 802.1Qbv deterministic traffic shaping to the last-hop Ethernet segments connecting
field devices to site egress points, would extend the bounded latency properties of the architecture to include
the local network tier that the present evaluation modeled with statistical rather than deterministic
characteristics. The application of reinforcement learning to adaptive workload placement, dynamically
redistributing service categories between Local Zone and central region tiers in response to real-time latency
measurements and utilization signals, would address operational scenarios where the static placement
discipline of the reference architecture produces suboptimal resource utilization under highly variable
workload patterns that cannot be anticipated through production-cycle-based predictive scaling alone.
Security hardening of backbone failure detection and routing infrastructure against adversarial manipulation,
session hijacking, false failure injection, and routing table poisoning, represents a critical research gap whose
importance grows as the physical consequences of robotic control disruption increase in magnitude with the
scale and capability of deployed robotic fleets. The extension of the four-tier framework to multi-cloud
deployments, in which Local Zone and central region tiers are sourced from different cloud providers to satisty
organizational requirements for vendor independence, introduces novel backbone connectivity, identity
federation, and failure domain isolation challenges that single-provider architectures do not encounter. Finally,
the progressive degradation model, in which Local Zone graceful degradation produces a spectrum of reduced
robotic fleet capability states rather than a binary full-operation-or-safe-stop transition, would align the
resilience framework more closely with the operational continuity requirements of high-availability
continuous production environments where any unplanned safe stop carries significant operational cost.
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