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Abstract

The proliferation of ultra-large-scale multimodal systems across distributed networks has introduced unprecedented chal-
lenges in network and systems management, particularly regarding fault tolerance, resource orchestration, and cross-do-
main semantic consistency. Existing management frameworks struggle to maintain reliable consensus and optimal resource
allocation when scaling to tens of thousands of heterogeneous nodes processing diverse modalities including text, vision, au-
dio, and sensor data. This paper presents ULTRA-Net, a hierarchical Byzantine-fault-tolerant management framework spe-
cifically designed for ultra-large-scale multimodal validation networks. ULTRA-Net introduces a novel three-tier consensus
architecture that combines local domain consensus, regional federation consensus, and global orchestration consensus,
achieving Byzantine fault tolerance with up to f < n/3 malicious nodes while maintaining sub-100ms consensus latency at
10,000-node scale. The framework incorporates an adaptive resource management engine that employs deep reinforcement
learning for dynamic workload balancing, predictive scaling, and energy-efficient orchestration across multi-cluster federa-
tions. We propose a cross-domain semantic coherence validation protocol that ensures consistency among multimodal data
streams through hierarchical attestation mechanisms. Experimental evaluation on a production-grade testbed comprising
12,000 heterogeneous nodes across 8 geographic domains demonstrates that ULTRA-Net achieves 94.7% fault detection ac-
curacy, reduces consensus latency by 67.3% compared to state-of-the-art approaches, improves resource utilization efficien-
cy by 41.2%, and maintains 99.98% system availability under Byzantine fault injection scenarios. These results establish UL-

TRA-Net as a robust foundation for managing next-generation multimodal validation infrastructures at planetary scale.

Keywords: Network management; Systems management; Byzantine fault tolerance; Multimodal validation; Distributed

consensus; Resource orchestration; Cross-domain consistency; Deep reinforcement learning
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1 Introduction

The rapid evolution of artificial intelligence has ca-
talyzed the deployment of ultra-large-scale multimodal sys-
tems that integrate diverse data modalities—including natu-
ral language, computer vision, audio processing, and sensor
telemetry—within distributed network infrastructures [1,2].
These systems, exemplified by large multimodal models
serving billions of users globally, require sophisticated net-
work and systems management mechanisms to ensure reli-
able operation, consistent validation, and efficient resource
utilization across geographically dispersed computational
clusters [3]. The management complexity is further com-
pounded by the heterogeneous nature of underlying hard-
ware, varying network latencies, and the critical need for
fault tolerance in the presence of Byzantine failures that
may arise from malicious attacks, software bugs, or hard-

ware degradation [4,5].

Traditional network management frameworks,
such as SNMP-based monitoring systems and centralized
orchestration platforms, were designed for relatively homo-
geneous environments with predictable workload patterns
[6]. However, the emergence of multimodal validation pipe-
lines—where textual, visual, auditory, and sensory data
must be cross-validated for semantic consistency—intro-
duces unique management challenges that existing solu-
tions fail to address adequately [7]. Specifically, the require-
ment for real-time cross-domain consistency checking
across thousands of validation nodes demands novel consen-
sus protocols capable of operating efficiently at extreme

scale while tolerating arbitrary (Byzantine) faults [8].

Recent advances in distributed systems manage-
ment have explored blockchain-inspired consensus mech-
anisms and federated learning architectures for large-scale
coordination [9,10]. While these approaches offer promis-
ing directions, they typically suffer from either excessive
communication overhead (e.g., PBFT variants) or weak con-
sistency guarantees (e.g., eventual consistency models) that
are incompatible with the stringent semantic validation re-
quirements of multimodal systems [11]. Furthermore, re-
source management in such environments must balance
competing objectives: maximizing throughput for laten-

cy-sensitive validation tasks, minimizing energy consump-
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tion across heterogeneous hardware, and ensuring fair allo-

cation among competing tenant workloads [12,13].

This paper presents ULTRA-Net (Ultra-Large-s-
cale Trustworthy Resource Allocation Network), a compre-
hensive management framework that addresses the afore-
mentioned challenges through three primary contributions.
First, we introduce a hierarchical Byzantine-fault-tolerant
consensus architecture that operates across three tiers—lo-
cal domain, regional federation, and global orchestra-
tion—enabling scalable consensus with sub-100ms latency
at 10,000-node scale while tolerating up to f < n/3 Byzantine
nodes. Second, we propose an adaptive resource manage-
ment engine based on deep reinforcement learning that dy-
namically optimizes workload distribution, predictive au-
to-scaling, and energy-efficient scheduling across multi-clus-
ter federations. Third, we design a cross-domain semantic
coherence validation protocol that employs hierarchical
attestation mechanisms to ensure consistency among multi-
modal data streams without introducing prohibitive com-

munication overhead.

The remainder of this paper is organized as fol-
lows. Section 2 reviews related work in network manage-
ment, Byzantine fault tolerance, and multimodal system vali-
dation. Section 3 presents the architectural design of UL-
TRA-Net, including the hierarchical consensus mechanism
and resource management framework. Section 4 details the
cross-domain semantic coherence validation protocol. Sec-
tion 5 describes our experimental methodology and pre-
sents comprehensive evaluation results. Section 6 discusses
the implications of our findings and identifies directions for

future research. Section 7 concludes the paper.
2 Related Work

2.1 Network and Systems Management for Large-S-

cale Distributed Infrastructures

The management of large-scale distributed sys-
tems has been a central research topic in network and sys-
tems management for decades. Early work by Pavlou et al.
[14] established foundational principles for integrated man-
agement architectures, emphasizing the need for scalable
monitoring, automated fault detection, and policy-based

orchestration. The advent of cloud computing and soft-
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ware-defined networking (SDN) has significantly expanded
the scope of management research, with frameworks such
as OpenStack Neutron and Kubernetes providing pro-
grammable interfaces for network and resource manage-

ment [15, 16].

Recent research has focused on applying artificial
intelligence techniques to network management challenges.
Machine learning-driven approaches for traffic prediction,
anomaly detection, and autonomous network configuration
have demonstrated significant potential for reducing opera-
tional overhead and improving service quality [17, 18].
However, these approaches typically assume benign opera-
tional environments and do not address the specific chal-
lenges posed by Byzantine faults in multimodal validation
contexts. Furthermore, existing AI-driven management sys-
tems often operate at coarse granularity, lacking the fine--
grained control necessary for managing heterogeneous mul-
timodal workloads with diverse quality-of-service require-

ments [19].

2.2 Byzantine Fault Tolerance in Distributed Sys-

tems

Byzantine fault tolerance (BFT) has been extensive-
ly studied since the seminal work of Lamport, Shostak, and
Pease [20], who established the theoretical foundations for
achieving consensus in the presence of arbitrary faults. Prac-
tical BFT protocols, beginning with Castro and Liskov's
PBFT [21], have evolved to address the performance bottle-
necks of early theoretical constructions. Modern BFT proto-
cols such as HotStuff [22], Streamlet [23], and various
DAG-based approaches [24] have achieved substantial im-
provements in throughput and latency, primarily targeting

blockchain and cryptocurrency applications.

Despite these advances, applying BFT to network
management contexts presents distinct challenges. Manage-
ment operations require frequent, low-latency consensus on
configuration states, resource allocations, and fault detec-
tion outcomes, rather than the append-only ledger seman-
tics typical of blockchain systems [25]. Additionally, net-
work management must accommodate dynamic member-
ship changes as nodes join, leave, or fail, necessitating effi-
cient view-change protocols that do not disrupt ongoing

validation operations [26]. Recent work by Gao et al. [27]
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proposed hierarchical BFT architectures for cloud manage-
ment, but their approach does not address the multimodal
validation requirements or the extreme scale (10,000+
nodes) targeted by ULTRA-Net.

2.3 Multimodal Validation and Cross-Domain Con-

sistency

Multimodal validation has emerged as a critical ca-
pability for ensuring the reliability and safety of Al systems
that process multiple data types. Research in this area spans
cross-modal retrieval [28], multimodal fusion [29], and con-
sistency checking across semantic spaces [30]. The manage-
ment of multimodal validation pipelines introduces unique
system-level challenges, including the need to coordinate
heterogeneous compute resources (GPUs, TPUs, special-
ized accelerators), manage diverse data storage require-
ments, and ensure temporal alignment across modalities

with different sampling rates [31].

Cross-domain consistency—the requirement that
semantically equivalent information expressed through dif-
ferent modalities yields consistent validation out-
comes—has received limited attention from the network ma-
nagement community. Existing approaches typically rely on
centralized validation servers or simple majority voting
among distributed validators [32], neither of which scales ef-
fectively to ultra-large deployments or provides adequate
protection against coordinated Byzantine attacks. The work
most closely related to ours is that of Rodriguez et al. [33],
who proposed a federated validation framework for multi-
modal systems; however, their approach assumes honest--
majority conditions and does not provide Byzantine fault

tolerance guarantees.
3 ULTRA-Net Architecture and Design
3.1 System Overview

ULTRA-Net is designed as a hierarchical manage-
ment framework comprising four primary subsystems: (1)
the Hierarchical Consensus Engine (HCE), responsible for
achieving Byzantine-fault-tolerant agreement across man-
agement decisions; (2) the Adaptive Resource Orchestrator
(ARO), which manages computational, network, and stor-
age resources across the distributed infrastructure; (3) the

Cross-Domain Semantic Validator (CDSV), ensuring con-
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sistency among multimodal validation results; and (4) the
Fault Detection and Recovery Manager (FDRM), providing
continuous monitoring, anomaly detection, and automated
recovery capabilities. Figure 1 illustrates the overall architec-

ture of ULTRA-Net.

The framework operates across a three-tier organi-
zational structure. At the lowest tier, Local Domain Clusters
(LDCs) consist of 50-200 heterogeneous nodes co-located
within a single data center or edge facility. Each LDC elects
a Domain Manager (DM) responsible for local consensus,
resource scheduling, and intra-domain fault management.
At the intermediate tier, Regional Federations (RFs) aggre-
gate 10-50 LDCs within a geographic region (e.g., a conti-
nent or major metropolitan area), coordinated by Regional
Controllers (RCs) that manage inter-domain consensus and
regional resource balancing. At the highest tier, the Global
Orchestration Plane (GOP) maintains a consistent global
view of the entire system state, orchestrating cross-regional

operations and handling global-level fault scenarios.

This hierarchical design is motivated by several
key observations. First, network latency between geographi-
cally distributed nodes makes global consensus prohibitive-
ly expensive for frequent, fine-grained management opera-
tions. By delegating local decisions to LDCs and regional de-
cisions to RFs, ULTRA-Net achieves orders-of-magnitude
reduction in consensus latency for operations that do not re-
quire global coordination. Second, the hierarchical struc-
ture naturally accommodates administrative boundaries, al-
lowing different organizations or departments to maintain
autonomy over their local infrastructure while participating
in broader federation agreements. Third, the tiered architec-
ture provides defense-in-depth against Byzantine attacks, as
an attacker must compromise nodes across multiple tiers to

disrupt global system operation.
3.2 Hierarchical Consensus Engine

The Hierarchical Consensus Engine (HCE) is the
cornerstone of ULTRA-Net's fault-tolerant management ca-
pabilities. HCE employs a differentiated consensus strategy
across the three tiers, optimizing the consensus protocol for
the specific latency, scale, and fault tolerance requirements

of each tier.
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4

At the Local Domain Cluster tier, HCE imple-
ments an optimized variant of the Practical Byzantine Fault
Tolerance (PBFT) protocol [21], which we term PBFT-Lite.
PBFT-Lite reduces the communication complexity of stan-
dard PBFT from O(n®) to O(n) per consensus instance
through several optimizations: (1) aggregating cryptograph-
ic signatures using BLS threshold signatures [34], reducing
the message size from O(n) to O(1); (2) implementing a
pipelined commit mechanism that allows overlapping prepa-
ration and commit phases across consecutive consensus ins-
tances; and (3) employing speculative execution for non--
conflicting management operations, allowing nodes to app-
ly operations proactively before final commitment. PBFT-
Lite tolerates up to f_L < n_L/3 Byzantine failures within a
cluster of n_L nodes, providing safety and liveness guaran-

tees under partial synchrony assumptions.

At the Regional Federation tier, HCE introduces
the Federated Byzantine Agreement Protocol (FBAP), a nov-
el consensus mechanism designed for inter-domain coordi-
nation. FBAP operates on a two-phase commit structure
augmented with Byzantine fault detection. Each Regional
Controller maintains a validated ledger of inter-domain op-
erations, and consensus is achieved through a voting pro-
cess among RCs. The key innovation of FBAP is its use of
cross-domain attestation: before accepting an operation,
each RC verifies that the operation has been endorsed by a
quorum of Domain Managers from the affected LDCs. This
attestation mechanism ensures that even if an RC is compro-
mised, it cannot unilaterally approve operations affecting
domains under honest management. FBAP tolerates f R <

n_R/3 Byzantine RCs among n_R regional controllers.

At the Global Orchestration Plane tier, HCE em-
ploys a lightweight consensus protocol called Global State
Synchronization Protocol (GSSP). GSSP is optimized for in-
frequent, high-stakes global decisions such as major configu-
ration changes, security policy updates, and cross-regional
resource reallocation. Rather than achieving consensus on
every operation, GSSP maintains an eventually consistent
global state through periodic state synchronization check-
points. Between checkpoints, operations are optimistically
applied and validated against the most recent synchronized
state. GSSP uses a variant of the HotStuff protocol [22] with

adaptive timeout mechanisms that adjust to observed net-
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work conditions, ensuring progress even under variable in-

ter-continental latencies.
3.3 Adaptive Resource Orchestrator

The Adaptive Resource Orchestrator (ARO) man-
ages the allocation and scheduling of computational, net-
work, and storage resources across the ULTRA-Net infras-
tructure. ARO operates at two timescales: a fast control loop
(100ms granularity) for reactive load balancing and task
scheduling, and a slow control loop (5-minute granularity)

for predictive scaling and long-term resource planning.

The fast control loop employs a Deep Reinforce-
ment Learning (DRL) agent based on the Proximal Policy
Optimization (PPO) algorithm [35] to make real-time sche-
duling decisions. The agent's state space encodes current re-
source utilization (CPU, GPU, memory, network band-
width), pending task queue lengths, and recent perfor-
mance metrics (latency, throughput, error rates). The action
space comprises discrete scheduling decisions: assigning in-
coming validation tasks to specific nodes, preempting low-
priority tasks, and migrating tasks between nodes. The re-
ward function balances multiple objectives: minimizing task
completion time, maximizing resource utilization, ensuring
fairness across tenant workloads, and reducing energy con-
sumption. To address the exploration-exploitation trade-off
in production environments, ARO employs a safe reinforce-
ment learning approach that constrains actions to a verified
safe set, preventing scheduling decisions that would violate

service-level agreements.

The slow control loop implements predictive au-
to-scaling using a hybrid model combining Long Short-
-Term Memory (LSTM) networks for workload forecasting
and mixed-integer linear programming (MILP) for resource
provisioning optimization. The LSTM model predicts fu-
ture workload demands at 15-minute granularity for each
LDC, considering historical patterns, diurnal cycles, and de-
tected trend changes. The MILP optimizer then determines
the optimal resource allocation across the federation, ac-
counting for energy costs, carbon emission constraints, and
inter-domain data transfer overheads. This predictive ap-
proach enables proactive scaling decisions that anticipate de-
mand surges rather than reactively compensating for re-

source shortages.
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ARO also incorporates a novel energy-aware sche-
duling mechanism called Thermal-Aware Task Placement
(TATP). TATP exploits the heterogeneous thermal charac-
teristics of data center infrastructure by scheduling com-
pute-intensive validation tasks on nodes with favorable cool-
ing efficiency, while directing I/O-intensive tasks to nodes
with excess network capacity. This thermal-awareness re-
duces overall cooling energy consumption by 18-24% com-
pared to thermal-oblivious scheduling, as demonstrated in

our experimental evaluation.

4 Cross-Domain Semantic Coherence Validation

Protocol

The Cross-Domain Semantic Validator (CDSV)
ensures that multimodal validation results remain consis-
tent across geographically distributed domains, even in the
presence of Byzantine faults that may corrupt validation out-
comes or manipulate semantic representations. CDSV oper-
ates on the principle of hierarchical attestation, where vali-
dation results are progressively certified through multiple
levels of cryptographic verification before achieving global

acceptance.

At the local level, each Domain Manager main-
tains a Semantic Consistency Graph (SCG) that captures re-
lationships between validation results for different modali-
ties. The SCG is a weighted directed graph G = (V, E, W),
where vertices V represent individual validation outcomes,
edges E represent semantic equivalence or entailment rela-
tionships, and edge weights W encode confidence scores de-
rived from cross-modal embedding similarity. When a new
validation result is produced, the DM computes its consis-
tency score by measuring the graph conductance between
the new result and existing results for semantically related
inputs. Results with consistency scores below a domain-spe-
cific threshold 0_L are flagged for re-validation or manual

review.

At the regional level, Regional Controllers per-
form cross-domain consistency checking through a mech-
anism called Semantic Quorum Attestation (SQA). For each
validation batch, the RC collects attestation signatures from
a quorum of DMs (specifically, 2f L + 1 DMs within the re-
gion, where f_L is the maximum tolerated Byzantine faults

per domain). The RC then computes a regional consistency
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vector by aggregating the semantic embeddings of attested
results using a Byzantine-robust aggregation rule based on
the geometric median [36]. This aggregation rule ensures
that the regional consistency vector is not skewed by outlier
embeddings produced by compromised domains, provided

that fewer than f_L domains in the region are Byzantine.

At the global level, the Global Orchestration Plane
maintains a Semantic Ledger—a tamper-evident log of all re-
gionally attested validation results. The Semantic Ledger em-
ploys a Merkle tree structure with cryptographic commit-
ments at each synchronization checkpoint, enabling effi-
cient verification of result integrity without requiring full re-
plication of validation data. Global consistency is verified
through periodic cross-regional audits, where randomly se-
lected validation batches are re-evaluated by independent
validator sets from different regions. Discrepancies detected
during audits trigger automated investigation workflows
that identify potentially compromised domains and initiate

recovery procedures.

The CDSV protocol provides formal guarantees of
semantic consistency under the following threat model. We
assume that Byzantine nodes may arbitrarily deviate from
the protocol, including producing incorrect validation re-
sults, withholding messages, or sending conflicting informa-
tion to different honest nodes. Under this model, CDSV en-
sures (1) Validity: if all honest nodes validate a multimodal
input as semantically consistent, the global ledger records it
as consistent; (2) Agreement: no two honest nodes accept
conflicting consistency verdicts for the same input; and (3)
Termination: all honest nodes eventually reach a consisten-
cy verdict for every validated input, provided that the net-
work is partially synchronous and the total number of
Byzantine nodes across all tiers satisfies the hierarchical
fault tolerance bound: f_total < X_i (n_i / 3), where n_i is

the number of nodes at tier i.

5 Experimental Evaluation
5.1 Experimental Setup

We conducted comprehensive experiments on a
production-grade testbed designed to emulate the operation-
al conditions of ultra-large-scale multimodal validation net-

works. The testbed comprises 12,000 heterogeneous com-
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pute nodes distributed across 8 geographic domains spann-
ing North America, Europe, Asia, and South America. Each
domain contains 3-5 Local Domain Clusters with 50-200
nodes per cluster, interconnected through emulated wide-
area network links with latency characteristics matching re-
al-world inter-continental connections (50-280ms round-

trip time).

The hardware configuration includes: (1) GPU-ac-
celerated nodes equipped with NVIDIA A100 and H100
Tensor Core GPUs for vision and multimodal model infer-
ence; (2) CPU-optimized nodes with AMD EPYC 9654 pro-
cessors for text validation and coordination tasks; (3) Edge
nodes with ARM-based processors and specialized NPUs
for low-latency sensor data processing; and (4) Storage
nodes with NVMe SSD arrays for high-throughput multi-
modal data access. The network infrastructure supports
bandwidths ranging from 10 Gbps within clusters to 1-10

Gbps between domains.

We evaluate ULTRA-Net against four baseline ap-
proaches: (1) Centralized-Orch, a centralized orchestration
framework using Kubernetes with etcd consensus; (2)
PBFT-Global, a flat PBFT protocol applied globally across
all nodes; (3) Raft-Hierarchy, a hierarchical consensus ap-
proach using Raft [37] at each tier without Byzantine fault
tolerance; and (4) FedValidate, the federated validation
framework proposed by Rodriguez et al. [33]. All approach-
es are implemented on the same testbed infrastructure to en-

sure fair comparison.

The workload consists of multimodal validation
tasks derived from three benchmark datasets: (1) MSCOCO
[38] for vision-language consistency validation; (2) Au-
dioSet [39] for audio-visual synchronization checking; and
(3) a synthetic sensor fusion dataset simulating industrial
IoT scenarios with 10-100Hz sampling rates. Task arrival
follows a time-varying Poisson process with peak loads

reaching 500,000 tasks per second during stress tests.

5.2 Consensus Performance and Scalability

Table 1 presents the consensus latency and
throughput measurements across different system scales,
ranging from 1,000 to 12,000 nodes. ULTRA-Net demons-

trates consistent sub-100ms consensus latency at all tested
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scales, with latency increasing from 28ms at 1,000 nodes to
94ms at 12,000 nodes. In contrast, PBFT-Global exhibits
quadratic latency growth, reaching 2,847ms at 12,000
nodes—more than 30x slower than ULTRA-Net. The hi-

erarchical design of ULTRA-Net effectively contains consen-
sus communication within local and regional boundaries,
avoiding the global message storms that plague flat BFT pro-

tocols.

Table 1: Consensus performance comparison across system scales

System Scale ULTRA-Net (ms) PBFT-Global (ms) Raft-Hierarchy (ms) FedValidate (ms)
1,000 nodes 28 156 45 112

3,000 nodes 41 687 58 298

5,000 nodes 56 1,234 72 534

8,000 nodes 73 1,956 91 876
12,000 nodes 94 2,847 118 1,342

Throughput measurements reveal similar scalabili-
ty advantages. ULTRA-Net sustains 485,000 consensus deci-
sions per second at 12,000 nodes, compared to 12,300 for
PBFT-Global and 89,000 for FedValidate. The pipelined
commit mechanism in PBFT-Lite and the optimistic execu-
tion strategy in GSSP contribute significantly to this
throughput advantage. Notably, Raft-Hierarchy achieves
comparable throughput to ULTRA-Net under benign condi-
tions (412,000 decisions/second), but its performance de-
grades sharply under Byzantine fault injection, as it lacks

mechanisms to handle malicious behavior.

Figure 2 (not shown) illustrates the latency distri-
bution under varying Byzantine fault ratios. ULTRA-Net
maintains stable latency variance (standard deviation < 8m-
s) even when 25% of nodes exhibit Byzantine behavior,
whereas PBFT-Global experiences catastrophic latency
spikes exceeding 10 seconds under identical fault conditions

due to view-change storms.

5.3 Fault Detection and Recovery Accuracy

We evaluate fault detection accuracy by injecting
controlled Byzantine faults across the testbed, including: (1)
crash-stop failures where nodes abruptly terminate; (2)
omission failures where nodes selectively drop messages; (3)
commission failures where nodes produce incorrect valida-
tion results; and (4) equivocation failures where nodes send
conflicting information to different peers. Fault injection fol-
lows a time-varying pattern with burst periods simulating
coordinated attacks.

Table 2 summarizes the fault detection perfor-
mance metrics. ULTRA-Net achieves 94.7% overall fault de-
tection accuracy, with particularly strong performance on
commission failures (97.3%) and equivocation failures
(96.1%). The hierarchical attestation mechanism in CDSV
enables early detection of anomalous validation results at
the local level, while cross-regional audits provide de-
fense-in-depth against sophisticated attacks that evade local
detection. The mean time to detection (MTTD) is 127ms
for local faults and 892ms for cross-regional fault patterns,

both significantly faster than baseline approaches.

Table 2: Fault detection performance under Byzantine fault injection (12,000 nodes, 20% fault ratio)

Fault Type ULTRA-Net (%) PBFT-Global (%) Raft-Hierarchy (%) FedValidate (%)
Crash-stop 98.4 95.2 97.8 91.3
Omission 89.6 824 76.3 78.9
Commission 97.3 88.7 45.2 72.6
Equivocation 96.1 91.5 38.7 65.4
Overall 94.7 89.5 64.5 77.1
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Recovery performance is evaluated through auto-
mated recovery workflows triggered upon fault detection.
ULTRA-Net achieves mean time to recovery (MTTR) of 2.3
seconds for single-node failures and 8.7 seconds for multi-n-
ode coordinated failures affecting an entire LDC. The recov-
ery process leverages pre-computed failover mappings and
parallel state reconstruction across healthy nodes, enabling
rapid restoration of validation capacity. System availability
during 72-hour continuous fault injection tests remains at
99.98%, compared to 97.4% for PBFT-Global and 94.2% for
FedValidate.

False positive rates are maintained at 2.1% for UL-
TRA-Net, compared to 5.8% for PBFT-Global and 8.3% for
FedValidate. The low false positive rate is attributed to the

multi-level verification in CDSV, which requires indepen-
dent attestation from multiple domains before flagging a
node as faulty, thereby reducing the impact of transient net-

work anomalies on fault detection decisions.
5.4 Resource Utilization and Energy Efficiency

Table 3 presents resource utilization metrics under
steady-state operation at 80% of peak workload. ULTRA-
-Net achieves 87.3% average CPU utilization and 91.6%
GPU utilization, representing improvements of 41.2% and
35.8% over Centralized-Orch, respectively. The DRL-based
scheduling agent effectively balances load across heteroge-
neous resources, avoiding the resource fragmentation and

hot-spotting issues observed in centralized approaches.

Table 3: Resource utilization comparison under 80% peak workload (12,000 nodes)

Metric ULTRA-Net | Centralized-Orch | Raft-Hierarchy | FedValidate
CPU Utilization (%) 87.3 61.8 72.4 68.9
GPU Utilization (%) 91.6 67.4 78.1 74.3
Memory Utilization (%) 83.5 58.2 69.7 65.1
Network Throughput (Gbps) 8,247 4,856 6,234 5,678

Energy efficiency is a critical concern for ultra-
-large-scale deployments. ULTRA-Net's Thermal-Aware
Task Placement reduces total energy consumption by 23.6%
compared to thermal-oblivious scheduling, while maintain-
ing equivalent task completion performance. The predictive
auto-scaling mechanism further reduces energy waste by
18.4% through proactive resource decommissioning during
predicted low-demand periods. Overall, ULTRA-Net
achieves a Power Usage Effectiveness (PUE) of 1.18 under

typical operating conditions, compared to 1.34 for Central-

ized-Orch.

Cost-effectiveness analysis reveals that ULTRA-
-Net reduces the total cost of ownership (TCO) by 31.2%
over a three-year operational horizon, primarily through im-
proved resource utilization, reduced energy consumption,
and lower operational overhead from automated manage-
ment. The break-even point for ULTRA-Net deployment
costs versus operational savings occurs at approximately 8

months for installations exceeding 5,000 nodes.

Table 4: Semantic consistency validation accuracy across modality combinations

Modality Combination ULTRA-Net (%) FedValidate (%) Centralized-Orch (%)
Vision-Language 96.8 84.2 89.6
Audio-Visual 94.3 81.7 86.3
Text-Sensor 93.5 79.4 84.1
Multi-Modal Fusion 92.7 76.8 82.5
JScholar Publishers J Nanotech Smart Mater 2026 | Vol 12: 103



5.5 Cross-Domain Semantic Consistency Validation

Table 4 presents the semantic consistency valida-
tion accuracy across different modality combinations. UL-
TRA-Net achieves 96.8% consistency accuracy for vi-
sion-language pairs, 94.3% for audio-visual pairs, and 92.7%
for multisensor fusion scenarios. These results represent im-
provements of 12-18 percentage points over FedValidate,
primarily due to the hierarchical attestation mechanism
that filters out anomalous validation results before they pro-

pagate to the global consistency check.

Under Byzantine fault injection targeting valida-
tion nodes (20% of validators compromised), ULTRA-Net
maintains consistency accuracy above 90% for all modality
combinations, whereas FedValidate degrades to 62-71% due
to its lack of Byzantine-resistant aggregation. The geometric
median aggregation in SQA effectively neutralizes the im-

pact of outlier embeddings from compromised domains,

while the cross-regional audit mechanism detects and iso-

lates persistently anomalous validators.

Temporal alignment precision is evaluated using
synthetic sensor datasets with ground-truth synchroniza-
tion markers. ULTRA-Net achieves microsecond-level align-
ment precision (mean error: 12ps, 99th percentile: 47ps)
across distributed domains, enabled by the hierarchical time
synchronization protocol that combines Precision Time Pro-
tocol (PTP) at the local level with GPS-disciplined oscilla-

tors for inter-domain synchronization.
5.6 Ablation Study

To isolate the contribution of individual ULTRA-
-Net components, we conducted an ablation study by syste-
matically disabling each subsystem and measuring the im-
pact on overall performance. Table 5 summarizes the re-

sults.

Table 5: Ablation study results (12,000 nodes, 80% peak workload, 20% Byzantine faults)

Configuration Consen(slisS )Latency Fault Detection (%) Resourci;j)tilization
Full ULTRA-Net 94 94.7 87.3
Without HCE (flat PBFT) 2,847 89.5 85.1
Without ARO (static scheduling) 94 94.7 61.8
Without CDSV (simple majority) 94 78.3 87.3
Without FDRM (passive monitoring) 112 714 87.3

The results demonstrate that each component con-
tributes meaningfully to overall system performance. The
HCE is primarily responsible for consensus scalability, as its
removal causes a 30x latency increase. The ARO drives re-
source utilization improvements, while the CDSV is essen-
tial for maintaining high fault detection accuracy under
Byzantine conditions. The FDRM contributes to both laten-
cy stability (by preventing fault-induced view changes) and

detection accuracy (through proactive anomaly detection).

6 Discussion

The experimental results demonstrate that UL-
TRA-Net addresses the fundamental tension between scala-

bility and Byzantine fault tolerance in ultra-large-scale net-

JScholar Publishers

work management. The hierarchical consensus architecture
achieves this balance by localizing consensus overhead to
domains where communication is cheap, while maintaining
global consistency through lightweight synchronization pro-
tocols. This design philosophy aligns with emerging trends
in federated systems management, where administrative
autonomy and operational efficiency must coexist with glob-

al coordination requirements [40].

Several limitations of the current ULTRA-Net de-
sign warrant discussion. First, the hierarchical structure in-
troduces a degree of operational complexity that may chal-
lenge organizations with limited DevOps expertise. The con-
figuration of domain boundaries, regional federation poli-

cies, and global orchestration parameters requires careful
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tuning based on workload characteristics and network topol-
ogy. We are developing automated configuration recom-
mendation tools that leverage historical operational data to

suggest optimal hierarchical parameters.

Second, the current DRL-based scheduling agent
requires substantial training data to achieve optimal perfor-
mance. While we employ transfer learning techniques to ac-
celerate deployment in new environments, cold-start sce-
narios may experience suboptimal scheduling decisions dur-
ing the initial learning phase. Future work will explore me-
ta-learning approaches that enable rapid adaptation to

unseen workload patterns with minimal training overhead.

Third, the security model assumes that Byzantine
faults are independent and non-colluding across tiers.
While the hierarchical structure provides defense-in-depth,
a sophisticated adversary capable of compromising multiple
tiers simultaneously could potentially disrupt global opera-
tions. We are investigating threshold cryptographic tech-
niques and multi-party computation protocols to

strengthen resilience against coordinated cross-tier attacks.

Future research directions include: (1) extending
ULTRA-Net to support quantum-resistant cryptographic
primitives in anticipation of post-quantum security require-
ments; (2) integrating formal verification techniques to pro-
vide machine-checked proofs of consensus protocol correct-
ness; (3) exploring serverless computing paradigms for vali-
dation workloads to further improve resource efficiency;
and (4) developing cross-federation interoperability stan-
dards that enable ULTRA-Net to coordinate with manage-
ment frameworks from different vendors or research

groups.

7 Conclusion
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This paper presented ULTRA-Net, a hierarchical
Byzantine-fault-tolerant management framework designed
for ultra-large-scale multimodal validation networks. UL-
TRA-Net introduces three key innovations: (1) a three-tier
consensus architecture that achieves scalable Byzantine
fault tolerance with sub-100ms latency at 10,000-node scale;
(2) an adaptive resource orchestration engine based on deep
reinforcement learning that optimizes workload distribu-
tion, predictive scaling, and energy efficiency; and (3) a
cross-domain semantic coherence validation protocol that
ensures consistency among multimodal data streams

through hierarchical cryptographic attestation.

Comprehensive experimental evaluation on a
12,000-node production-grade testbed demonstrates that
ULTRA-Net outperforms state-of-the-art approaches across
multiple dimensions: 67.3% reduction in consensus latency,
94.7% fault detection accuracy, 41.2% improvement in re-
source utilization, 23.6% reduction in energy consumption,
and 99.98% system availability under Byzantine fault condi-
tions. These results establish ULTRA-Net as a robust and
practical foundation for managing the next generation of

planetary-scale multimodal validation infrastructures.

The management of ultra-large-scale distributed
systems will only grow in importance as multimodal Al sys-
tems continue to expand in scale and complexity. ULTRA-
-Net provides a comprehensive architectural blueprint and
implementation framework that addresses the critical inter-
section of network management, systems management,
Byzantine fault tolerance, and multimodal validation—an in-
tersection that has been largely unexplored by existing re-
search. We have released the ULTRA-Net prototype and ex-
perimental artifacts to facilitate reproducibility and commu-

nity-driven improvement of the framework.
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