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Abstract

Autonomous Intelligent Vehicles (AIVs) require secure, low-latency, and scalable communication frameworks to support safety critical decision-making in dynamic
traffic environments. Blockchain deployment in AIVs is constrained by the blockchain trilemma the difficulty of simultaneously optimizing security, speed, and
scalability. This paper reframes the trilemma for vehicular contexts and introduces innovation driven solutions, including hybrid consensus mechanisms, edge-enabled
blockchain layers, Al-augmented security modules, and lightweight cryptography. Case studies of urban intersections and highway platooning demonstrate that tiered
blockchain architectures, combined with Al-driven anomaly detection and validator selection, can achieve consensus latencies under 200 ms while ensuring authenticated
logging and scalable coordination across hundreds of vehicles. Finally, open challenges such as hardware resource limits, energy overhead, interoperability with legacy
infrastructure, and quantum-era threats are discussed, alongside future directions in adaptive consensus, quantum-safe cryptography, and 6G-integrated vehicular

networks.
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1. Introduction

Autonomous Intelligent Vehicles (AIVs) rely on real-
time, secure communication across Vehicle-to-Vehicle
(V2V) and Vehicle-to-Infrastructure (V2I) channels,
where milliseconds of delay or data tampering can
compromise safety. Blockchain offers a decentralized
and tamper-resistant framework for authenticated, im-
mutable data exchange in such environments [1]. How-
ever, the blockchain trilemma balancing security, speed,
and scalability remains a major barrier [2]. Traditional
systems like Bitcoin prioritize security at the cost of
throughput, while sharding and off-chain channels im-
prove scalability but weaken trust [3]. To meet AIV de-
mands for sub-200 ms consensus and scalable coordina-
tion, this study:

e Reframes the blockchain trilemma for AIVs, ana-
lyzing trade-offs among security, speed, and scala-
bility.

e Proposes innovation-driven strategies to mitigate
these constraints.

e Validates the approach through case studies on se-
cure, low-latency vehicular coordination.

Figure 1 illustrates the delicate balance between se-
curity, speed, and scalability in AIV ecosystems
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Figure 1: Blockchain trilemma in Autonomous Intelligent Vehicles

(AIVs), highlighting the trade-offs among security, speed, and scala-

bility

2. Innovation Driven Strategies for Blockchain
AlIVs

The blockchain trilemma in Autonomous Intelligent
Vehicles (AIVs) requires rethinking architectures to bal-
ance security, speed, and scalability under real-time
constraints. Conventional approaches such as Proof-of-
Work and centralized storage are limited by latency, en-
ergy use, and single points of failure. To address these
gaps, four innovation driven strategies; hybrid consen-
sus, edge—blockchain integration, Al-augmented secu-
rity, and lightweight cryptography have been proposed.
Hybrid consensus combines low-latency PBFT with
scalable PoS or PoA synchronization to ensure sub-
200 ms safety-critical decisions [4]. Edge computing
shifts blockchain processing to roadside units, reducing
propagation delay and improving scalability [5]. Al-
based modules enhance security through anomaly de-
tection and validator prediction, while lightweight cryp-
tography enables fast, energy-efficient authentication
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Table 1: Innovation Strategies for Blockchain in AIVs
Technique Security Benefit Speed Benefit Scalability Benefit Limitations
Hybrid Consensus ~ Prevents malicious nodes;  Sub-200 ms local consensus Efficient global synchroniza- ~ PBFT overhead in very large
(PBFT + PoS/PoA) strong trust tion networks
Edge-Blockchain Local data authentication; Reduced propagation delay at ~ Tiered edge—cloud design for ~ Requires dense RSU deploy-

fewer single points of failure

RSUs

dense traffic

ment and maintenance

Al-Augmented Se-
curity

Detects Sybil/replay attacks in
real time

Predictive validator selection
reduces delays

Adapts to growing network
size dynamically

Complexity of Al models; risk
of false positives

Lightweight
tography

Cryp-

Secures V2V/V2I with low-
cost primitives

Fast authentication, low com-
putational overhead

Supports large-scale vehicular
data exchange

Post-quantum schemes still in
early stages

for embedded systems [6]. Collectively, these strategies
demonstrate that the trilemma can be managed through
layered, intelligence driven architectures. Table 1 sum-
marizes their effects across trilemma dimensions.

3. Case Studies: Urban Intersection and Highway

Platooning

In dense urban intersections, over 200 AIVs ex-
change safety data through a tiered blockchain where
local PBFT consensus enables sub-200 ms collision-
avoidance decisions, supported by Al-driven anomaly
detection and validator prediction for enhanced trust and
scalability [7]. In contrast, highway platooning em-
ploys localized cluster-based consensus and Al-assisted
validator selection to maintain secure, real-time coor-
dination across high-speed convoys with 100-150 ms
latency, achieving reliable synchronization and fault re-
silience [8]. Figure 2 compares both scenarios, illustrat-
ing how blockchain and Al jointly address the trilemma
of security, speed, and scalability in dynamic AIV envi-
ronments.
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Figure 2: Blockchain trilemma in AIVs; contrasting two scenarios of
urban intersection and highway intersection.

4. Challenges and Future Research
The blockchain trilemma limits AIV scalability

and responsiveness, as hardware constraints, la-
tency—security trade-offs, energy overhead, and interop-
erability gaps hinder real-time, secure communication
under sub-200 ms safety demands. Future work should
focus on quantum-safe cryptography, 6G-enabled net-
works, adaptive consensus, and Al-assisted hierarchical

architectures to balance security, speed, and scalability
in next generation intelligent mobility systems.
5. Conclusion

This study shows that balancing security, speed, and
scalability through hybrid consensus, edge architec-
tures, Al-augmented security, and lightweight cryptog-
raphy enables sub-200 ms, scalable blockchain perfor-
mance in AIVs, demonstrating that the key to future-
proof intelligent transportation lies in managing rather
than eliminating the blockchain trilemma.
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