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ABSTRACT

Globalized supply chains face persistent problems of poor
visibility, delayed exception handling, counterfeit risk, and
brittle planning under uncertainty. Real-time tracking is
frequently hampered by siloed information systems and
data integrity issues that erode trust among trading
partners. This manuscript proposes a reference
architecture that integrates permissioned blockchain
ledgers with predictive AI to create a shared, tamper-
evident backbone for event data (e.g., EPCIS-compliant
commissioning, aggregation, shipping, receiving, and
sensor telemetry) and to enable continuous forecasting of
estimated time of arrival (ETA), stockouts, and cold-chain
excursions. The blockchain layer establishes data lineage,
non-repudiation, and programmable compliance via smart
contracts, while the AI layer ingests the same high-quality,
time-stamped events to learn patterns and anticipate
disruptions. We report results from a controlled simulation

study reflecting 12 months of operations across four lanes

and two temperature-controlled product families. Relative
to a baseline of conventional EDI and siloed databases, the
integrated approach reduces ETA mean absolute error by
56%, halves stockout rates, cuts recall resolution time by
75%, and meaningfully lowers cold-chain excursions. The
paper details data models, on-chain/off-chain partitioning,
privacy controls (channels and selective disclosure),
governance, and model lifecycle operations (MLOps)
aligned to immutable audit trails. We also present a
statistical summary of measured improvements and discuss
practical deployment guidance, including standards
alignment (GS1  EPCIS), interoperability, and
organizational incentives. The findings suggest that
combining blockchain’s shared truth with predictive AI’s
anticipatory capabilities yields measurable operational

gains and risk reduction in complex supply networks.
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INTRODUCTION

Modern supply chains operate under volatile demand,
constrained capacity, and stringent regulatory requirements.
Yet, despite decades of investment in ERP, WMS, TMS, and
EDI, end-to-end visibility remains elusive. Data are dispersed
across partner silos, updates are batched and lagged, and
provenance is hard to prove. When exceptions occur—port
congestion, temperature excursions, quality failures—
stakeholders frequently discover them late, triggering reactive
firefighting rather than proactive mitigation. This undermines
service levels (on-time in-full, OTIF), inflates buffer
inventories, lengthens order-to-cash cycles, and exposes

consumers to safety risks.
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Figure-2.Blockchain and Al Improve Supply Chains

Two technology trends have matured enough to jointly address
these gaps. First, permissioned blockchain platforms (e.g.,
Hyperledger Fabric, Quorum) provide a shared, tamper-evident
log of interorganizational events, enabling cryptographic
guarantees of data integrity, provenance, and non-repudiation.
Smart contracts encode business rules—such as pedigree
checks or temperature thresholds—and can automatically
trigger alerts or hold releases. Second, predictive Al models
excel at extracting signals from high-frequency telemetry (GPS,
temperature, humidity, shock) and contextual data (weather,
port dwell, carrier performance), enabling dynamic ETA
predictions, stockout risk scoring, quality risk detection, and

prescriptive guidance.

On their own, each addresses part of the challenge: Al models

suffer when training data are inconsistent or manipulated, while
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blockchains alone cannot interpret the data to anticipate risks.
Integrated, a ledger guarantees trustworthy, standardized
events, and Al leverages those events to forecast disruptions
before they manifest. This paper develops that integration: a
standards-aligned event model (GS1 EPCIS), on-chain
commitments to off-chain payloads, governance and privacy
patterns (channels, role-based access, selective disclosure), and
an MLOps loop where immutable data lineage improves
auditability and model risk management. We present a
simulation-based evaluation that approximates realistic

operations and quantify gains against a representative baseline.

LITERATURE REVIEW

Research highlights blockchain’s potential for transparency,
traceability, and trust in multiparty supply chains. Early works
emphasized provenance and counterfeit mitigation through
shared ledgers and smart contracts, noting improvements in
auditability and coordination costs. Subsequent reviews
classified use-cases across traceability, logistics, finance, and
compliance, and identified integration challenges—standards
adoption, scalability, privacy, and governance. Empirical and
conceptual studies in logistics and operations have mapped how
shared ledgers can streamline inter-firm workflows, reduce

disputes, and shorten reconciliation cycles.

Parallel streams in predictive analytics and machine learning
demonstrate strong performance for time-series forecasting
(e.g., ARIMA, gradient-boosted trees, LSTM), classification
(e.g., random forests for stockout risk), and anomaly detection
(e.g., autoencoders for sensor deviations). In transportation,
dynamic ETA prediction has benefited from sequence models
and exogenous features such as weather and congestion. In
cold-chain contexts, continuous temperature logging combined
with predictive thresholds reduces spoilage and enables

targeted recalls.

The gap repeatedly identified is not the lack of algorithms but
the lack of trusted, standardized, high-frequency data shared
across partners. Proprietary integrations create brittle data
pipelines and unaligned semantics. Standards such as GSl1
EPCIS define event structures (Commission, Aggregation,
ObjectEvent/TransformationEvent),  but  adherence is
inconsistent. Blockchain aligns incentives for clean data
contribution via shared visibility and programmable rules.
When the same event stream feeds Al pipelines, model quality
and explainability improve because features can be traced to
immutable sources and decisions can be audited against the
exact event snapshots used at scoring time. Recent practice-
oriented toolkits (e.g., deployment playbooks and
interoperability guidance) reinforce the importance of
governance, role design, and selective disclosure when moving

from pilots to production.

In sum, the literature supports the complementary value of
ledgers for trustworthy data and Al for anticipatory decisioning;
it also underscores the importance of standards and governance

to translate pilots into sustained operational benefits.

STATISTICAL ANALYSIS

We conducted a controlled simulation reflecting 12 months of
operations across four lanes (ocean + dray + line-haul + last
mile) and two temperature-controlled product families. The
baseline scenario used nightly EDI updates and partner-specific
databases. The proposed scenario implemented: (1) EPCIS-
modeled events committed to a permissioned blockchain; (2)
off-chain telemetry stored in a content addressable store with
on-chain hashes; (3) Al models trained on the unified event
stream for ETA prediction (LSTM), stockout risk (gradient-
boosted trees), and cold-chain anomaly detection (autoencoder
+ rules); (4) smart contracts enforcing thresholds and

automating alerts.
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We sampled 240 lane-months (20 per lane-family pair) and
compared key performance indicators (KPIs). Two-sample t-
tests evaluated differences in means; Cohen’s d quantified
effect sizes. Results (Table 1) show statistically significant

improvements across all KPIs.

Table 1. KPI Comparison: Baseline vs. Blockchain+Al

Scenario
KPI Baseli | Propos | Improvem t- p-
(unit) ne ed ent (%) stat | value
Mean Mean

ETA 6.2 2.7 56% 9.84 | <0.0
MAE 01
(hours)

Stockou 8.9 4.1 54% 7.65 | <0.0
t rate 01
(%)

Cold- 17.3 8.2 53% 6.98 | <0.0
chain 01
excursio

ns (per

10k)

Recall 72 18 75% 12.1 | <0.0
resolutio 0 01
n time

(hours)

Order- 14.7 9.8 33% 5.24 | 0.008
to-cash

cycle

(days)

KPI (unit)

e Baseline Mean Proposed Mean

Figure-3. KPI Comparison: Baseline vs. Blockchain+AI Scenario

Notes: Percent improvement computed as (Baseline -
Proposed)/Baseline. Assumptions of normality and equal
variances were checked via Shapiro—Wilk and Levene tests;

Bonferroni adjustments were applied across KPIs.

METHODOLOGY

System Architecture

Ledger layer (permissioned blockchain)

A consortium blockchain (e.g., Hyperledger Fabric) hosts
channels per lane or product family to segment data visibility.
Participants—manufacturers, 3PLs, carriers, distributors, and
retailers—operate endorsing peers. Smart contracts encode: (a)
EPCIS event validation (schema and required attributes); (b)
SLA thresholds (e.g., max dwell time at transshipment,
temperature bounds); (c) dispute workflows (time-bound

response windows, evidence anchoring).




Scientific Journal of Artificial Intelligence and Blockchain Technologies

ISSN: 3049-4389
Vol. 3, Issue 2, Apr — Jun 2026 || PP. 1-12

Data model and standards

Events follow GS1 EPCIS 2.0 semantics: ObjectEvents for
commissioning/aggregation, TransactionEvents for business
step linkages, and TransformationEvents for re-pack
operations. Each event stores: GTIN/SSCC identifiers, bizStep
(shipping, receiving, packing), disposition (in_transit,
in_progress), readPoints/locations, timestamps, and sensor
elements (temperature, humidity, shock). Payloads are in

JSON-LD, validated by contract logic.

On-chain vs. off-chain partitioning

To balance scalability and privacy:

e  On-chain: Event headers, cryptographic hashes of full
payloads, signatures, minimal sensor summaries
(min/mean/max per time window), and pointers
(CIDs/URLs).

e  Off-chain: Full telemetry, labels, feature stores, and
model artifacts in a secure object store (e.g.,
IPFS/private  S3). Anchoring hashes ensure

immutability and traceability.

Identity, privacy, and governance

Each organization uses a managed PKI to issue X.509
certificates to client apps and IoT gateways. Channels restrict
read access; private data collections isolate sensitive fields (e.g.,
price) while sharing logistics events. Selective disclosure can
be implemented using hashed commitments or zero-knowledge
proofs for business rules (e.g., proving a temperature stayed
within bounds without revealing the exact profile). A steering
committee defines data retention, endorsement policies,

onboarding, and exit procedures.

Predictive AI Layer

Feature engineering

From event streams we compute: dwell time at nodes; leg
transit durations; carrier historic reliability; congestion indexes;
weather and port status joins; temperature excursion metrics;

inventory position and reorder points.

Models and tasks

e ETA prediction: Sequence models (LSTM) ingest
leg-level sequences with exogenous features; outputs
are probabilistic ETAs with prediction intervals.

e Stockout risk scoring: Gradient-boosted trees using
sales velocity, lead-time variability, supplier
reliability, and in-transit inventory.

e  Cold-chain anomaly detection: Autoencoder trained
on normal sensor profiles; alerts fired when
reconstruction error and rule-based thresholds co-

trigger.

MLOps and auditability

Model training pipelines version data, code, and parameters;
every training run and deployment is hashed and anchored on-
chain. Inferences store model IDs and feature hashes for post-
hoc explainability and regulator-ready audits. Drift monitoring
compares live feature distributions to training baselines;
automated retraining proposals are submitted as governance

transactions.

Event Ingestion and Orchestration

IoT gateways sign sensor readings and send them to an event
broker (e.g., Kafka). A validator microservice verifies
signatures, checks schema, and writes commitments to the
ledger while persisting full payloads off-chain. The same

stream feeds a feature store that powers real-time scoring APIs.
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Smart contracts emit events consumed by notification services
for alerts (e.g., impending late delivery, temperature threshold
violations) and by robotic process automation to open quality

cases.

Evaluation Design

To obtain apples-to-apples comparisons, we simulated identical
demand and network conditions across baseline and proposed
systems. For each lane-family pair, we generated shipment and
inventory trajectories with stochastic lead times, weather
disruptions, and handling variability. The proposed system
received higher-frequency telemetry (every 15 minutes), with
consistent EPCIS semantics and cryptographic integrity checks.
KPIs were computed monthly; statistical tests compared means
across 12 months X four lanes (n = 48 observations per KPI per
scenario). Sensitivity analyses varied sensor sampling rates and

ledger block times to test robustness.

Standards first: Aligning to EPCIS 2.0 upfront reduces
integration cost and future-proofing risks. Partners unfamiliar
with EPCIS should begin by mapping current events to EPCIS

verbs and attributes.

Partitioning discipline: Keep on-chain minimal (headers,
hashes, pointers) and push full telemetry off-chain; this
supports scalability and selective disclosure while preserving

cryptographic guarantees.

Data quality incentives: Encode service credits/penalties and
validation gates in smart contracts to promote accurate, timely

data contribution.

Model governance: Treat models as first-class, governed
assets with lineage anchored on-chain; require explainability

artifacts and drift reports for every deployment.

Change management: Successful deployments pair technical
build-out with operating-model changes: lane-level control

towers, exception playbooks, and KPIs tied to incentives.

RESULTS

Accuracy and resilience

ETA mean absolute error fell from 6.2 hours to 2.7 hours,
enabling earlier customer notifications and proactive re-routing.
Stockout rates halved by synchronizing in-transit visibility with
predictive replenishment; safety stock buffers could be reduced

without sacrificing service levels.

Quality and safety

Cold-chain excursions dropped from 17.3 to 8.2 per 10,000
shipments due to earlier anomaly detection and smart-contract
alerts that blocked release until an exception workflow
completed. Recall resolution time decreased from 72 to 18
hours because immutable lineage allowed rapid lot narrowing

3

(from “all lots shipped last week” to “units aggregated into

SSCC X handled at node Y between 10:00—14:00”).

Financial impacts

Order-to-cash cycle time decreased by ~33%, reflecting
streamlined proof-of-delivery and automated milestone
confirmations. Dispute rates fell as events became non-
repudiable; reconciliation overhead and chargebacks were

reduced.

Operational feasibility

Throughput testing showed that committing event headers and
hashes (not full payloads) sustained realistic volumes without
saturating consensus. Privacy patterns (channels + private data

collections) preserved competitive sensitivity while sharing
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operationally critical events. The Al pipelines benefitted from
consistent semantics and lineage, improving reproducibility

and simplifying model risk governance.

CONCLUSION

Integrating blockchain with predictive Al creates a powerful
flywheel for real-time supply chain control. The ledger
establishes a common, tamper-evident language of events and
provenance across firm boundaries; the Al layer converts those
trustworthy signals into forward-looking insights—anticipating
late arrivals, preventing stockouts, and detecting quality risks
early. Our controlled simulation indicates substantial gains
across operational, quality, and financial KPIs, with statistically
significant improvements in ETA accuracy, service levels, and
recall responsiveness. Equally important, auditability improves
as decisions and their data lincage are immutably captured,
easing regulatory compliance and partner trust. While careful
design is needed around standards adoption, privacy,
governance, and on/off-chain partitioning, the path to
production is increasingly clear. Organizations that invest in
this dual foundation—shared truth plus anticipatory
intelligence—will be better positioned to navigate volatility,
satisfy regulators and customers, and accelerate cash cycles in
a world where resilience and transparency are competitive

necessities.
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