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Abstract. Small and medium-sized enterprises (SMEs) increasingly rely on
ERP-integrated warehouse management systems, yet persistent inconsistencies in
dimensional-weight calculation, tariff application, and dispute handling continue to
generate avoidable freight costs and auditability gaps. This study presents a blockchain-
enabled ERPwarehouse integration prototype that combines loT-based dimension capture,
a machine-learning point-regression service for dimensional-weight reconciliation,
and a permissioned audit layer for traceability-oriented workflows. The implemented
prototype links a Node.js ERP/WMS bridge, a synthetic-data XGBoost model using
the input fields L, W, H, and DF, and a stub-integrated Hyperledger Fabric service for
measurement, tariff, and dispute events. To improve methodological clarity, the paper
formalizes the decision layer, defines Freight Cost (c), Risk (c), and Space Penalty (c)
as deployment-level analytical terms, and reports released training parameters and
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measured rerun evidence separately from configured scenario indicators. The measured
rerun confirms that the learning pipeline is reproducible on the synthetic dataset, while
the scenario package illustrates system-level trade-offs among latency, throughput,
dispute rate, cost per item, and recovery time. The contribution is strongest at the level
of ERP/WMS integration architecture, prototype specification, and auditability-oriented
workflow design for dimensional-weight reconciliation in warehouse operations.

Keywords: machine learning, Blockchain, ERP systems, warchouse
management, dimensional weight
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KOliMa MEHEDKMEHTI KylenepiHe keOipek cyheHemi, amaiga eimeMiIl CaTMaKThI
ecenrey, TapudTepai KOJNJaHy KOHE HayiapAbl OHJCY CcalajapblHIAFrbl TYPAKThI
CoMKecCi3MIKTep KOCHIMINA TachbIMal IIBIFBIHAAPE MEH AayIHTTUIK ToyeKeJIepiH
TyblHAATabl. 3epTreyae loT-HeriziHmeri enmeMaepai TIpKeyIi, emeM Il calTMaKThl
CaJIBICTBIPYFa apHAJFaH MalIMHAIBIK OKBITY CEPBUCIH OHE KaJarallaHATBIH KYMBIC
yaepicrepine apHanraH blockchain-aynut kabate Oipiktipetin blockchain-xommayst
6ap ERP xoiiMa WHTerpanusChbiHBIH MPOTOTUI YCBHIHBIIAABL. ICKEe achIpbUIFaH
npototun Node.js Herizingeri ERP/WMS kemnipin, L, W, H xone DF epicrepin
naiianaHaTelH CUHTETUKAIBIK jaepektepaeri XGBoost Monemin jkoHe emmemuep,
TapudTep MEH Jaylap OKWUFaJapbhlH TIpKeHWTiH stub-uHTerpamusiianran Hyperledger
Fabric kp13MeTiH KaMTHIbI. O JiICHAMAIIBIK aWKBIHABIK YIITIH MaKaia/ia menriM Kaobuiiay
kabatel (opmanmanbim, FreightCost(c), Risk(c) sxome SpacePenalty(c) yFeimmapsr
deployment-aeHreiinaeri aHaIUTUKAIBIK TEPMUHJCP PETIHJIE aHBIKTATA/IbI, aJl OKBITY
napameTpIiepi MeH KaiiTa icKke KOCBUIFaH OJIIICHIeH HAOTHKeNep OarnTalFad CleHapHilTiK
KepceTKimTepaeH Oesek Oepineai. ONIIeHTeH rerun HoTHXeJepi OKbITY KOHBeHEpiHiH
CHUHTETHKANIBIK JIePEeKTEp JKUBIHBIHIA KalTa OHIIPIJICTIHIH KOpCeTeadi, ajl CIeHApHi
makeTi Kifipic, eTKi3y KaOineri, qaymnap yJieci, OipiiK KYHBI jKOHE KaJIblHA KENTipy
YaKBITBI apAChIHJIAFbI )KYHeIiK albIpOacTap/Ipl MILTIOCTPALMsIIAiAbl. 3epTTeYAiH HETi3r1
yiieci ERP/WMS uHTEerpanuscel apxuTeKTypachiH, IPOTOTUI CIICIIM(PUKALIUSACKHIH KOHE
KOMMa oTepanusIapbIHAaFsl eJIIIeM/Ii CaJIMAKThI CAJIBICTBIPYFa apHAJIFaH ay IUTTUTIKKE
OaFpITTANIFaH )KYMBIC YCPICiH YCHIHYIA.

Tyiiin ce3mep: MammHaNBIK OKBITY, OnokyeitH, ERP kyiienepi, koiima
MEHEIKMEHTI, OJIIIEMIl CaaIMaK
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AnHoTanusi. Mansie u cpennue npeanpusatus (MCII) Bcé vamie onuparorcs
Ha uHTerpupoBaHHble ¢ ERP cucremsl ymnpaBieHus CKiaaaoM, OJHAaKO YCTOWYUBBIE
HECOOTBETCTBUS MPH pacdyére rabapuTHOTO Beca, MPUMEHEHUH TapuQoB U 00paboTke
CTIIOPOB MO-MIPEKHEMY MPUBOAAT K JIMITHUM TPAHCIOPTHBIM 3aTpaTam M mpobenam
B ayaupyemocTu. B crarbe mpencraBien mnporotunt blockchain-momnep:xnBaemoit
nnrerpaunu ERP-cknana, coueraronuiiloT-perucrpanuto pazmepoB, CEpBUC MAIIMHHOTO
OOy4eHHs [T COIIaCOBaHMS TaOapUTHOTO BECa U Pa3peIIEHHBIN ayIUTHBIN CIIOH JUIs
TpaccupyeMbIX pabouux MpoIeccoB. Peann3oBaHHBIN MPOTOTHI OOBEAMHSET MOCT
ERP/WMS na Node.js, XGBoost-Moienp Ha CHHTETHYECKHX JaHHBIX ¢ Bxomamu L, W,
H u DF, a taxxe stub-unrerpupoBansslii cepsuc Hyperledger Fabric s peructparuu
u3MepeHuit, Tapudos 1 coObITHIA CIOPOB. {7151 MOBBIIICHNS METOA0IOTMYECKON ICHOCTH
B cTathe (hopMannu3oBaH ciIoOi MpuHATUS pemeHuit, a ¢pynkmun Freight Cost (c), Risk
(c) u Space Penalty (c) 3a1aHbI KaK aHaJTUTUYECKUE TEPMUHBI YPOBHS pa3BEPTHIBAHMUS;
napaMeTpbl OOyYeHHs] M pe3yIbTaTbl KOHTPOJIHHOTO TMOBTOPHOTO 3aITyCKa OT/EJICHBI
OT HAaCTPOEUYHBIX CIIEHAPHBIX MHIMKATOpOoB. IIOBTOpPHBIM 3amyck NOATBEpXKAAET
BOCTIPOM3BOAMMOCTh OOy4YaroIero KoHBeiepa Ha CHHTETHYECKOM Habope JaHHBIX,
TOIZa KaK CIEHAPHBIM MaKeT WUIIOCTPUPYET CHUCTEMHBIE KOMIIPOMMCCHI MEX]Y
3a/IEPKKOM, MPOMYCKHON CIIOCOOHOCTBIO, JI0JI€M CIIOPOB, CTOMMOCTBIO Ha €IUHUILY U
BpeMeHeM BoccTaHoBleHHs. OCHOBHOM BKIaJ paboThl cocToUT B apxutektype ERP/
WMS-unTerpanum, cnenu@uKamuy TMPOTOTHIIA W HPOSKTHPOBAHUHU  aAyIUPYyEMOTO
pabouero mporiecca IJisi COrTacoBaHUs Ta0apUTHOTO Beca B CKIIAJICKUX OTEPALIUsX.

KaoueBble ciaoBa: MammuHHOe oOydeHue, OmnokueiiH, ERP-cucremsi,
yHpaBjeHUE CKJIaJIOM, Fa0apUTHBIN BEC
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(In Eng.).
KoH(pauKkT uHTEepecoB: aBTOPHI 3asBISAIOT 00 OTCYTCTBHM KOH(QIIMKTA
UHTEPECOB.

Introduction.

Enterprise resource planning (ERP) and warehouse management system
(WMS) integrations operate at the point where physical measurement, tariff logic, and
accountability requirements meet. In everyday warehouse practice, inconsistencies
between device readings, tariff rules, and operator decisions can create avoidable freight
leakage, delayed reconciliation, and repeated billing disputes.

Blockchain-oriented logistics research has shown that immutable logs and
contract-based workflows can strengthen provenance and governance, while warehouse
analytics studies have explored dimensional-weight calculation, measurement capture,
and operational decision support. Even so, these strands are often treated separately,
leaving a practical gap between warehouse measurement, ERP execution, and auditable
dispute handling.

This study addresses the gap by proposing a blockchain-enabled ERP warehouse
integration prototype that combines loT-based dimension capture, a machine-learning
point-regression service for dimensional-weight reconciliation, and a blockchain-
oriented audit layer. The emphasis is on executable integration: how warehouse
measurements, tariff application, and dispute workflows can be linked in a reproducible
prototype suitable for SME-oriented deployment scenarios.

The contribution is threefold. First, the study specifies an ERP/WMS integration
architecture that links measurement capture, tariff application, and dispute workflows
to an auditable ledger service. Second, it formalizes the implemented learning pipeline
and the associated decision layer, including explicit definitions for Freight Cost (¢), Risk
(c), and Space Penalty (c). Third, it reconciles measured rerun evidence with configured
scenario outputs so that tables, figures, and conclusions refer to the same documented
evidence hierarchy.

Literature Review

Asresearch onblockchain-enabled ERP systems and their warehouse management
modules has expanded, the literature reflects diverse emphases ranging from traceability
and quality assurance to ERP integration and warehouse automation.

(Korapati, 2025) and (Moalagh and Ghadi, 2022) emphasize blockchain’s
capacity to embed immutability, compliance, and smart contracts within ERP workflows,
thereby enhancing the reliability and automation of enterprise processes. Extending this
perspective, (Imane et al., 2024) proposed a structured pre-implementation framework
that underscores the importance of consortium-based adoption and resource alignment to
ensure effective integration. Complementing these theoretical contributions, (Ilochonwu,
2024) and (Teodorescu et al., 2021) provide case-based analyses that illustrate both the
opportunities of blockchain adoption—such as improved traceability and transparency—
and the barriers, including organizational resistance to change, persistent interoperability
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challenges, and regional variation in state support and IT competencies.

(Korkusuz et al., 2024) proposed a Quality 4.0 warehouse model that integrates
process quality metrics with immutable blockchain records, thereby strengthening
accountability and ensuring data integrity across warehouse operations. Building on
transactional efficiency, Xu and Lee (2024) designed a blockchain-based warehouse
sharing mechanism that employs Bayesian algorithms to optimize allocation, though
their findings indicate persistent scalability concerns. Addressing system-level
transparency, Hande and Chandak (2024) incorporate blockchain into warehouse
management systems (WMS) to enhance auditability, while also identifying performance
bottlenecks that limit operational throughput. Extending these approaches, (Tufano et
al., 2024) explored machine learning-enhanced digital twins for optimizing warehouse
operations, demonstrating the potential of simulation-driven decision support, though
without integrating blockchain-based provenance mechanisms. Further, Ospanov and
Zhumadillayeva (2025) combined IoT sensors and machine learning to enable intelligent
warehouse monitoring and predictive oversight. In this respect, the warehouse-focused
studies by (Jararweh et al., 2025) and Hande and Chandak (2024) are particularly useful
because they tie dimensional-weight and reconciliation issues to operational system
design. (Jararweh et al., 2025) propose dimensional weight algorithms that reduce freight
cost variance, though their models do not incorporate blockchain-based auditability.

(Rahman et al., 2025) and (Kramer et al., 2021) demonstrate blockchain’s
effectiveness in enhancing traceability for perishable goods, showing how immutable
records reduce waste and strengthen accountability across agri-food supply chains.
(Kramer et al., 2021) further emphasize blockchain’s role in improving vertical
coordination within agri-food networks, highlighting its potential to align stakeholders
and streamline information flows.

Beyond the security risks noted in the ERP-integration literature, (Butt et al.,
2025) and Moalagh and (Ghadi et al., 2022) identify persistent barriers to blockchain
adoption at the institutional level, particularly in relation to scalability, privacy, and
regulatory compliance, underscoring the tension between technological potential and
organizational constraints. Extending this discussion, (Xu and Lee et al., 2024) and
(Aleksieva et al., 2024) examine logistics transaction models that leverage blockchain
for operational efficiency, yet their approaches remain limited by the absence of validated
key performance indicators (KPIs). From a methodological perspective, (Seelaboyina et
al., 2025) provide a bibliometric mapping of blockchain research in logistics and supply
chain management, revealing fragmented approaches and a lack of unified frameworks.

The bibliography thus establishes the relevance of blockchain-ERP integration,
warehouse traceability, and enterprise workflow governance, but the gap addressed
in this paper is more specific than broad claims about algorithmic novelty. The most
relevant prior studies are those that connect implementation concerns measurement
reconciliation, tariff handling, auditability, and enterprise integration rather than those
that report standalone optimization gains detached from deployable workflow constraints.
Together, these strands of work—governance and interoperability challenges from ERP-
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blockchain integration, measurement and reconciliation concerns from warehouse-
focused studies, and traceability demands from supply chain applications—motivate
an integration-oriented contribution: not a new learning algorithm, but a reproducible
artifact that makes the interaction among measurement, estimation, tariff application,
and audit logging explicit.

A second point emerging from the surveyed literature is methodological opacity.
Many papers discuss integration architectures or optimization benefits at a high level,
yet provide limited information about runnable artifacts, scenario definitions, model
training details, or result provenance. For applied ERP and warehouse research, this gap
matters because practical value depends not only on conceptual soundness but also on
whether the workflow can be inspected, rerun, and bounded appropriately.

The present study is positioned in that reproducibility-oriented space. Related
work by Ospanov and Zhumadillayeva (2025) on IoT- and ML-enabled warehouse
monitoring, and by Ospanov, (Alonso-Jorda et al., 2025) on ERP modernization through
emerging technologies, helps frame the current prototype as part of a broader enterprise-
systems agenda. Hybrid optimization studies by Ospanov, (Alonso-Jorda et al., 2025)
further highlight synergies between ERP and ML systems, yet these remain disconnected
from blockchain provenance frameworks. Here, however, the emphasis is deliberately
narrower: a recoverable prototype for warehouse measurement reconciliation,
documented with explicit evidence boundaries.

Materials and Methods

Through the reviewed studies, blockchain technology is consistently associated
with traceability, compliance, and transparency, while ERP-integration research
emphasizes governance structures and decision-support workflows. Research on
warehouse management likewise highlights auditability and quality assurance, yet key
cost drivers such as dimensional-weight reconciliation and freight-billing control remain
comparatively underexplored despite their operational significance.

Collectively, the literature shows sustained interest in blockchain for supply-
chain transparency, ERP integration, and warehouse monitoring, but several gaps remain.
Empirical validation with warehouse-specific key performance indicators (KPIs) is
still limited; few studies explicitly address freight-cost reconciliation or dimensional-
weight decision support; and hybrid architectures tailored to the needs of small and
medium-sized enterprises remain underdeveloped. In particular, the joint treatment
of IoT-enabled dimension capture, ML-supported dimensional-weight estimation,
and blockchain provenance has rarely been documented through a reproducible ERP-
integrated prototype.

To address these gaps, the present study combines three methodological layers:
(i) an ERP/WMS bridge for measurement, tariff, and dispute events; (ii) a synthetic-
data XGBoost regression service that supports dimensional-weight reconciliation; and
(ii1) a blockchain-oriented audit layer that records workflow events for traceability and
governance.

The following sections describe the implemented architecture, the formal decision
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model, the synthetic-data generation process, the XGBoost training configuration,
and the evidence package used to separate measured rerun results from deterministic
scenario-analysis outputs.

System Architecture and Workflow

Figure 1 shows the implemented system boundary recovered from the repository.
The runtime architecture consists of: (i) a Node.js ERP/WMS bridge exposing
warehouse, tariff, and dispute endpoints; (ii) an XGBoost-based point predictor with a
deterministic fallback rule; (iii) a deterministic Fabric stub service used by the backend
to persist measurements, tariff policies, and disputes during prototype execution; (iv) a
Go chaincode prototype retained as the blockchain contract source; and (v) CSV-based
artifact files for synthetic data and scenario outputs.

Implemented prototype architecture

Repository-recoverable runtime boundary and supporting artifacts

j XGBoost point
ERP/WMs bridge predictor
(Node.js API)

Deterministic
fallback rule

Tariff & dispute

Fabric stub
service
logic

\ Go chaincode
prototype
CSV artifacts:
synthetic/scenario

Fig. 1. Implemented prototype architecture. The runtime backend uses a deterministic Fabric stub for
auditability-oriented workflows, while the manuscript analysis relies on CSV-based illustrative scenario files rather
than production blockchain benchmarks.

Figure 2 summarizes the operational workflow. Item data enter through the ERP/
WMS bridge. The learning service returns a point estimate ¥ with explicit prediction
metadata. The backend then records the event, applies tariff or dispute logic, and exposes
the resulting state through the API. The present artifact therefore demonstrates workflow
integration and traceability, not autonomous optimization or independent blockchain
performance benchmarking.

Implemented workflow in the released prototype

Traceable operational flow rather than autonomous optimization benchmark

Capture item Predict weight Record event in Apply tariff /
measurement (XGBoost/fallback) stub ledger create dispute

Expose state via API
and summaries

Fig. 2. Implemented workflow in the released prototype. The predictor provides a point estimate; tariff
calculation and dispute handling are recorded through the stub-integrated ledger service.

Formal Models and Implemented Method Specification
Notation and Recoverable Variables
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Table 1 defines the symbols used in the implemented prototype. A key correction
is that the dataset field DF in the repository is a synthetic density factor, not a carrier
dimensional divisor. The earlier manuscript conflated these concepts, which contributed
to unsupported dimensional-weight formalism.

Table 1 — Symbols used in the implemented prototype.

Symbol / field Meaning in the released artifact

L,W,H Length, width, and height captured per item (cm)

d f/DF Synthetic density factor used by the data generator

_ (unitless)

v Item volume, computed as L x W x H (cubic
centimeters)

y / optimal weight Synthetic target weight generated for supervision (g)

N Point prediction returned by the XGBoost model or

y fallback rule (g)

S Scenario set: baseline A, baseline B, proposed

L rec Reconciliation latency recorded in the scenario files

- (s)

T Throughput recorded in the scenario files
(decisions/s)
Configured kilogram-level MAE field in the

E MAE scenario summary file; distinct from the measured
rerun MAE summarized in Table 2.

C item Cost per item reported in the summary file ($)

D Dispute rate reported in the summary file (%)

R rec Recovery time reported in the summary file (min)

Carrier-style dimensional weight derived from
DW i volumetric rules and tariff rounding (conceptual
deployment variable).

Operator- or policy-selected guard-band around the

Al point estimate (conceptual deployment variable).

Ci Candidate decision set for deployment-level choice
- among dimensional and predicted weights.

1 i) Deployment-level decision objective combining

tariff cost, risk, and space penalty.

Tariff-derived billed transportation cost for

FreightCost_i(c) candidate ¢ under the active schedule.

Expected penalty of dispute escalation, underbilling,

Risk i . .
isk_i(c) or non-compliance for candidate c.

Operational penalty associated with inefficient

SpacePenalty_i(c) volume usage, slotting, or excess handling.

Planning-level confirmation latency for a
Lf permissioned ledger deployment; not a measured
runtime output.

Problem Formulation
The implemented learning task is a supervised regression problem over synthetic
warehouse records. For each item, the feature vector is
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x i=[L i, W i,H i,d fi]. (1)
where L, W, and H are dimensions in centimeters and d_f'is the synthetic density
factor stored in the DF column. The item volume is
Vi=L ixW_ ixH i (2)
The repository generator uses this volume to construct the target field optimal
weight. In its nominal form, the synthetic target is derived from
y _nominal,i=0.85xd fiixV i 3)
which yields a weight in grams under the generator’s simplifying assumptions.
The script then applies bounded perturbations, clipping, and explicit edge-case injections
for large or small parcels. Consequently, the target used for training is a synthetic
supervision signal rather than a carrier-invoiced ground-truth label.
Deployment-Level Analytical Extension
For operational use, the choice layer can be expressed through a deployment-
level analytical extension. Let DW i denote a tariff-derived dimensional-weight
estimate, W_i the machine-learning point prediction, and A i a policy guardrail:
Ci={DW_ i, W i,Ww i£A i}. 4)
For a candidate ¢ € C i, the deployment-level decision objective combines
transportation cost, expected dispute or non-compliance risk, and a warehouse space-
utilization penalty:
J_i(c)=FreightCost i(c)+A - Risk i(c)+p - SpacePenalty i(c). (5)
Here FreightCost i(c) denotes the billed transportation cost produced by the
active tariff and rounding ladder; Risk i(c) denotes the expected penalty associated
with underbilling, dispute escalation, or policy non-compliance; and SpacePenalty i(c)
denotes the operational penalty associated with volumetric inefficiency, slotting friction,
or avoidable handling overhead. The conceptual deployment decision is therefore
c i*=argmin {c € C i} J i(c). (6)
The released repository does not benchmark these functions directly. They are
retained here to make the decision layer explicit and to define the operational meaning
of the previously ambiguous terms Risk(c), SpacePenalty(c), and FreightCost(c) in a
deployment-oriented setting.
TPS=B/t b, L f=t b-d conf. (7)
where B is block capacity, t b is block interval, and d_conf is the confirmation
depth assumed by the governance policy. These planning expressions are analytical
aids only; they are not presented as measured outputs of the current artifact.
Synthetic Data Generation
The data generator creates 1,000 synthetic shipment records with the fields id,
L, W, H, DF, and optimal weight. Length, width, and height are sampled from bounded
ranges and coupled through a shared base-size variable so that the dimensions are not
fully independent. The generator then computes the nominal weight, adds bounded
variation, clips implausible values, injects large-item and small-item outliers, perturbs a
subset of density factors, shuffles the rows, and writes the results to synthetic data.csv.
The revised script fixes the random seed at 42 and makes the generation logic explicit
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in the repository.

Learning Model and Training Script

The learning component is implemented as a standard XGBoost point-regression
script. The released training configuration specifies feature names [L, W, H, DF], target
optimal weight, an 80/20 shuffled split, random seed 42, objective reg:squarederror,
evaluation metrics rmse and mae, num_boost round = 50, max depth = 6, eta = 0.1,
subsample = 1.0, and colsample bytree = 1.0.

At runtime, the backend uses the trained model when the artifact is available;
otherwise, it falls back to a deterministic volume-density rule and records the prediction
source explicitly. This preserves workflow executability even when the Python/XGBoost
path is unavailable.

Decision Pipeline

Algorithm 1. Prototype decision pipeline.

* Capture item dimensions and optional measured weight through the ERP/WMS
bridge.

« If weight is not supplied, compute a point estimate using the XGBoost model
or a deterministic fallback rule.

* Record the measurement event through the stub-integrated blockchain service.

* Apply stored tariff policies using weight-, volume-, or item-based rules.

* Create or update disputes when an operator or auditor flags a discrepancy.

» Aggregate configured scenario indicators from the canonical CSV outputs for
manuscript reporting.

Measurement Integrity and Calibration Boundaries

The repository records measurements, timestamps, and dispute events, but it
does not contain calibration certificates, drift logs, or secure device-attestation records.
Accordingly, calibration is treated as a deployment requirement rather than as an
empirically validated property of the current prototype.

Blockchain and Governance Scope

The runtime backend does not benchmark a live multi-organization Fabric
deployment. Instead, it uses a deterministic stub service to support item recording,
tariff creation, tariff calculation, dispute creation, and dispute resolution workflows.
The blockchain-oriented contribution is therefore governance and auditability-oriented
rather than a production-scale performance benchmark.

Experimental Results

Measured ML rerun

The released XGBoost workflow was rerun exactly as documented in
optimization/train.py, the model artifact was regenerated, and the split and parameter
metadata persisted in optimization/model metadata.json. Table 2 summarizes the rerun
metrics together with a deterministic rule-based comparator recovered from the data
generator.

The rerun results show that the XGBoost surrogate is reproducible on the
synthetic dataset, but they also reveal an important boundary condition: a deterministic
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clamped rule recovered from generate expanded data.py remains materially stronger
than the learned model on the same synthetic labels. This indicates that the present target
encodes hand-crafted generator logic more strongly than unknown warehouse behavior.

Across five additional shuffied split seeds, as shown in Figures 3 and 4, XGBoost
test MAE averaged 3.85 + 0.42 g and test RMSE averaged 22.36 + 4.16 g. These
stability checks support reproducibility of the training path on the synthetic dataset, but
they should not be interpreted as validation on live warehouse measurements or carrier
billing records.

Table 2 — Rerun metrics and rule-based comparator.

Method Evaluation setting MAE (g) RMSE (g) R?/ note
XGBoost Seed-42 test split 5.70 30.60 R2=10.950
Rule-based comparator Same test split 0.045 — Deterministic generator rule
XGBoost 5 extra shuffled seeds 3.85+0.42 22.36 £4.16 Mean + SD
XGBoost rerun: observed vs predicted on seeded test split Sensitivity of XGBoost error to shuffled split seed
30 - MAE
—&- RMSE
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Fig. 3—4. Measured rerun plots: observed versus predicted synthetic-target values on the seeded test split,
and test-set MAE/RMSE across five additional shuffied split seeds.

Prototype Execution Trace

Explicit API traces were also captured for both runtime modes exposed by the
backend. When the Python environment lacks the XGBoost dependency, the health and
optimize endpoints report source = volume density fallback while keeping the ledger
workflow operational. When the backend is launched with an XGBoost-enabled Python
runtime, the same endpoints report source = xgboost model. The Jest API suite passed
in XGBoost-enabled mode with 13/13 tests covering item capture, optimization, tariffs,
disputes, health reporting, and service-unit behavior. These traces strengthen confidence
in prototype executability, but they do not change the fact that the blockchain layer
remains a deterministic stub and that the measured ML evidence is still synthetic-data
evidence rather than warehouse-field validation.

In Figure 5, the traces demonstrate that the ledger workflow remains operational
in both modes (stub blockchain service). Panel A compares the health endpoint under
fallback and XGBoost-enabled execution modes, showing that the blockchain service
remains in stub mode while the prediction source changes from volume density fallback
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to xgboost model. Panel B compares optimize-endpoint outputs for the same sample
parcel, illustrating source switching at execution time. This figure documents prototype
executability rather than benchmark performance.

Comparison of fallback and XGBoost-enabled backend execution using stored health and optimize traces

- ~\ e N

Fallback mode XGBoost-enabled mode

Health endpoint

Overall status:
Blockchain mode:
Ledger status:
ML source:
Python command:
Model file exists:
Script exists:

Fallback reason:

Item id:

healthy

stub

healthy
volume_density_fallback
python_does_not_exist
True

True

spawn python_does_not_exist
EACCES

Optimize endpoint (same sample parcel)

fallback-item

Health endpoint

Overall status:
Blockchain mode:
Ledger status:
ML source:
Python command:
Model file exists:
Script exists:

Model status:
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stub
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xgboost_madel
python3

True

True

initialized

Optimize endpoint (same sample parcel)

Item id:

xgboost-item

Dimensions {(cm): 20 x 10 x 15

Dimensions (cm): 20 x 10 x 15
Density factor: 0.85

Density factor: 0.85
Predicted weight: 6.749 g

Predicted weight: 2167.500 g
Prediction source: xgboost_model

N Prediction source: volume density fallback v, " J

Fig. 5. Prototype runtime-mode evidence from captured API traces

Ilustrative Scenario Design

The repository defines three illustrative scenario labels in demo/scenario_config.
json: baseline A (ERP-only), baseline B (on-chain tariff/dispute workflow without
the proposed ML-assisted positioning), and the proposed scenario (ML-assisted +
blockchain-audited prototype). The scenario files are generated deterministically from
this configuration and written to results kpi.csv and summary results.csv. In this
manuscript, summary_results.csv is treated as the canonical source of truth for the
illustrative scenario package, not as an empirical benchmark file.

Configured Indicators.

The scenario-analysis package tracks six configured fields already present in
the repository outputs: reconciliation latency, throughput, mean absolute error (MAE),
cost per item, dispute rate, and recovery time. These values are deterministic scenario
outputs. They are not production telemetry, statistical confidence intervals, or live
blockchain benchmarks. In particular, the MAE field in the scenario files is retained as
an illustrative configuration variable and should not be read as a persisted evaluation
result for the rerun XGBoost artifact summarized in Table 2.

Configured Scenario Summary.

The repository-level scenario summaries reconcile the manuscript with the stored
scenario files. These outputs are deterministic scenario means over 1,000 synthetic
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records and are retained only as illustrative configuration values rather than as empirical
benchmark measurements. Within these configured scenarios, the proposed workflow
is assigned lower dispute, cost, and recovery values than the heavier on-chain baseline,
while the ERP-only scenario remains fastest because it excludes governance overhead.

Table 3 — Configured scenario summary from summary_results.csv (illustrative
deterministic outputs).

Scenario Latency (s) | Throughput | MAE (g) Cost/item ($) | Dispute rate (%) | Recovery (min)
Baseline A 0.52 +0.06 119.86 2.116 0.00205 2.30 3.50
Baseline B 2.04 £0.20 44.97 2.116 0.05005 2.30 4.20
Proposed 1.48 £0.13 58.09 0.762 0.01005 0.40 1.80

Note: scenario-derived outputs from summary_results.csv; illustrative repository
summaries, not empirical benchmark measurements.

[llustration in Figure 6 indicates that each point represents one illustrative scenario
summary, positioning latency against throughput while preserving the configured
differences in dispute exposure and operating cost. These values are scenario-derived
configuration outputs rather than empirical benchmark measurements.
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Fig. 6. Configured scenario trade-offs derived from the canonical repository scenario files.

Discussion

The study shows that ERP-integrated warehouse reconciliation can be described
and evaluated more clearly when the architecture, learning module, and audit workflow
are reported together rather than in isolation. The prototype demonstrates a coherent
integration path from measurement capture to tarift application and dispute handling,
and the rerun evidence confirms that the released training pipeline is executable on the
synthetic dataset.

At the same time, the results draw a clear methodological boundary. XGBoost
provides stable synthetic-data performance, but the deterministic rule recovered from
the generator remains stronger on the current labels, indicating that the present learning
task is best understood as a reproducible surrogate rather than as proof of superior
predictive intelligence for live warehouse billing data. The scenario package is therefore
most useful as an illustrative systems comparison, not as a live benchmark.

Taken together, these findings support the paper’s main value proposition: a
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blockchain-enabled ERP warehouse integration framework that makes measurement
reconciliation, tariff governance, and dispute workflows inspectable at prototype level.
For research, the contribution lies in combining loT-oriented measurement logic, ML-
supported reconciliation, and blockchain auditability in one formalized workflow. For
practice, the prototype clarifies what would be required to move from synthetic evidence
toward calibrated field deployment.

Limitations and Threats to Validity.

Several Limitations.

First, the supervision target is synthetic and derived from generator assumptions
rather than from carrier billing records. Second, the DF field in the dataset denotes a
synthetic density factor used by the generator; it is not a carrier divisor recovered from
operational billing systems. Third, the blockchain layer is represented by a deterministic
stub rather than by a live multi-organization Fabric benchmark. Fourth, the scenario
files are configured outputs rather than naturally occurring warehouse telemetry.

These constraints define the main threats to validity. Construct validity is
limited because the scenario package represents configured indicators rather than direct
operational telemetry. Internal validity is bound by the synthetic target-generation
logic. External validity is limited by the absence of calibrated field devices, carrier
billing records, and live multi-party deployment conditions. Even so, the manuscript is
reproducible at prototype level and makes its evidence boundaries explicit.

Conclusion.

This study develops and analyzes a blockchain-enabled ERP warehouse
integration prototype for dimensional-weight reconciliation and auditability-oriented
workflow support. The paper contributes an integrated architecture linking loT-oriented
measurement capture, an XGBoost-based point-regression module, and a blockchain-
governed dispute and tariff workflow, while also clarifying the analytical decision layer
through explicit definitions of FreightCost(c), Risk(c), and SpacePenalty(c).

The reported evidence supports a careful conclusion. The learning pipeline
is reproducible on the synthetic dataset, the prototype runtime is executable in both
fallback and XGBoost-enabled modes, and the configured scenario package provides
a coherent illustration of latency, throughput, dispute-rate, cost, and recovery trade-
offs. At the same time, the study does not claim live warehouse validation, carrier-
ground-truth supervision, or production-scale blockchain benchmarking. Future work
should therefore focus on calibrated field data, carrier billing records, and live multi-
organization deployment to test the proposed framework under operational conditions.
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