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Abstract

The automation of material receiving processes is central to ensuring traceability, process
control, and data consistency in warehouse and logistics environments. This paper presents
an integrated automation framework combining on-device optical character recognition
(OCR), offline-first data capture, and Discrete Event System (DES) formal verification to
address inbound registration failures at 3PL receiving docks. The framework comprises
an Android mobile application for dock-side registration and a centralised web platform
for validation and monitoring. The DES model, represented as a finite automaton, was
applied pre-deployment to verify behavioural completeness, identifying three design
gaps before operation began. An eight-week deployment at a Third-Party Logistics (3PL)
facility showed statistically significant improvements over a two-week manual baseline
(percentage points, p.p.): registration completeness +27.4 p.p. (χ2 = 48.0, p < 0.001),
information gap rate −17.2 p.p. (χ2 = 27.1, p < 0.001), average registration time −56.3%
(t(201) = 20.0, p < 0.001), and traceability coverage +57.0 p.p. (reaching 100%). The study
contributes a reference architecture for inbound monitoring systems and demonstrates the
practical value of DES-based pre-deployment verification.

Keywords: automation systems; process control; material traceability; discrete event systems;
industrial automation; optical character recognition; third-party logistics

1. Introduction
Manual registration of inbound materials at warehouse receiving docks is a well-

documented source of data quality failures: transcription errors, incomplete records, and
traceability gaps propagate into inventory discrepancies and supplier disputes that are
difficult to resolve after the fact [1–3]. For Third-Party Logistics (3PL) operators serving mul-
tiple clients, a single registration error can compromise inventory counts, billing accuracy,
and regulatory compliance across several accounts simultaneously.

The technological components required to automate this process are now mature—
mobile on-board OCR (e.g., Google ML Kit Text Recognition v2 [4]), stateless RESTful
APIs, and Industry 4.0 monitoring frameworks have each been validated independently in
logistics contexts [5–7]—yet the literature lacks a coherent end-to-end design combining
these capabilities within a single deployed system, with formal process verification to
guarantee behavioural completeness [8,9]. The proposed framework is positioned as a front-
end data-capture complement to Manufacturing Execution Systems (MES) [10]: whereas
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MES platforms focus on production-floor management with rudimentary barcode-based
receiving, the framework provides structured OCR-driven capture for heterogeneous
unstructured documents in multi-client 3PL environments, exposing records via a RESTful
API that downstream MES or ERP systems can consume directly.

This study pairs an Android mobile application for on-device OCR capture and guided
data entry with a web platform for real-time monitoring. A DES finite automaton formalises
the registration state machine and confirms that every transition is explicitly handled before
deployment [11]. An eight-week deployment compared the framework against a manual
baseline on four indicators.

2. Related Work
Research on smart warehouse operations has grown alongside the Industry 4.0 agenda.

Reviews by Tikwayo and Mathaba [1], Tubis and Rohman [2], and Winkelhaus and Grosse [6]
confirm that IoT tracking and real-time analytics dominate the literature, while foundational
work by De Koster et al. [3] and Gu et al. [12] establishes that bottlenecks frequently originate
at the inbound registration stage—a step that receives disproportionately little systematic au-
tomation attention. Zhong et al. [7] noted that intelligent manufacturing gains are conditional
on upstream data quality: errors at the dock undermine downstream analytics regardless of
their sophistication. Ellithy et al. [5] identified AGV–WMS coordination as the throughput
bottleneck, a gain that remains conditional on the availability of clean upstream data inputs.

For mobile computing and document capture, Van Geest et al. [8] proposed a reference
architecture for smart warehouses in Industry 4.0, and Pinagapani et al. [9] applied mobile
automation to barcode-driven documentation. On-device OCR [4] extends these approaches
to unstructured documents (invoices, delivery notes) without a network round-trip—a
critical property for facilities with intermittent Wi-Fi coverage that cloud-based alternatives
cannot provide. None of the surveyed studies combines deployed mobile capture, server
monitoring, and DES-based pre-deployment verification in a single 3PL inbound system,
the gap targeted here.

For formal workflow modelling, three paradigms have been applied in logistics: Petri
nets [13] suit concurrent resource-sharing scenarios; DEVS [14] provides hierarchical simula-
tion suited to large-scale composition; and DES finite automata [11] offer direct exhaustive
state-space enumeration for sequential workflows—the paradigm adopted in this work.

3. System Architecture
The framework is a two-tier client-server system communicating through RESTful

API endpoints [15]. The stateless API contract enables offline-first operation: when a device
loses connectivity it writes records to a local queue and replays them once connection is
restored, with no server-side session management required.

3.1. Mobile Registration Application

The Android application was deployed on ruggedised handheld terminals and delivers
four functions: (a) Document OCR: Google ML Kit Text Recognition v2 [4] extracts supplier
codes, quantities, and dates from photographed shipping documents without a network call,
achieving 99.8% field-level extraction accuracy (978 of 980 fields across the 165 automated
registration events; the two extraction errors occurred in quantity fields from non-standard
supplier invoice layouts); (b) Photographic documentation: condition images are attached to
the registration record; (c) Mandatory-field enforcement: quantity, product ID, lot number,
quality status, and operator ID are all required at submission; and (d) Offline-first operation:
records are buffered in a local SQLite database and replayed via a background service once
Wi-Fi is available.
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Figure 1 shows the resulting operator–device interaction sequence, from document
capture through offline buffering to server synchronisation.

Figure 1. Inbound registration workflow: operator–device interaction sequence for OCR-assisted
document capture, offline buffering, and server synchronisation.

3.2. Web-Based Monitoring Platform

The web platform serves supervisors, quality staff, and managers, providing: (a) pay-
load validation against a schema enforcing completeness, referential integrity, and plausi-
bility rules, with failed records routed to an exceptions queue; (b) a live dashboard showing
registrations per shift and synchronisation queue status; (c) role-based access control with
timestamped write logs; and (d) configurable reports for supplier performance and operator
error trends. Figure 2 traces the mobile application screen flow.

Figure 2. Mobile application screen flow: label scanning, OCR capture, data-entry form, and submis-
sion confirmation.
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4. Discrete Event Systems Process Modelling
To verify behavioural completeness pre-deployment, the registration workflow was

modelled as a DES following Cassandras and Lafortune [11]: G = (Q, Σ, δ, q0, Qm), where
Q is the finite state set, Σ the event alphabet, δ : Q × Σ → Q the partial transition function,
q0 the initial state, and Qm the set of accepted terminal states. Undefined state-event pairs
in δ represent behavioural gaps that must be handled or prohibited before deployment.

Three paradigms were considered. Petri nets [13] excel at modelling concurrent resource
competition but introduce unnecessary complexity for the strictly sequential, single-operator
workflow studied here. DEVS [14] provides hierarchical simulation suited to large-scale
composition, at overhead not warranted for a single-system pre-deployment check. Basic
DES finite automata expose δ as an explicit, exhaustively checkable table; their diagram also
serves directly as operator training material, the decisive advantage for this context.

The workflow maps onto eight states (Figure 3): IDLE, SCANNING, OCRPROC, DATAEN-
TRY, PENDSYNC, SYNC'D (terminal), and the error states OCRFAIL and SYNCERR, both
identified during pre-deployment enumeration. Eight workflow events drive transitions:
scan_init, img_cap, ocr_ok, ocr_fail, field_done (self-loop on DATAENTRY), form_sub, sync_ok,
and sync_fail; two error-recovery events (reset and retry) complete the alphabet Σ, yielding
|Q| × |Σ| = 80 state-event pairs subject to exhaustive checking.

Idle Scan OCR
Proc.

Data
Entry

Pend.
Sync Sync’d

OCR
Fail

Sync
Err

scan_init img_cap ocr_ok

ocr_fail

reset

field_done

form_sub sync_ok

sync_fail
retry

Figure 3. DES finite automaton for the inbound registration workflow (8 states, 10 events). Double
circle: terminal state (SYNC'D). Dashed nodes: error-handling states identified during pre-deployment
enumeration and added as resolutions to Gaps 1 and 2.

Three design gaps were identified and resolved before deployment. Gap 1 (OCR failure
deadlock): δ(OCRPROC, ocr_fail) was undefined, leaving the automaton without a live path
on OCR failure; resolved by adding OCRFAIL and δ(OCRFAIL, reset) = IDLE. Gap 2 (sync
failure data loss): δ(PENDSYNC, sync_fail) was undefined, admitting silent record loss under
connectivity failure; resolved by adding SYNCERR and δ(SYNCERR, retry) = PENDSYNC,
backed by the SQLite offline buffer. Gap 3 (premature submission): the form_sub transition
lacked a mandatory-field completeness guard, permitting submission of incomplete records;
resolved by blocking form_sub until all five required fields are populated—the mechanism
that makes incomplete-field submission structurally impossible in operation.

5. Experimental Deployment and Results
5.1. Experimental Setup

The framework was deployed at a 3PL facility handling industrial components for
multiple clients. Table 1 summarises the deployment environment.

A pre-post design was used: two weeks of manual operation served as the baseline,
and eight weeks of automated operation constituted the evaluation period (first three days
excluded for learning-curve effects; this window was set based on operator self-reported
proficiency confirmation and a plateau in error-correction log entries during commissioning;
re-analysis of the full eight-week dataset, n = 172, yields qualitatively identical conclusions,
indicating the cutoff does not drive results). This yielded 147 baseline and 165 automated
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events. Confounding was reduced by retaining the same team of four trained operators
across both phases, restricting document types to standard commercial invoices and packing
lists from the ten main suppliers, and computing all proportion-based indicators as per-event
rates unaffected by volume differences between periods.

Table 1. Deployment environment.

Component Specification

Mobile terminals Android 11+ ruggedised handhelds (quad-core, ≥4 GB RAM)
On-device OCR engine Google ML Kit Text Recognition v2 (no network required)
Server Ubuntu 22.04 LTS (Intel Xeon, 16 GB RAM); RESTful JSON/HTTPS API
Local buffer SQLite offline queue, auto-sync on reconnection
Network IEEE 802.11n Wi-Fi (2.4 GHz); 23 connectivity interruptions recorded

5.2. Results

The four performance indicators are operationally defined as follows. Registration
Completeness Rate: share of events for which all five mandatory fields (quantity, product
ID, lot number, quality status, and operator ID) were populated and accepted on submission.
Information Gap Rate: share of events flagged in the exceptions queue; under mandatory-
field enforcement, queue entries reflect field-accuracy failures (incorrect extracted values)
rather than missing fields. Average Registration Time: elapsed time from scan initiation to
final form submission, timestamped by the application on the mobile device. Traceability
Event Coverage: share of events for which a timestamped audit-log entry was successfully
persisted to the central database.

Table 2 presents the four performance indicators.

Table 2. Performance metrics: manual baseline vs. automated framework.

Metric Baseline Automated Change

Registration Completeness Rate 71.4% 98.8% +27.4 p.p.
Information Gap Rate 18.4% 1.2% −17.2 p.p.
Avg. Registration Time (min) 4.8 2.1 −56.3%
Traceability Event Coverage 43.0% 100.0% +57.0 p.p.

All improvements were statistically significant. Pearson’s chi-square tests (without
Yates’ continuity correction, appropriate for n > 100 per group) on 2 × 2 contingency
tables yielded χ2 = 48.0 (d f = 1, p < 0.001) for completeness rate (baseline: 105 of 147;
automated: 163 of 165) and χ2 = 27.1 (d f = 1, p < 0.001) for gap rate (baseline: 27 of 147;
automated: 2 of 165). Registration-time durations were approximately symmetric in both
conditions (skewness< 0.5, no outliers beyond 3σ), supporting parametric testing over
non-parametric alternatives; a Welch two-sample t-test (Welch–Satterthwaite degrees-of-
freedom approximation, d f = 201) on individual event timestamps (baseline: x̄ = 4.8 min,
s = 1.5 min, n = 147; automated: x̄ = 2.1 min, s = 0.7 min, n = 165) yielded t(201) = 20.0,
p < 0.001; Cohen’s d = 2.35 (large effect); 95% CI for the mean difference: [2.43, 2.97] min.
Traceability coverage (63 of 147 events at baseline; 165 of 165 automated) was tested by
Fisher’s exact test (p < 0.001).

Registration completeness rose from 71.4% to 98.8% owing to mandatory-field enforce-
ment, which prevents incomplete submissions structurally. The residual 1.2% (2 of 165 events)
reflects field-accuracy failures: the OCR engine extracted an incorrect quantity value that
the operator did not identify during the ≈30 s verification step; in both cases the record
was flagged in the exceptions queue and corrected before inventory entry, so no permanent
data loss occurred. Average time fell from 4.8 to 2.1 min/event, with OCR pre-population

https://doi.org/10.3390/engproc2026145017

https://doi.org/10.3390/engproc2026145017


Eng. Proc. 2026, 145, 17 6 of 7

reducing manual data entry to the brief verification step. The 23 connectivity interruptions
caused no data loss: all offline-queued records were replayed successfully, validating the
offline-first architecture. Traceability reached 100% and the resulting audit log was used to
reconstruct a complete receiving timeline for a supplier audit in under five minutes.

6. Discussion
The improvements across all four indicators suggest that the principal bottleneck

resided in workflow design rather than staffing or infrastructure: no changes were made
to dock layout or workforce composition. The 27.4 p.p. completeness gain results from
mandatory-field enforcement providing a structural guarantee rather than a behavioural
incentive; the surveyed review literature does not report comparable enforced-completion
deployments with directly measured outcomes, precluding direct quantitative compari-
son [1,2]. Traceability reaching 100% is noteworthy: none of the studies reviewed in Section 2
reported traceability as a directly measured deployment outcome, though it appears as a
stated digitisation objective in several Industry 4.0 reviews [1,6]. The DES enumeration’s
identification of three pre-deployment gaps demonstrates practical value; the state diagram
also served as operator-onboarding material, though the volume of support requests was
not formally measured and this claim should be read as an observation rather than a finding.
Structured receiving records were exported via the RESTful API into the facility’s existing
inventory management system with no manual re-entry, validating the MES integration
architecture described in Section 1.

Several threats to validity warrant explicit acknowledgement. First, the pre-post design
without a concurrent control group cannot fully exclude Hawthorne effects—operators were
aware the system was being evaluated and may have altered behaviour independently—
nor temporal variation in shipment mix between the two-week baseline and eight-week
automated periods. Restricting analysis to the ten main suppliers’ standard document
types reduces but does not eliminate this confound. Second, single-facility deployment
constrains external validity; multi-site replication is needed before quantitative effect sizes
can be generalised. Third, the eight-week evaluation window does not capture seasonal
load variation, and the finite-automaton model would require extension to Petri nets or
DEVS [13,14] for multi-operator concurrent receiving scenarios [12].

7. Conclusions
This paper presented an integrated automation framework for inbound material

registration at a 3PL facility, combining on-device OCR, offline-first data capture, and
DES-based pre-deployment verification, positioned as a front-end complement to existing
MES infrastructure. Three design choices proved decisive: on-device OCR eliminated
latency and connectivity dependency; mandatory-field enforcement prevented deferred
completion; and DES finite-automaton modelling identified three behavioural gaps be-
fore operation began—an OCR failure deadlock, a synchronisation data-loss path, and
a premature-submission guard absence—each resolved before deployment. Across the
eight-week evaluation, all indicators improved significantly: completeness +27.4 p.p., gap
rate −17.2 p.p., time −56.3%, and traceability +57.0 p.p.

Future work will pursue computer vision-based condition classification, multi-site
deployment with federated analysis across 3PL clients, and extension of the DES model to
a runtime runtime supervisory controller for automatic compliance enforcement.
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