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ABSTRACT: Traditional electronic Kanban (eKanban) systems depend on manual scans and offer only
discrete material visibility, limiting responsiveness and automation in lean manufacturing environments.
These operational bottlenecks are magnified in high-mix contexts, where delayed replenishment signals
degrade flow stability, increase work-in-progress, and hinder sustainable material handling. Furthermore,
vendor-specific systems lack interoperability for scalable automation, constraining the development of
intelligent manufacturing solutions. This work investigates whether zone-based replenishment automation
can be enabled through real-time locating systems (RTLS) using open interoperability standards, addressing
a gap in empirical validation of such approaches. A middleware architecture was developed that integrates
ultra-wideband (UWB) positioning, an Omlox-compliant location middleware (DeepHub), and a cloud-
based eKanban system to replace manual triggers with geofence-driven order creation. The novelty of this
study lies in demonstrating a fully automated Kanban signaling loop built on the open Omlox standard,
providing vendor-independent RTLS interoperability and eliminating human intervention in replenishment
signaling. This contributes new knowledge on how continuous location data can be converted into
actionable replenishment events in a standards-based, modular manner, enabling more intelligent and
autonomous material-flow control. A controlled proof-of-concept experiment simulating shop-floor
conditions showed that the system achieved a 100% detection success rate, zero duplicate orders, and an
average trigger-to-action latency of 2.7 s, while automatically recovering from authentication and
WebSocket failures. These results provide the first empirical evidence that Omlox-compliant RTLS
middleware can reliably support zone-based eKanban automation. The findings have direct implications
for intelligent and sustainable manufacturing by demonstrating a scalable pathway toward interoperable,
real-time material-flow systems that reduce manual intervention, avoid unnecessary handling, and lower
work-in-progress. More broadly, the work addresses the current lack of empirical validation of open-
standard RTLS integration within lean and sustainable production environments.
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1. Introduction

Growing demands for customization, reduced inventories, and shorter production cycles continue to
challenge manufacturing systems [ 1], prompting increased attention to technologies that strengthen system
responsiveness and eliminate process waste. Industry 4.0 embodies this shift through cyber—physical
systems, pervasive sensing, and interconnected automation, enabling finer-grained and more timely
coordination of material flows [2—4]. Lean manufacturing, although conceptually older, still provides the
structural principles for achieving smooth flow and minimal waste; yet many lean tools, particularly
Kanban, retain manual interactions that constrain their integration into digitally orchestrated environments
[5-10]. Recent studies highlight that Lean and Industry 4.0 concepts are increasingly viewed as
complementary, with digital technologies enhancing the execution of lean principles rather than replacing
them [11-15]. In parallel, Logistics 4.0 research emphasizes digital coordination of material flows within
smart factories [16,17].

Kanban has long served as a visual and physical pull mechanism for just-in-time replenishment [5,6].
However, physical card handling, manual scans, and local recording limit the timeliness and reliability of
replenishment events. Electronic Kanban (eKanban) emerged to mitigate these issues [9], but most
implementations still rely on discrete operator actions at predetermined stations. Consequently, the flow of
information remains episodic rather than continuous, and replenishment logic often lacks real-time
awareness of material movements.

Enhancing eKanban with real-time locating systems (RTLS) offers a pathway to continuous visibility
and event-driven automation. UWB, Bluetooth Low Energy (BLE), and RFID are widely applied for indoor
tracking, each with different trade-offs [18—26]. Among available technologies, UWB stands out for its sub-
metre accuracy and resilience to multipath interference [27-30], yet fragmentation across proprietary vendor
ecosystems remains a significant barrier to scalable adoption [31-33].

The Omlox standard seeks to address this fragmentation through a vendor-neutral interoperability
framework [34-36], with DeepHub providing a fully compliant implementation capable of geofence
management and real-time spatial event broadcasting [37].

The challenges outlined above, together with the emerging opportunities introduced by standardized
locating technologies, situate the present work within a broader effort to integrate RTLS and lean production
systems. Against this backdrop, the present work aims to determine whether a real-time locating infrastructure
compliant with the Omlox standard can reliably automate eKanban replenishment by replacing discrete,
operator-driven scans with geofence-based triggers derived from UWB positioning. To this end, a modular
architecture middleware is developed that transforms continuous spatial data into replenishment events
interpretable by a specific eKanban Lite platform. The study evaluates the responsiveness, detection reliability,
and fault-recovery behaviour of the proposed architecture under controlled, yet operationally realistic,
conditions. By providing empirical evidence on the behaviour of Omlox-enabled automation in a Kanban
context, an area where practical validation remains limited, the work contributes to the broader integration of
standardized RTLS and lean production systems. To contextualize the proposed architecture and position it
relative to existing developments, the next section reviews foundational concepts and related research.

2. Background and Related Work

This section provides the conceptual and technological context for the proposed approach. First, the
principles of lean production and Kanban-based replenishment are summarized, highlighting the role and
limitations of electronic Kanban systems. Then, the core real-time locating system (RTLS) technologies are
reviewed, with emphasis on ultra-wideband (UWB) and middleware interoperability challenges relevant to
Industry 4.0 environments. Finally, recent developments in standardized locating frameworks that motivate
the use of Omlox within lean material-flow systems are outlined.
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Industry 4.0 introduces data-driven intelligence, integrated sensing, and real-time monitoring into
manufacturing environments, enabling more adaptive and coordinated material flows [2]. Although
conceptually older, lean manufacturing remains foundational to the pursuit of efficient, waste-free
operations. Yet several lean tools, most notably Kanban, retain elements of manual interaction that limit their
alignment with digitally orchestrated production systems.

Kanban has historically functioned as a visual and physical pull mechanism for just-in-time
replenishment [5,6]. However, physical card handling, operator-initiated scans, and localized
documentation can restrict replenishment responsiveness and reduce signal reliability. eKanban systems
emerged to mitigate these shortcomings [9], though most implementations still depend on discrete operator
actions at predefined stations. As a result, information flow often remains episodic rather than continuous,
and replenishment logic lacks direct awareness of in-motion material assets. A representative example is
Neoception’s eKanban Lite system, which digitizes Kanban replenishment by replacing physical cards with
RFID-tagged containers that are scanned at fixed booking stations. Each scan represents an explicit “empty-
bin” event that triggers a replenishment request within a central backend and, optionally, an ERP system.
While this approach significantly reduces manual card handling and improves traceability, it remains
inherently event-based and relies on correct operator interaction at specific locations, thereby limiting real-
time visibility of material movements between stations [38].

Integrating RTLS into Kanban workflows offers a means to achieve continuous visibility and spatially
driven automation. Technologies such as UWB, BLE, and RFID have been widely employed for indoor
tracking, each providing different trade-offs in accuracy, range, and robustness [18-21]. UWB, in particular,
is valued for its high accuracy and resilience to multipath interference [27,28]. UWB-based TDoA and TOF
approaches enable high-precision range estimation [39,40], and the underlying signal structures exhibit
robustness to multipath while supporting precise ranging [41], making the technology well suited for
industrial environments. Nonetheless, even as RTLS technologies mature, practical adoption has been
hampered by fragmentation across proprietary vendor ecosystems and limited cross-system
interoperability [31]. Table 1 summarises representative prior work and positions the present contribution
relative to existing approaches.

Table 1. Comparison of RTLS-based Kanban automation approaches.
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overstock [10] geofenced automation [10]
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trigger
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The introduction of the Omlox standard aims to overcome these challenges by defining a vendor-
neutral framework for interoperability across heterogeneous locating infrastructures [34-36]. DeepHub, a
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commercially available and fully Omlox-compliant service, provides geofence management, spatial event
streaming, and multi-technology integration capabilities [37]. Such middleware-driven interoperability
aligns with broader cyber—physical integration trends discussed in recent manufacturing literature [43—46].
These advancements create conditions in which replenishment processes can evolve from operator-driven
execution toward real-time, spatially triggered automation.

Together, these developments highlight both the potential and the current underexploration of
standardized RTLS frameworks for automating pull-based material replenishment. Digital twin and smart
logistics literature further highlight the importance of real-time spatial data in optimizing intra-factory
material flow [47-49]. To examine how such an architecture behaves under controlled yet realistic
operational conditions, the next section outlines the system design and experimental procedures used to
implement and evaluate the proposed workflow.

3. Materials and Methods

This section details the architectural design, experimental setup, and evaluation methodology used
to investigate the feasibility of automated, geofence-driven replenishment. To start the layered hardware—
software architecture that enables continuous UWB positioning and spatial event processing is described.
Follows an outline of the laboratory environment, calibration procedures, and geofence configurations used
during testing. Finally, there is a definition of performance indicators used to quantify detection accuracy,
latency, and robustness.

3.1. System Architecture

The proposed system follows a layered architecture comprising a hardware layer, a middleware
processing layer, and an application layer for event-driven interaction with eKanban Lite. At the hardware
level, three Decawave DW 1000 UWB anchors were deployed in a triangular configuration to provide indoor
positioning capabilities. A mobile UWB tag, representing a Kanban container, exchanged ranging messages
with the anchors, which published the resulting distance measurements to the middleware via MQTT.

The overall workflow is illustrated in Figure 1. The process begins in the Python Server layer, marked
by the rounded rectangle, which initiates the system’s one-time initialization sequence: obtain access tokens,
start the token refresh thread, check entity existence, subscribe to WebSocket and MQTT, and finally start
the event listening thread. Then, as anchor/tag communication happens in the Hardware layer, raw
measurements undergo data validation invalid readings trigger an INVALID-RETRY
COMMUNICATION loop back to the anchor/tag exchange, while valid readings cause the tag to send Data
JSON to the middleware. Back at the Python Server layer, the incoming JSON data is used to calculate local
tag position via trilateration, a moving average filter is applied to smooth short-term ranging noise and the
result is forwarded as a Post location update to DeepHub. DeepHub waits for location updates and, upon
receiving one, it compares the tag/zone position to evaluate whether the tag is inside a predefined geofence.
If the tag is not inside, DeepHub returns to waiting. If the tag is inside, DeepHub creates a geofence event
that will be used as a trigger. This trigger is consumed back in the Python Server, where the middleware
filters WebSocket data to determine whether the event type indicates a trigger and, if no replenishment order
is already active, sends shipment data to SIM via an API post. Finally, in the eKanban Lite layer, the
shipment is created and continues to wait for the next event.

These geofence events were consumed by the middleware, which queried eKanban Lite to determine
whether a replenishment order associated with the corresponding movement was already active. If no
such order was found, the middleware automatically issued a new replenishment request via the platform’s
REST API. The architecture implements token refresh and connection recovery logic for continuous
operation; full protocol details are provided in Appendix A.
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Figure 1. End-to-end middleware workflow illustrating UWB-based data acquisition, Python middleware processing, Omlox-
compliant communication with DeepHub, geofence-triggered event generation, and automated replenishment requests in
eKanban Lite.

Having defined the functional hardware—software stack, the next step was to deploy the system in
a controlled environment in order to evaluate its operational behaviour under realistic movement conditions.
The following subsection describes the laboratory and hardware configuration used during testing.

3.2. Experimental Setup

The experimental evaluation was conducted in a controlled laboratory environment, as shown in Figure
2, measuring 14.35 m x 6.61 m and configured to emulate a simplified production floor. Three UWB anchors
(green circles in Figure 2) were mounted, forming a triangle at a height of 2.5 m to mitigate multipath
reflections and maintain reliable line-of-sight coverage. During testing, a mobile tag was manually moved
through the space, acting as a proxy for a Kanban container traversing production areas. As the tag moved,
the system continuously captured range measurements, derived position estimates, and evaluated geofence
crossings in real time.

Figure 2. Laboratory setup for experimental evaluation.



Intell. Sustain. Manuf. 2026, 3(1), 10006. doi:10.70322/ism.2026.10006 6of 15

Calibration of UWB hardware was conducted following vendor-recommended procedures to minimize
systematic ranging bias and ensure stable trilateration performance. Full calibration steps and hardware
configuration parameters are documented in Appendix A.

With the physical environment and positioning infrastructure established, an experimental protocol
was designed to exercise the geofencing logic and simulate typical container movements. To structure these
movements, virtual zones were defined within DeepHub as described below.

Fence Zones and Movement Protocol

Five virtual geofences were defined in DeepHub, represented as the colored circles in Figure 3, to
structure the movement experiment: four intermediate zones (ProdStage0, ProdStagel, ProdStage2,
NoOrderFence) for validating continuous tracking and one final zone (DoorTriggerFence) associated with
replenishment triggering. When the mobile tag exited the replenishment zone, the middleware evaluated
the state of eKanban Lite and created a replenishment request only if no corresponding order was already
active. This prevented duplicate entries and maintained a consistent system state.

A
DoorTriggerFence
Ny
[/ ProdStage?
Nd@gdeng\ce ~~
P{udSl\jg}eO ZoneEXUWB

Figure 3. Fence zone configuration in DeepHub.

To quantify how effectively this zone-based logic performed during operation, a set of performance
metrics was defined to capture detection accuracy, latency, and robustness. These metrics and their
evaluation criteria are presented in the following subsection.

3.3. Performance Metrics and Evaluation Criteria

Three indicators were used to characterize system performance: trigger-to-action latency, detection
success rate, and recovery time following authentication or connection interruptions. For each geofence
event 7, latency was defined as

LT2A,1‘ =lorder,i — lentry,i

where fentry, 1S the timestamp of DeepHub’s exit event, and forder,i is the time at which eKanban Lite
registered the corresponding action.
The detection success rate was computed as
N
TDSR =—22tected . 1409,
actual

where Ndetected denotes the number of geofence exit events correctly detected and handled by the
middleware and Nactual represents the number of physical exits performed during the movement protocol.
Recovery time quantified how quickly the middleware resumed operation after an error condition,
expressed as
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T, recovery — Ireusable ~ ftrigger>

with fuigger marking the moment of authentication failure or disconnection and #reusable indicating restoration
of full functionality.

Together, these methodological elements established the basis for evaluating responsiveness, reliability,
and stability under both nominal and perturbed operating conditions.

4. Results

This section presents the empirical findings obtained from the functional and robustness experiments.
It reports detection outcomes, latency measurements, and failure-recovery behaviour across all test runs.
Quantitative results are complemented by visual confirmations from the middleware dashboard to validate
geofence event detection and duplicate-order handling. Together, these results provide a basis for assessing
the responsiveness and reliability of the proposed middleware workflow.

The experiment consisted of one primary functional run and two robustness runs, yielding a total of 140
geofence exit events. Across all events, the middleware achieved a 100% detection success rate and generated
26 valid order-creation attempts without producing duplicates. The average trigger-to-action latency was 2.7
s (SD =0.78 s), and all authentication and connection disruptions were automatically resolved, resulting in
uninterrupted operation. A summary of the main performance indicators is presented in Table 2.

Table 2. Experimental results summary.

Metric Result
Total geofence triggers 140
Fence detection success rate 100%
Order creation attempts 26
Duplicate orders created 0
Average trigger-to-action latency 2.7s
Trigger-to-action standard deviation 0.78 s
Manual input required 0
Token error count 36
Average token recovery time 0.26 s
Number of disconnections 4
Error recovery success rate 100%

The temporal responsiveness of the system was examined by comparing DeepHub’s geofence detection
timestamps with the subsequent eKanban order-handling timestamps. Table 3 provides a representative
sample of ten measurements extracted from the full data set.

Table 3. Sample latency measurements.

Run T1 T2 Latency (s) Status
1 16:35:17.504 16:35:20.304 2.800 Created
2 16:37:46.306 16:37:48.956 2.650 Skipped (exists)
3 16:38:06.703 16:38:09.453 2.750 Skipped (exists)
4 16:38:23.064 16:38:25.794 2.730 Skipped (exists)
5 16:38:53.635 16:38:56.443 2.808 Skipped (exists)
6 16:43:39.272 16:43:41.804 2.532 Skipped (exists)
7 16:44:30.264 16:44:32.778 2.514 Skipped (exists)
8 16:46:44.941 16:46:46.966 2.025 Skipped (exists)
9 16:49:30.183 16:49:32.820 2.637 Skipped (exists)
10 16:51:48.991 16:51:51.655 2.664 Skipped (exists)
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Visual confirmations in DeepHub supported the log-based detections. Fence entry and exit events were
consistently highlighted through the dashboard visualization (Figure 4a,b), enabling manual verification of
the geofence logic executed by the middleware.

A
DOO‘QPEE,EE!ME
2N (Y
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(a) Geofence entry event in DeepHub

DoorTrigger Fence
p
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NoOrderFence
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s
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/f \ PRrodStage2!
P i i i

(b) Geofence exit event in DeepHub

Figure 4. Dashboard visualization of geofence events in DeepHub, showing (a) entry and (b) exit cues.

The middleware also demonstrated correct handling of duplicate-order conditions. When a
replenishment order associated with the test identifier already existed, the system logged a skip action rather
than issuing a redundant request. These skip events appeared as expected, as only one tag with one product
associated was used, and confirmed that the duplicate-prevention logic was effective even during rapid
sequential zone transitions.

System robustness was evaluated through induced network disruptions and token-expiration events. An
error recovery rate of 100% was obtained as authentication failures triggered automatic token-refresh
sequences, while dropped WebSocket connections were recovered without manual intervention. Across all
robustness trials, reconnection and token acquisition were consistently achieved within approximately 0.26 s,
allowing uninterrupted propagation of geofence events to eKanban Lite.

A simple moving-average filter with a window size of five samples was applied to the raw position
estimates. The effect of the moving-average filter on positional stability is illustrated in Figure 5. Raw x-
coordinate estimates exhibited characteristic UWB jitter, whereas filtered values produced smoother
trajectories, thereby improving DeepHub’s geofence evaluation. This was particularly relevant near zone
boundaries, where UWB ranging jitter—rather than tag velocity—represents the primary source of
positional instability: without filtering, high-frequency noise of comparable magnitude to the boundary
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detection precision can cause the reported position to oscillate across a geofence edge even when the tag is
carried at a steady walking pace, potentially generating spurious crossing events.

Raw vs. filtered x coordinate

10

X (m)

—— Raw
—— Filtered

| | | I I
=50 0 50 100 150 200 250 300 350 400 450 500 550
Sample index

Figure 5. Filtering impact on x-coordinate jitter.

Taken together, these results show that the system maintained stable performance across normal and
perturbed conditions, achieving reliable detection, low latency, and fully autonomous recovery behaviour.
The operational implications of these findings for lean replenishment and Industry 4.0 integration are
examined in the following section.

5. Discussion

This section interprets the experimental findings in relation to automated Kanban replenishment
and Industry 4.0 integration. Latency sources are identified and characterized, the implications of achieving
100% detection performance are examined, and the system’s robustness under communication disturbances
is discussed. Broader considerations, including scalability, deployment within complex industrial layouts,
and interoperability with heterogeneous RTLS infrastructures, are additionally addressed.

The results indicate that combining UWB-based RTLS, DeepHub, and Neoception’s eKanban Lite
provides a dependable foundation for automated replenishment signaling. The mean trigger-to-action
latency of 2.7 s compares favourably with BLE-based Kanban automation approaches, where beacon
transmission intervals alone are reported at 3000 ms [10], excluding processing and network propagation
delays. This level of responsiveness is essential for stabilizing pull-driven material flows and minimizing the
accumulation of waiting-related waste. A closer inspection of latency components indicates that the largest
contributor to the mean 2.7 s trigger-to-action delay is not the geofence detection pipeline but the
subsequent backend processing within the eKanban platform. Throughout the experiments, DeepHub
emitted geofence exit events within approximately 100-300 ms of a boundary crossing, while REST-based
replenishment creation and internal state validation at the application layer accounted for the remaining delay.
This suggests that further latency reductions would require architectural modifications on the ERP-
integrated replenishment backend rather than on the RTLS positioning or middleware layers alone.

The consistently correct detection of all 140 geofence exit events further demonstrates that
UWB positioning, when paired with DeepHub’s real-time spatial event processing, can provide
reliable operational behaviour suitable for just-in-time scenarios. The middleware’s ability to recover
automatically from authentication expiry and temporary disconnections reinforces its suitability for
environments where network disturbances and service restarts can occur during normal operation, aligning
with findings in recent logistics and material-handling reviews that identify spatial awareness as a key
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enabler for automation [16]. Together, these behaviours show that automated replenishment signaling can
be sustained without continuous operator oversight.

Although the experimental configuration successfully validated the concept, its scope was intentionally
constrained. The evaluation involved a single mobile tag, a controlled indoor environment, and a simplified
geometric layout. Similar experimental constraints are reflected in RTLS benchmarking studies, which
emphasize the need for multi-tag and complex-layout validation [33]. These constraints do not diminish
the contribution of the results but should be considered when interpreting their broader applicability.
Larger facilities, denser anchor deployments, or concurrent multi-tag activity may introduce additional
complexity in event handling, zone definition, and latency stability. From a sectoral standpoint, the
observed performance characteristics satisfy the operational requirements commonly found in assembly-
oriented, high-mix, and intralogistics environments. Specifically, the mean trigger-to-action latency of 2.7 s
and the 100% correct trigger rate across all trials meet the responsiveness and reliability thresholds necessary
to avoid line stoppages and maintain takt adherence, while the demonstrated fault recovery without manual
intervention supports the continuous availability required in high-mix production contexts. In such contexts,
replenishment reliability and short response times are critical for avoiding line stoppages, maintaining takt
adherence, and limiting work-in-progress buffers. The demonstrated combination of continuous spatial
visibility, event-driven signaling, and backend automation therefore represents a meaningful departure from
traditional scan-based eKanban implementations, which provide only discrete updates and depend on
disciplined operator interaction. Moreover, the demonstrated interoperability between standardized
middleware, UWB hardware, and a third-party replenishment platform illustrates a viable pathway for
decoupling material-flow automation from proprietary vendor ecosystems, an ongoing challenge in
Logistics 4.0 and digital lean adoption [11,15-17].

Despite this alignment with sector needs, practical deployment is shaped by a number of barriers that
extend beyond positioning accuracy. Technical barriers include the need for UWB infrastructure
installation, RF site surveying in metal-dense environments, integration with legacy MES/ERP interfaces, and
middleware configuration for debounce control, buffering, and API load management. Organizational barriers
are equally relevant: workforce acceptance of tracking technologies, IT/OT security governance, and
change-management constraints can significantly influence adoption timelines. These socio-technical
barriers are consistent with findings in Industry 4.0 and digital transformation studies, which emphasize
interoperability constraints, legacy system integration challenges, and fragmented vendor ecosystems as
primary inhibitors to scalable deployment [15,31-33,46]. Recognizing these constraints is essential for
interpreting the transferability of the present results from controlled environments to real industrial settings.
From an industrial deployment perspective, the scalability of UWB-based replenishment automation
depends on anchor density, multipath characteristics, and concurrent tag traffic. Large facilities with metal
racks, AGVs, and dynamic human activity can create non-line-of-sight conditions that degrade range
quality and increase geofence jitter. Techniques such as Kalman filtering, TDoA-based synchronization,
or sensor fusion with inertial data could mitigate such effects and support higher tag densities [50]. In
such settings, middleware-driven event throttling and debounce logic become increasingly important to
avoid burst-driven API overload during simultaneous zone crossings. The demonstrated interoperability
between UWB hardware, DeepHub’s Omlox-compliant middleware, and a third-party eKanban system also
highlights a significant practical benefit: integration effort scales with APIs rather than with vendor-specific
hardware ecosystems. This stands in contrast to traditional RTLS deployments, which require vertically
integrated stacks and proprietary middleware, thereby obstructing cross-system adoption. As manufacturing
facilities move toward hybrid RTLS infrastructures combining UWB, BLE, and RFID, such standardized
middleware becomes essential to preserve vendor independence and reduce the total cost of ownership.

Overall, the findings position the proposed middleware as a credible mechanism for enabling spatially
triggered replenishment within lean material-flow systems. They also highlight the value of standardized
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locating frameworks such as Omlox and of middleware platforms like DeepHub, in reducing integration
effort and supporting cross-vendor interoperability, reflecting broader cyber—physical systems trends
toward interoperable, service-oriented middleware in manufacturing [44,45]. It should be noted, however,
that Omlox remains an emerging standard whose ecosystem is still maturing; during the course of this study,
DeepHub advanced from version 2.3 to version 2.5.4, introducing API changes that required configuration
updates. While this confirms the standard’s active development trajectory, it also represents a practical
barrier for long-term reproducibility and large-scale industrial adoption, and should be considered when
transferring the proposed architecture to production environments. The implications of these results, as well
as opportunities for extending the approach in future deployments, are summarized below.

6. Conclusions and Future Work

This study examined the feasibility of automating Kanban replenishment through a standardized RTLS
infrastructure that substitutes operator-driven scans with geofence-based triggers derived from UWB
positioning. Through the combination of UWB anchors, DeepHub’s Omlox-compliant location
middleware, and Neoception’s eKanban platform, a fully automated signaling loop was established,
enabling continuous spatial information to be converted into actionable replenishment events.

Experimental evaluations demonstrated 100% detection success across 140 geofence exit events, no
duplicate order creation, and a mean trigger-to-action latency of 2.7 s, with full recovery from induced
authentication and connectivity failures. In sectoral terms, these characteristics are highly relevant to lean,
high-mix production and intralogistics environments, where timely and reliable replenishment is essential
to stabilize pull systems, avoid line stoppages, and limit work-in-progress. The results, therefore, provide
empirical evidence that standardized RTLS middleware can support responsive and operator-independent
replenishment workflows, moving eKanban from a scan-based tool toward a continuously aware, event-
driven mechanism that better aligns with the goals of Industry 4.0 and digital lean transformation.

The findings have practical implications for factories seeking to integrate RTLS into material-
handling processes without adopting vertically integrated proprietary solutions. An Omlox-based
architecture reduces dependence on specific hardware vendors and supports incremental extension to
additional tags, zones, and locating technologies, which is particularly important in sectors characterized
by frequent product changes and heterogeneous equipment. At the same time, the interrelationship
between detection reliability, low latency, and automatic recovery observed in this study underscores that
successful deployment depends not only on positioning performance but also on robust middleware design
and its integration with eKanban and ERP backends.

Despite these benefits, several barriers to adoption remain. Deploying RTLS at scale, such as UBW
installations, requires upfront investment in anchors, network infrastructure, and commissioning effort,
along with in-house or partner expertise in RTLS design and maintenance. Integration with existing MES
and ERP systems may also be constrained by legacy interfaces, limited API support, or organizational
resistance to modifying established replenishment procedures. Additionally, concerns related to data
governance, I'T/OT security, and workforce acceptance of asset tracking solutions can slow implementation,
especially in highly regulated or unionized environments. Addressing these technical and organizational
barriers will be essential for realizing the full potential of interoperable, RTLS-enabled Kanban automation
in real-world industrial settings.

The present evaluation focused on a single-tag scenario in a controlled environment, simplifying the
spatial layout and interaction patterns. Larger-scale deployments involving multiple moving assets,
complex aisle geometries, and hybrid sensors may introduce additional challenges related to interference,
geofence design, and REST backend throughput. Addressing these challenges constitutes a relevant
direction for future research.
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Future work should therefore investigate multi-tag scalability, deployments in dynamic industrial
layouts, and hybrid RTLS schemes that combine UWB with BLE, RFID, or inertial sensing. Integration
with predictive digital twins and machine-learning-based demand forecasting represents another promising
direction, as RTLS-enabled Kanban could evolve from a reactive signaling mechanism into a proactive
planning component within cyber—physical production systems. Collectively, these extensions could
broaden the applicability and industrial value of Omlox-based localization middleware within next-
generation manufacturing environments.

Appendix A. Hardware Configuration and Calibration Details
Appendix A.1. DW1000 Calibration Procedure

Calibration followed the antenna delay compensation procedure recommended for the Decawave
DW1000 chipset. Anchor—tag and anchor—anchor pairs were placed at known distances (approximately 1.5
m) and two-way ranging messages were exchanged repeatedly to estimate antenna delay offsets. This process
reduced ranging bias from approximately 40 cm to less than 5 cm, providing a stable foundation for
trilateration-based position estimation.

Appendix A.2. Anchor Configuration Parameters

Anchors operated at a data rate of 110 kbps with a 16 MHz pulse repetition frequency, channel 5 and
a preamble length 0f 2048 symbols. These settings were selected to prioritize robustness in reflective indoor
environments. Continuous drift correction was achieved via reciprocal ranging between anchors.

Appendix B. Communication Protocol Details
Appendix B.1. MOTT and WebSocket Communication

Range measurements collected by the DW1000 firmware were published to the middleware via MQTT
using JSON-formatted payloads. The middleware forwarded filtered position estimates to DeepHub using
Omlox-compliant WebSocket location updates. WebSocket clients monitored connection states and
automatically reconnected following remote resets or network interruptions.

Appendix B.2. REST API Integration and Token Refresh

Replenishment orders were created using authenticated HTTP POST requests to the eKanban Lite
REST API. Authentication employed bearer tokens with limited validity. The middleware implemented
periodic token refresh triggered by either HTTP 401 responses or internal expiration timers. The system
resumed normal operation automatically following successful refresh events.

Appendix C. Movement Protocol

During each trial, the mobile tag was carried through a predefined sequence of virtual zones at walking
speed. Each transition across a geofence boundary generated a corresponding spatial event in DeepHub. The
movement sequence produced both intermediate crossings for tracking validation and final zone exits for
replenishment triggering. This procedure yielded 140 geofence exit events across three runs (one functional
and two robustness trials).
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