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ABSTRACT

This work describes a research collaboration between universities
and industry with the aim to provide a low-cost prototype based
on Augmented Reality technologies, that assists with maintain-
ing correct information in Warehouse Management Systems. The
component interacts with the central server of an existing commer-
cial WMS to provide up-to-date information on the actual state of
the warehouse. The low-cost requirement restricts the solution to
smartphones and other inexpensive equipment readily available,
such as drones, as well as mostly Open Source Software. This re-
quirement also introduces several interesting architectural issues
that we discuss in this work. A prototype was built for the proposed
architecture and several tests were carried out.
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1 INTRODUCTION

The work discussed in this article takes place in the context of the
WMS+AR (Warehouse Management System & Augmented Reality)
project, which is co-funded by the EU and Greek national funds and
is a collaboration between a software company and two universities
in Greece. The project aims at developing a low-cost prototype
that will augment the capabilities of an existing commercial WMS,
mainly to allow the automated recording of the warehouse’s layout,
the automatic measuring of the products in the warehouse, and the
management of exceptions which are discrepancies between the
measurements and the stored data in the WMS database.
More specifically,

e The recording of the warehouse’s layout is performed by
a smartphone operated by an employee. Alternatively, the
same operations can be performed by a suitably equipped
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drone. At the time of the layout automatic recording, the
warehouse can be empty or filled with products.

e The automatic measuring of the products that are in the
warehouse at any given time, again can be carried out by
an employee using a smartphone or by a drone, based on
barcode or size and location if barcode is unrecognizable.

o The notification of these measurements is sent back to the
server of the WMS for the validation of the accuracy of the
stored state in the WMS database. Exceptions can be of vari-
ous types: (a) differences in quantity, (b) differences regard-
ing the location of products, or (c) violations of constraints
regarding the placement of products.

In the following sections we will first discuss related work in
RELATED WORK, then we will provide the architecture of the proto-
type system we have developed in ARCHITECTURE EVALUATION.
In ARCHITECTURE EVALUATION, we will discuss the evaluation
that took place. Finally, in CONCLUSIONS, we will provide future
directions and conclusions.

2 RELATED WORK

Various previous works have researched warehouse management
systems and software architecture and technologies.

In [1] authors discuss architecture variability and feature models
to represent the variety of warehouses and related equipment in
the architecture of WMSs. Their goal was to shorten delivery times
of WMSs. They identified more than 200 features organized in three
hierarchical feature layers. This work as ours has an architectural
focus for WMSs, but their goal is shorter delivery times and their
method is based on variability, whereas our goal is inexpensive
end-solution and our method is mostly using commodity hardware
and open source software with a suitable architectural solution for
the task.

Another study [2] looked at using RFID and XBee technologies
as a solution to address human error in warehouse put away opera-
tions in real-time. The authors designed three modules (warehouse,
racks and forklifts) that can reduce placement errors in real-time.
Their approach as ours tries to reduce human errors in warehouses,
but our approach differs since it is not concerned specifically with
put away operations in real-time but looks also at other issues and
takes place asynchronously to other warehouse operations. Also,
our approach does not require extensive differences in hardware
and operations than currently used in warehouses today and aims
to extend an existing WMS.

Several other studies have also looked at the use of RFID technol-
ogy for warehouse management systems. In [3] the authors looked
at the integration of lean production and RFID technology with
the aim to improve warehouse management. In [4] the authors
carried a case study in the tobacco industry to demonstrate the
use of RFID for improving the accuracy of inventory control in
plain (i.e. non-automated) warehouses. Another study [5] looked
at the challenges in warehouse operations at a branch of Shell
Petroleum Development Company (SPDC) and how the use of an
RFID-based inventory management system can help addressing
various issues including inaccurate stock accounting in the ware-
house. Our proposal does not use RFID technology but is based on
existing barcodes for storage locations and items in the warehouse
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as well as in AR architectures capabilities such as image processing
for improving the management of a non-automated warehouse.

In [6] the authors propose a conceptual solution for WMS oper-
ations based on two-dimensional barcode (QR code) identification.
They propose a WMS design for such a system and provide an
initial discussion of possible problems and solutions. Compared
to our work, this work does not discuss additional functionalities
addressing situations when the code is difficult to recognize, and
there is no mobile device or commodity smartphones. Also, this
work does not provide architectural analysis involving trials of the
proposed solution.

In [7] the authors proposed the use of IPS (Indoor Position Sys-
tem) with Bluetooth for various operational aspects of the ware-
house, including material management, job control management
and location management with the use of tag information. The
proposed system requires some new equipment but can be used in
an existing warehouse. Although there is some discussion about
algorithms, such as location tracking algorithms, the focus is differ-
ent from our work that aims at pinpointing discrepancies between
the real warehouse state and the database of an existing WMS. Also,
the technologies used (such as Bluetooth) are different and there
are no specific architectural aspects discussed.

Other efforts include, WMS system design using Aspect-Oriented
Programming [8], Decision Support Systems (DSS) for the design
and management of warehousing systems [9] and proposed archi-
tectures for intelligent warehousing operation management sys-
tems based on safety monitoring [10].

Concluding, our efforts aim at enhancing an existing WMS
with capabilities that allow layout generation, product measur-
ing and handling of discrepancies in an asynchronous manner at
non-automated warehouses. Our proposed solution for these tasks
using inexpensive commodity hardware and open source software
combined with an original architecture, is original, since we could
not identify something similar in the related literature.

3 SYSTEM ARCHITECTURE

In this section the architecture overview will be provided and the
basic principles of the architecture design along with the affected
quality properties will be discussed.

3.1 Architecture overview

SAMPLE: Permission to make digital or hard copies of all or part
of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for profit or com-
mercial advantage and that copies bear this notice and the full
citation on the first page. To copy otherwise, or republish, to post
on servers or to redistribute to lists, requires prior specific permis-
sion and/or a fee.

In Figure 1, the high-level view of the software architecture is
depicted. The components depicted are executed in the warehouse
server which is a separate server that communicates with the central
WMS server in which the Entersoft WMS is executed. The main
components of the AR WMS Services are the following:

e High Level - AR Actions API: This component is respon-

sible for the communication with the existing Entersoft WMS
server via an API, so that the Entersoft WMS server can




A low-cost AR assistant component architecture for Warehouse Management Systems

provide list of actions to the AR WMS Services subsystem.
Actions can include requests for information (e.g. volume of
parcel on a shelf etc.), but also instructions such as measure-
ments.

e Visualization Services: This component provides a visual-
ization of the warehouse with information provided by the
various devices (hand-held and drones). Colors (red, yellow,
green) are used to highlight exceptions. Also sizes of the
various objects are depicted accurately and a visual represen-
tation of the warehouse is provided to the Entersoft WMS
client. All the information passed to this component from
the other components of the AR WMS system are in JSON
format.

e Manager: The manager component is responsible for coor-

dinating the other components. It receives action requests
from the High-Level AR Actions API component and for-
wards these requests to the motion controller. Also, sched-
ules actions and keeps track of their state (pending, execut-
ing, completed, failed). To improve accuracy, the component
accumulates multiple measurements of the same item and
provides to the Entersoft WMS server a median of these
measurements, thus eliminating minor differences.

e Motion Controller: This is the subsystem responsible for
controlling the Drones. It provides instructions for perform-
ing an action and for returning to their dock position. It also
applies a shortest-path algorithm to calculate the route that
a drone should follow to complete an action possibly with
multiple steps.

e Motion Device: This is a device capable of autonomous
movement in the warehouse premises, currently a drone.

e Hand-held Device: This is a hand-held device operated by
a warehouse employee. It fulfills the same purposes as the
Motion Device (measurements and visualizations).

e Visual Processor: This component receives visuals and 3d
models from the devices. It provides some additional func-
tionalities such as barcode recognition and volume calcu-
lations. This is an example of a decision with architectural
significance since it would be possible to perform such cal-
culations in the devices. However, by delegating them to this
component the devices save energy.

e Dashboard: The Dashboard communicates with (1) the
High-Level AR Actions API (ordering of actions, listing of
actions, cancellation of actions, listing of WMS-AR excep-
tions) and (2) the Visualization Server, via a REST API over
HTTP(S).

Next, we will examine in some depth the main components.

3.2 Motion and hand-held devices and related
components

These devices are being used in the warehouse to carry out pre-
cise measurements of the various products that are stored in the
warehouse’s storage locations. The hand-held device is being op-
erated by an employee and initially we used Google Tango AR
platform enabled phones. This however, changed in later phases
of the project. The motion device is currently a drone and it can
move autonomously in the warehouse’s premises. In addition, these
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Figure 1: High-level architecture overview

devices are used for the initial generation of the warehouse’s layout.
In Figure 2, the structure of the Manager component is depicted.
The Manager component basically interacts with the High Lever
AR Actions API component through the provided interface “Action-
sAPlIInterface”. Through this interface it accepts requests for actions.
In addition, it also interacts with the Entersoft WMS through a re-
quired interface to provide to the Entersoft WMS the various types
of information for the warehouse’s observed state. Furthermore,
the component interacts with the MotionController through the
MotionInterface in order to request actions.

A typical interaction related to the motion controller in general
looks like this:

e Floor-plan generation.

e Post processing of floor plan which contains the following
steps: (a) creation of a 2d representation array, (b) identifica-
tion of the number of bays and provision of IDs to them, (c)
binding of shelves to bays (user selects bays and shelf types),
(d) provision of shelves ids.

e Action receipt for specific shelves and creation of 2 async
tasks. The first task is to find the optimal route. The second
is to forward that route to the drone.

e On arrival the drone performs scanning for barcodes. It also
performs object detection and constructs the output.

o Finally, it interacts with the provided interface of the Vi-
sual Processor to provide models of the warehouse for 3D
Rendering.
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In Figure 3 the structural view of Visual Processor component
is depicted which communicates with the hand-held (e.g. Tango)
device and Motion Device components.

As can be seen from Figure 3, the Visual Processor component
will communicate asynchronously with the Tango device and the
Motion device, using MQTT (Message Queuing Telemetry Trans-
port), a publish-subscribe-based messaging protocol. We made use
here of the messaging architectural pattern for asynchronous com-
munication specifically using MQTT since it is lightweight and
suitable for the hand-held and Motion devices.

The related Non-Functional Requirements (NFRs) as well as the
main architectural means to satisfy these NFRs, for the hand-held
device and the motion devices are the following.

Energy Consumption-Efficiency for mobile devices:

Motion devices in the latest prototype version are

bare-metal dummy devices in our architecture: The mo-
tion device does not perform any computation. It is responsible
only for sending the sensor data back to the warehouse server and
receiving instructions. In this way, energy consumption is limited
only to drone hardware energy requirements.
Optimized algorithms for the measurements process: Af-
ter calculating the shortest path for a bill of actions, and be-
fore the device starts visiting the shelves, battery is checked.
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The algorithm calculates the maximum distance that the device
can travel and respectively the selected N shelves to visit. If N<
length(bill_of _actions), the remaining shelves remain in the task
queue.

Mapping process: The server using a 3 seconds interval, calcu-
lates the distance of the device from its dock. In the case the battery
is adequate only for returning back to the dock point, the device
returns to the dock. This is also checked before the devices start
their route to the next goal.

Energy Consumption-Efficiency for handheld devices:
Handheld devices perform what motion devices do, i.e. they simply
send sensor data back to the warehouse server. Again, as is the
case with the drones, tango devices also consume less energy by
‘outsourcing’ the computations to the warehouse’s server.

Precision: precision concerns barcode recognition, measure-
ments in point-clouds and measurements in images:

e Barcode recognition: Under certain conditions the recog-

nition of the barcode will be 100% accurate. These conditions
are the following: (a) A certain level of brightness (b) Image
analysis should be more than 480p (720x480), & (c) Distance
from the barcode (i.e. the size of the barcode compared to
the size of the picture should be more than 5%).

e Measurements in Point-Cloud: The volume of the con-
tainers is calculated. The free volume at a shelf is calculated
as the shelf_volume - content_volume. With experimenta-
tion we have determined that we can achieve an accuracy of
2 decimal places for these measurements.

e Measurements in images: Users can insert photographs

of the various items that are in the warehouse. Using feature
and keypoint extraction in the provided photos, we can see
if a certain photograph taken by a device matches a provided
photo. By testing we have specified that a 70% match or
more is possible. This is very important since it can provide
a fallback pattern when the barcode recognition fails.

e Speed of Layout Creation: The time of creation and ex-

traction of the rack/shelf positions, in the case of the hand-
held device depends solely on the time required by a carrier
to walk through the warehouse and it can be in the area of a
few minutes. In the case of the motion device, it is still very
fast, but it depends obviously on various factors such the
motion devices number, the battery life, the environment
complexity etc.

Speed of Measurements:

e Barcode: The time to locate and read barcode in a photo is
less than 0.4 sec.

e Point-cloud: The time for segmentation, volume measure-
ment and distance measurement from the edge of the shelf
ranges from 0.5 sec to 3 sec.

e Image: The time required for the calculation of features,
descriptors and keypoints in an image and matching to with
the precalculated features of a dataset image, on a typical
PC is around 12 seconds.

The final response time is not cumulative of the above. The re-
sponse time is equal to the latest time plus a very short time for
cross-corelating the image features with the features of the dataset
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images, as everything runs in parallel using an OpenMP architec-
ture. For the technologies used in the warehouse for the devices and
the warehouse server we have used the following programming
languages: C/C++, Python, Java, Bash and Lua. To avoid licensing
issues and reduce the cost, we have modified sever OSS libraries
used in the project including the following: ROS, PCL, FLANN,
CUDA, OpenMP, OpenCV, Gazebo (Simulations), RabbitMQ, Boost,
Eigen, QHull and Sci-Kit. Regarding the cost of the hardware used,
it is the cost of the handheld Tango device, the cost of the Drones
and the drones’ dock stations as well as the cost of the warehouse
server which can be a rather cheap but still powerful computer
(~1,5K euros).

3.3 High Level - AR Actions API

The High-Level AR Actions API component serves as the commu-
nication channel between the WMS and the WMS&AR System.
Particularly, the AR Actions API accepts incoming Actions from
the WMS and forwards them to the hand-held devices via a mes-
sage broker. These actions are incoming HTTP requests through
a RESTfull web API and must follow a specific format that is ac-
ceptable by the AR Actions APIL The API is documented in detail
at http://se.dai.uom.gr:3333/swagger/.

In Figure 4 the structural view of High-level AR Actions API
is depicted. As can be seen this component will provide an API
intended to be used by the Entersoft WMS system, the ActionsAPI
interface. Through this provided interface the WMS system will
request actions from the WMS&AR Services middleware.

Actions can be Create, Info, Get and Cancel actions.

The related NFRs as well as the main architectural means to
satisfy these NFRs, for the high-level AR Actions API component
are the following.
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design (right)

e Portability: To achieve maximum portability, the High Level
- AR Actions API was designed to be deployed as a composi-
tion of independent Docker containers.

e Security: Every endpoint of the AR Actions API is protected
with HTTP Bearer token Authorization. This means that only
privileged users that hold valid Bearer Tokens can access the
functionality of AR Actions APIL.

e Usability: To maximize understandability and learnability,
every endpoint of the AR Actions API is documented in
detail..

e Reliability : To guarantee the processing and execution of
every incoming action from the WMS, all actions are per-
sisted into a FIFO queue. Then a dedicated worker processes
the actions and broadcasts them to the subscribed hand-held
devices to begin their execution.

o Performance: The response time of the AR actions API for an
incoming action ranges from 77 to 145 milliseconds. Every
incoming action triggers some processes such as authentica-
tion and format validation. Finally, a broadcast of the action
to the subscribed devices takes place. Due to the lightweight
design of the AR Actions API and the high-performance ca-
pabilities of NodeJs and MongoDB the response time of the
APl is quite satisfying.

This component , regarding the cost is free, and the programming
languages and technologies used include: TypeScript & JavaScript
(NestJs framework), Node]S, MongoDB, RabbitMQ (open source
message broker) and Docker.

3.4 Visualization Service

This service creates the 3D visualization of the warehouse and its
storage locations (Figure 5, left). The information of each storage lo-
cation is updated according to the latest scanning session. Moreover,
color annotations are used to signify discrepancies or exceptions
between the central WMS and the AR system. The user can nav-
igate into the warehouse and select to view detailed information,
such as content, count, volume, package Ids, etc. by clicking on
a specific storage location. The Visualization Service component
rather minimal structure is depicted in Figure 5 (right). As can be
seen the main responsibility of this component is to provide an API
Interface to the Entersoft WMS by which a client (e.g. a browser)
can ask for the rendering of various locations in the warehouse.
The rendered images along with related metadata will be returned
to the client.
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The related NFRs to the visualization service are mainly perfor-
mance attributes and more specifically are the following:

e Speed of 3D Warehouse Creation: The creation time of

the 3D visualization of the warehouse is approximately 2
sec, regardless of the size of the warehouse. Creation time
refers to the time that is needed to visualize the warehouse
to the user.

¢ Rendering speed: The rendering speed depends on the size
of the warehouse, meaning that if a large warehouse needs
to be rendered, the time that is needed for the user to navi-
gate to the whole warehouse might involve significant time
delays. Therefore, the warehouse is divided into sections and
only the specific part of the warehouse in which the user is
located is rendered. Additionally, this approach enables the
possibility to depict the latest information of each storage
location in the 3D visualization of the warehouse.

The programming language that is used for the 3D Visualization
service is C# and the software is Unity (free version). Unity must
be licensed when used by companies, educational institutions or
incorporated entities that had a turnover in excess of US$100,000
in their last fiscal year.

4 ARCHITECTURE EVALUATION

To evaluate the system as well as the architectural design at vari-
ous stages, several trials took place, after a significant part of the
prototype implementation was already available. More specifically
5 trials took place in the period commencing from October 21,
2019 until January 16, 20201. The first four trials took place at a
university-owned warehouse with the following characteristics:
(a) area: 200 square meters, (b) number of racks: 1, (c) number of
shelves: 15, (d) height: ~5-6 meters. The fifth trial took place at a
real IKEA warehouse.

The first trial took place on October 21, 2019 and the release of
the prototype was AR_WMS release 1.0 which was Google Tango
AR platform oriented. In this version, all computation was carried
out in the tango device and then sent to the AR&WMS server.

The process had the following steps:

o Creation of the warehouse layout in which first the device
created an ADF (Area Description File), a binary file created
by Tango after it “learned” a space. This allowed the device
to detect its position in the future. Then, the layout in JSON
format was generated.

e Receipt and display of incoming actions list in the tango
device.

e Manual selection of an action from the list.

e Manual Go-To-Spot (an employee had to carry the device).

e Photograph of the area followed by barcode reading and
object detection.

e Sending of the result back to the AR&WMS server.

e Repetition again from step 2.

The AR_WMS features included the following: (a) Floor Plan
reconstruction, (b) Shelf location extraction (Grid over Floor Plan),
(c) Real Time Device Localization, (d) On-Device Barcode Reading,
(e) On-Device Object Detection.

1A short video of the trials is available at https://youtu.be/GrWJUd-GzTI
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The most important conclusions from this trial, were that for
power efficiency reasons it would be preferable to move barcode
reading and object-detection to the warehouse server. Also, a mem-
ory scalability issue was observed since reconstruction speed de-
creased over time, due to device memory. Regarding usability car-
rying the device would be an issue.

The second trial took place on November 14, 2019 and was
based on AR_WMS release 1.2, which was also Tango oriented. In
this trial we also included the drone on which we mounted the
Tango device. The drone used was a Phab 2 Pro-AR Drone. Regard-
ing the drone we concluded that a drone with a simple camera
can send photographs to the backend server where the processing
takes place, but it cannot navigate autonomously without some
depth information source. Regarding the mounting of the Tango
device to the drone several issues were observed, such as (a) drone
stability issues, (b) noisy data (cause of the lack of stability), and
(c) power inefficiency since the AR Drone flight time without a
mounted tango device was 12 minutes, whereas with the mounted
Tango device was 5 minutes.

The basic conclusions of this trial, where that (a) we needed
to look more carefully in the drone H/W requirements, (b) Use
photography-based recognition by adding point-cloud processing
for the various objects and (c) proceed to a Tango-agnostic archi-
tecture by moving the mapping process to the backend server and
use Tango only as an input data source for the point cloud.

The third trial took place on December 4, 2019. The AR WMS
release was 2.0, which was ROS-oriented (ROS - Robot Operating
System). We carried out new mapping procedures and comparisons
with the first version of the system.

The basic conclusion was to deploy and integrate ROS Octomap
framework to the system, which is an open-source framework used
to generate volumetric 3D environment models [11].

The fourth trial took place on December 12, 2019, and the sys-
tem release was AR WMS 2.1 (ROS oriented). We tested and evalu-
ated the segmentation process in point-cloud data (e.g. number of
objects, dimensions etc.). Using this approach there is another infor-
mation source available which will be unaffected by environmental
variables such as the light conditions. The basic conclusion was that
this approach provides a reliable information source. Therefore, our
approach was modified to send back to the server the photograph
and point cloud data per action as well, for post-processing. Hence,
we added the required information to the result.

The fifth trial took place on January 16, 2020 at an IKEA ware-
house. The goal of this trial was to proceed to performance testing
on a real-scale warehouse. The release of the prototype was again
AR WMS 2.1 (ROS oriented). The main conclusion from this trial
is that we need to have a PC to play the role of the server in the
warehouse since a low-end laptop would not be sufficient. However,
a low-cost server around 1,500 euros will suffice.

5 CONCLUSIONS

In this work we discussed an architecture-centric approach for
the enhancement of an existing commercial WMS, with additional
components. These components aim at improving the correctness
of the WMS data as well as the process of the initial warehouse
layout insertion in the WMS. We have used exclusively inexpensive
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hardware and software and used an innovative architecture that we
discussed in this work to provide a satisfactory solution regardless
of the reduced cost requirement.

Future steps include, more testing in real warehouses. Also, the
prototype requires significant effort to become a commercial prod-
uct, since the project’s goal is merely to prove the feasibility of the
proposed solution. To this end our efforts have been successful so
far.
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