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Abstract. In this paper, we introduce Aware, a knowledge-enabled
framework for robots’ situational awareness. It is designed to support
autonomous logistics vehicles operating in automobile manufacturing
plants. Aware comprises an ontology grounding robots’ observations,
a knowledge reasoner, and a set of behavioral rules: The Aware
ontology models data streams of proprioceptive and exteroceptive sensors
into high-level semantic representations. The knowledge reasoner infers
adequate policy by reasoning over a sliding window of observations,
presumably depicting the robot’s perceptions and actual state of
knowledge. The behavioral rules, in analogy to road traffic rules and
common sense, regulate the operation of autonomous robots in a
manufacturing environment despite their obvious peculiarity. Our rules
are the first ones facilitating the orderly and timely flow of vehicles. We
show the applicability of Aware in an industrial set up. Overall, we posit
that situational awareness is a fundamental element towards functional
autonomy and argue that it can provide a reliable basis for organizing
and controlling robots in a smart factory in the near future.
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1 Introduction

A plethora of autonomous and automated guided vehicles5 are increasingly
engaging in logistics operations. With the diversity of autonomous robots

? This work was supported by BMW Group
5 We use vehicle and robot interchangeably throughout the course of this paper
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such as transport robots, autonomous forklifts and autonomous tugger
trains, substantial challenges emerge to optimize operations within a smart
factory [1]. The German Association of the Automotive Industry published
the communication interface VDA50506, between automated guided vehicles
(AGVs) and a central master controller within the automotive manufacturing
plants. VDA5050 enables the implementation of parallel and complementary
operations of AGVs through a central master controller. Further, the
American National Standards Institute/Industrial Truck Safety Development
Foundation released the safety standard ANSI/ITSDF B56.5-20197 for
driverless, automatically guided industrial vehicles. However, less work has
been done towards governing interactions with other agents encountered on
the shop floor that are not monitored by the same master controller, such as
manned industrial vehicles and autonomous vehicles. In an analogous domain,
in road autonomous driving, vehicles’ interactions are typically governed by
established priors like traffic rules and common sense. However, to the best of our
knowledge, such priors over operational conduct of industrial vehicles, besides the
safety-related priors [2,3], have not yet been considered in research and standards
efforts. Examples of operational priors include right of way or overtaking
behavior on divided aisles. Autonomous robots in logistics are currently able
to perform complex tasks such as transportation, goods pick up and goods
drop off. In a case study on logistics vehicles in an automobile manufacturing
plant, we deduce that autonomous vehicles, whereas operating safely without
being controlled directly by humans, still lack behavioral grounding. We observe
operational impediments caused by: (1) low agility of autonomous vehicles
compared to manned vehicles caused by rigorous safety regulations implemented
on the autonomous vehicle, (2) autonomous vehicles possibly getting into
bottlenecks in various situations such as in intersections, or narrow aisles.

Current autonomous robots are equipped with various sensors like depth
cameras, LiDAR, indoor localization tags and ultrasonic sensors. Despite
the development of artificial intelligence approaches depicting the streams of
data published from the sensors, such as object detection [4] and 3D pose
estimation [5], we posit that such representation is not solely sufficient to
ensure timely and orderly operation, and must be complemented with situational
awareness. Vehicles cannot understand and reason over their environment
without a high-level semantic representation of the data. In [6], we introduced
the Aware ontology eliciting the knowledge of the moment as perceived by
the autonomous robot, including its telemetry, priors on its environment, its
sensed surrounding, and the rules governing the relations between the perceived
assets. Aware was developed in Web Ontology Language (OWL)8 [7], which is
particularly advantageous when reasoning and handling data from heterogeneous

6 VDA5050 – Schnittstelle zur Kommunikation zwischen Fahrerlosen
Transportfahrzeugen (FTF) und einer Leitsteuerung, https://www.vda.de/en

7 ANSI/ITSDF B56.5-2019 Safety standard for driverless, automatic guided industrial
vehicles and automated functions of manned industrial vehicles

8 https://www.w3.org/OWL/
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data streams. In this paper, we introduce the Aware framework to close the
gap between the perceptions of the robot and further knowledge processing.
Aware represents processed data streams as what we refer to as observations
using timestamp-based temporal RDF representation [8]. The Aware decision
module uses a set of rules to reason over observations and priors in order to
adapt the behavior of the robot. The proposed approach can be easily extended
to deal with further situations requiring robots’ awareness by adding more rules
and adapting the ontology accordingly to cover the application domain. Overall,
our main contributions of this paper are:

1. We introduce Aware, a knowledge-enabled framework for robots’ reasoning
that is, for the first time, specifically designed for enhancing situational
awareness of autonomous robots operating in a manufacturing plant. Aware
includes an ontology, a set of rules, and a reasoner.

2. We publish the first set of rules governing autonomous logistics vehicles in
a manufacturing plant, resolving traffic bottlenecks and facilitating orderly
and timely operations within a smart factory.

3. We show the applicability of the Aware ontology to ground robots’
proprioceptive and exteroceptive perceptions, as well as priors on the
environment, for the purpose of situational awareness.

The remainder of this paper is organized as follows: In section 2, we
review work related to the manufacturing domain’s ontologies, knowledge
processing frameworks, and situational awareness applications. Further, we
review impediments we identified by observing operational autonomous robots
deployed in a manufacturing environment. Next, in section 3, we introduce the
Aware framework. In section 4, we describe how we evaluated the framework
and its comprised ontology. We describe the lessons learned from developing
an industrial application based on Semantic Web technologies in section 5. We
summarize the paper in Section 6.

2 Related Work and Priors

In this section, we provide background information about the two areas whose
intersection this work resides in: ontologies supporting robotics applications, and
knowledge processing frameworks. Then we present work related to situational
awareness of autonomous robots and provide insights on impediments observed
on the shop floor that can be resolved through situational awareness.

Ontologies. Ontologies have been applied in robotics applications to
describe the semantic knowledge of robots. Low-level data streams from
sensors are transformed into high-level semantic representations following
ontology grounding. Most previous research related to robotics cognition, such
as [9,10,11,12,13], adopted knowledge models focused on task planning. In [13],
the knowledge schema represents robots’ actions and perceptions but does
not address knowledge of intrinsic states. Further, [9,10,11,13] lack the use of
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common terminologies provided by IEEE 1872 [14], W3C9 or OGC10 standards.
Moreover, the operational environment represented in these knowledge models
is not relevant to manufacturing plants. In [6], we introduced the Aware
ontology to represent the prevailing state of knowledge of the autonomous robot
operating within an automobile manufacturing plant.

Knowledge Processing Frameworks. Ontology-based approaches for
robots’ autonomy are thoroughly discussed in a recently published review [15].
OMRKF [9] was designed to enable service robots in household environments.
The framework enhances the robot’s navigation and task planning capabilities.
KnowRob [16] also focuses on household environments. Knowledge in KnowRob
is organized in an action-centric way to support reasoning about action and task
planning. OUR-K [10] is oriented towards robot intelligence for service robot
use cases. It builds up rich knowledge for the robot to allow the completion
of tasks even if the information at its disposal is incomplete. OpenRobots
(ORO) [11] focuses on the implementation of a knowledge representation and
reasoning for autonomous robots deployed in complex environments where they
need human-machine interaction capabilities. Perception and Manipulation
Knowledge (PMK) [12] is an ontological-based reasoning framework to enhance
a robot’s task- and motion-planning capabilities in the manipulation domain.

Situational Awareness. Situational awareness, as defined in the Oxford
dictionary, is knowing that something exists and is important. Endsley [17]
defined the scientific term ”Situational Awareness” (SA) as the perception of
relevant elements in the environment, the comprehension of their significance,
and the projection of their future status. Thus, in this context, achieving
situational awareness in robotics goes beyond ensuring basic functionalities
such as navigation or task planning to decide on the most favorable course of
action. Awareness has been essential in a wide range of domains such as urban
autonomous driving [18,19,20,21] where SA helps to understand the interactions
between perceived entities and empowers decision making in traffic situations.
In air traffic control [22,23], SA helps ensuring efficiency and safety during
take-off and landing by assessing locations of the aircrafts and projecting their
future locations. In [24], SA increases cell phone profitableness by improving its
functionalities. According to Endsley [17], good SA still does not ensure good
performance, however, good performance becomes more likely with SA.

Impediment Situations in Manufacturing Environments. The
complexity of manufacturing environments where autonomous robots are
deployed is mainly due to their heterogeneity: they comprise both static and
moving objects, humans as well as machines, autonomous and non-autonomous
vehicles. The complexity is increased by the difficulty of establishing a traffic
rule book that regulates the traffic within the manufacturing plant. In a case
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