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Abstract: Ensuring safety in human-robot collaboration is one of the main challenges in mobile
robotics today. Semantic maps are a potential solution because they provide semantic knowledge
in addition to the geometric representation of the environment. They allow robots to perform their
basic tasks using geometric representation, mainly localization, path planning and navigation, and
additionally allow them to maintain a cognitive interpretation of the environment in order to reason
and make decisions based on the context. The goal of this paper is to briefly review semantic
mapping for a single mobile robot in indoor environments, and then focus on collaborative mobile
semantic mapping. In both contexts, the semantic mapping process is divided into modules/tasks,
and recent solutions for each module are discussed. Possible system architectures are also discussed
for collaborative semantic mapping. Finally, future directions are highlighted.

Keywords: semantic scene understanding; cooperating robots; data fusion; cognitive human-robot
interaction

1. Introduction

Mapping is an important task in mobile robotics on which many other tasks depend.
Most of the existing mapping approaches aim at building either a metric map or a topologi-
cal map of the robot environment. The difference between these two representations is that
a metric map provides a geometric representation of the objects in the environment in a
global reference system, while a topological map represents the environment as a graph,
where nodes represent locations and edges represent relationships between them [1]. These
two representations are mainly used by the robot to localize itself, plan its trajectory, avoid
obstacles and navigate in the environment. However, they do not allow it to understand its
environment as a human does. For example, it is unable to distinguish the kitchen from the
living room, or to know which objects make up a specific room.

Over the past few years, mobile robots are increasingly sharing the same space as
humans in various applications, especially service robots. Therefore, the challenge of en-
dowing robots with cognitive interpretation capabilities of the environment has increased
and many researchers have been addressing it. Some of them considered that the most
appropriate way to achieve this is through semantic mapping, which consists of integrat-
ing semantic attributes about the objects and places encountered into a map, namely, a
semantic map (SM). Consequently, the semantic map is an enhanced representation of
the environment, which includes both geometric information and high-level features [2].
Thus, while a geometric map stores the geometric features that the robot needs for its basic
tasks (localization and navigation), the high-level features represent common knowledge
concepts about shapes, places, objects and even the relationships between them. The de-
ployment of this map in mobile robots facilitates their interaction with humans and extends
their capabilities, especially navigation [3,4] and task-planning capabilities [5-7].
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There are a few previous works in the literature that have reviewed topics related
to semantic mapping. The study [8] is one of the first reviews on semantic mapping. It
focuses on highlighting its trends and main applications in indoor and outdoor scenes.
Next, Qiang et al. [9] proposed a review focusing on visual semantic mapping. They
focus on semantic-information extraction techniques based on visual data through feature
extraction, object/place recognition and semantic representation methods. Subsequently,
semantic mapping is discussed as one of many map representations in the more general
review [10], which focuses on the history and trends of the simultaneous localization and
mapping (SLAM) problem. In the recent review [11], the authors reviewed works on
semantic mapping and focused on the application to semantic navigation, which involves
performing navigation using high-level commands such as “go to the bathroom”. Finally,
the most recent study proposed in [12], reviewed the process of semantic mapping and
focused on indoor scenes. It mainly presents semantic-mapping modules and different
techniques to implement them, as well as current challenges and future directions.

This review has four main differences from previous works. First, the main difference
is that all previous works focus on reviewing single-robot semantic mapping, where a
single robot is used for semantic mapping. However, recently, some works have started
to address this problem in a collaborative mode using a fleet of robots. To the best of our
knowledge, no previous work has examined collaborative semantic mapping. Indeed, there
are works that have addressed collaborative geometric mapping, including collaborative
SLAM [13], but not collaborative semantic mapping. Second, for the single-robot mode, this
work focuses only on recent work on semantic mapping in indoor environments. Indeed,
the perspective of this study is to use semantic mapping for successful human-robot
interaction (HRI) in indoor environments, namely, domestic and industrial environments, so
works interested in semantic mapping in outdoor environments [14-16] are not addressed
in this paper, but there are some previous papers that have examined this topic [2,8,17].
For the collaborative mode, since there is much less work available, both indoor and
outdoor semantic mapping are reviewed to give a better overview of what is carried out in
the literature. Third, this work shows the main modules of the semantic-mapping process
in single-robot and collaborative mode. It highlights the differences between them and
the different solutions to implement these modules. The main contribution of this work is
to explore the multi-robot data association and fusion module for the collaborative mode.
Thus, it studies and classifies the different solutions available to deal with the problem
of integrating data from different robots into a single semantic map. Fourth, this paper
highlights the main remaining challenges in the field of single-robot and collaborative
semantic mapping.

This paper is organized as follows: Section 2 is reserved for single-robot semantic
mapping. We first present this process and its main modules/tasks. Then, we present
solutions to implement each module, mainly geometric mapping, semantic data acquisition
and map representation. In Section 3, we study collaborative semantic mapping. First,
we present the mapping process, then we study the possible architectures to implement
it in a collaborative setting. Finally, we focus on the different solutions proposed for the
multi-robot data association and fusion module. In Section 4, we detail the remaining
challenges in semantic mapping for future directions. Lastly, we conclude with the main
contributions of this paper.

2. Single-Robot Semantic Mapping

Single-robot semantic mapping is the process in which a single robot explores the
environment and builds its semantic map. As shown in Figure 1, this process is mainly
composed of two major tasks: data acquisition and processing, and data representation.
Regarding the first task, the robot collects two types of data: geometric data and semantic
data. Geometric data is usually acquired by the robot’s sensors and is processed to generate
a geometric map of the environment. Semantic data can be acquired from different sources
and is used to add semantic meanings to the mapped features. The three main sources of
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semantic data are the extraction of interesting features from sensor data, the incorporation
of data through HRI, and the extraction of data from a knowledge database, which is a
model of the concepts involved in the explored environment and the relationships between
them. As for the representation task, it consists of organizing those geometric and semantic
data in a structured representation, namely, the semantic map, so that the robot can exploit
them to understand its environment. In what follows, we study in depth the solutions
proposed in the literature to solve these two tasks. It is important to mention that this work
does not cover semantic SLAM systems [18-20], which benefit from object recognition to
tightly integrate metric and semantic information in map localization and estimation [21].
However, it focuses on approaches that extract metric and semantic information in two
separate processes and then merge the results into a semantic map.

Geometric

Sensors —]p - representation

ata

... ﬁ

Acquisition Data

HRI —]p —pp SM

& — representation
Knowledge  mmp Processing Semantic
database information

Figure 1. The single-robot semantic-mapping process.

2.1. Data Acquisition and Processing

In the single-robot semantic-mapping process, there are mainly three data-acquisition
methods: perception-based data acquisition, HRI-based data acquisition and reasoning-
based acquisition.

2.1.1. Perception-Based Data Acquisition

Sensor observations are used to represent the geometry of the environment and
extract its semantics autonomously. The geometric representation is usually obtained
using state-of-the-art SLAM methods, which consist of simultaneously estimating the
state of a robot and building a model of the environment perceived by its sensors [10].
In contrast, semantic information is mainly extracted using object-detection and semantic-
segmentation techniques.

Regarding systems integrating object detection, Qi et al. [4] proposed an approach to
create a semantic occupancy map of a home environment. The sonar-based SLAM method
proposed in [22] is used to create an occupancy grid map. Then, using odometry and a
stereo camera, a method based on object detection and triangulation was used to add the ob-
ject’s topological area with its category to the occupancy map. In addition, Zender et al. [23]
proposed a system to create a multi-layer map of an indoor environment. The laser-based
EKF-SLAM algorithm [24] was used to create the low-level layers, and then receptive field
cooccurrence histograms (RFCH) [25], an RGB camera-based object-recognition algorithm,
was used to collect the physical feature categories and establish links to the high-level layer.

A recent trend in object detection is semantic segmentation, a paradigm that assigns
a class label to pixels in an input image [26]. The semantic-mapping approach proposed
in [27] incorporates semantic segmentation using a video stream from a monocular camera
for 3D reconstruction of indoor and outdoor environments. The monocular semi-dense
SLAM algorithm [28], which is effective in indoor and outdoor environments, is used to
represent the geometric structure of the environment. In parallel, a pre-trained convolu-
tional neural network (CNN) is used for 2D semantic segmentation. In addition, Niko
et al. [29] proposed an approach that uses an RGB-D camera to map a 3D environment and
reconstruct models of the detected objects on the fly. ORB-SLAM2 [30] is used to perform
mapping and camera localization on each RGB-D image. In parallel, objects are detected on
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the RGB images using a CNN and the associated point cloud is segmented in 3D. In [27,29],
image-based deep-learning techniques were used for semantic information acquisition due
to their great progress in object detection and segmentation based on 2D images.

In addition to these systems that perform object recognition and classification from
visual data, there are other works that use geometric data from laser sensors to extract high-
level information. Pronobis and Jensfelt [31] proposed a system that combines visual cues
and laser range data using SVM classifiers to distinguish indoor areas (hallway, kitchen,
meeting room, etc.). Geometric feature extraction was used to determine the shape and
size properties of the environment, and visual feature extraction was used to obtain the
appearance and objects present in the environment.

Although exploring object-detection and segmentation techniques is not the main
focus of this work, they are necessary to understand how semantic mapping works. For in-
terested readers, there are recent reviews of deep-learning-based semantic segmentation
that provide a comprehensive survey on the topic. These reviews cover almost all pop-
ular image datasets and semantic segmentation methods, and for all modalities, such as
RGB [32,33], RGB-D [34] and 3D data [35,36].

Since perceptions are used in semantic mapping to extract both geometric and seman-
tic information, the choice of appropriate sensors, therefore, depends mainly on the type of
geometric representation to be obtained (a 2D /3D map, a point cloud, etc.) and the level
of the semantic description of the environment. The most popular sensors for geometric
mapping are 2D/3D lasers, and, recently, RGB-D cameras are increasingly used [12]. These
cameras are relatively inexpensive and can provide an RGB image and a depth map simul-
taneously. The depth map provides precise information on the distance of the detected
elements. The visual sensors are frequently chosen for the acquisition of semantic infor-
mation because they allow a perception of the environment close to that perceived by the
human eye. They also allow the collection of low-level data, such as points, and high-level
data, such as object categories [9].

2.1.2. HRI-Based Data Acquisition

According to [3], the automatic extraction of semantic information from sensors is
limited and not robust enough. Indeed, object and place recognition are complex tasks
for robots. That is why some techniques integrate the human in the process of identifying
objects or places in order to create an augmented map [11,12].

In [3], the authors guided the robot through a tour of the environment to map it.
The RBPF-SLAM algorithm [37,38] based on laser data and odometry data was used to
generate an occupancy map in real time. At the same time, the user has an IFLYTEK-based
voice application on their cell phone to label the visited places on the map. In order to
avoid errors in the recognition of voice commands given by the operator, a confirmation
step is applied. In the same way, in [23], the robot has a prior knowledge of spatial concepts,
and the user’s role is to assist it in the process of labeling places. Indeed, while walking
with the robot, the user expresses what they considers relevant, for example: “This is the
corridor” or “This is the charging station” .

In another approach [39], as shown in Figure 2, the robot is guided by the user in a
tour of the operational environment. It perceives its environment and detects the object
that the user is pointing to with a commercial laser. Then, this object is segmented in the
image and the robot estimates its position and orientation. Finally, it receives its description
from the user via a speech-recognition module and associates it with its position to build
the object representation to be added to the map. In [40], Bastianelli et al. improved this
approach by implementing a system that enables adding new objects to the representation
through continuous and online interaction with the user after the initial semantic mapping.
Indeed, knowledge is acquired as needed by the robot and added progressively to the
environment representation. For example, if the user gives a voice command indicating
an unknown location for the robot, an integrated Petri net acquisition process is launched.
During this process, the user can guide the system with voice commands such as “Turn
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right”, “Follow me” or “Go to the kitchen”. When the robot is in front of the new location or
object, the user can point to the object with the laser then tell the robot its label, e.g., “This is
the emergency door”.

Figure 2. Adding semantic data to the map by tagging objects with a comercial laser pointer and
giving a natural language description [40]. (a) The laser pointer is used to mark the object. (b) The
point is detected in HSV color space. (c¢) The object is located in reference to the robot laser scan
(represented by black pixels).

Pronobis and Jensfelt [31] proposed an algorithm that combines information about
the presence of objects with the semantic properties of places, such as size and appearance,
to classify rooms. During the mapping process, the user can input additional information
about objects in the room using a graphical interface on the computer used by the robot.
For example, if the user provides information about the existence of an object, the robot
treats it as an additional source of information. The work of Crespo et al. [41] implemented
natural language dialogues between the user and the robot through a voice interface and
the keyboard. Therefore, it can add object categories and their semantic relations to the
map. For example, the robot can ask the user about the possible uses of an object or about
the possibilities of interaction with objects in the environment.

In conclusion, using HRI-based methods, the map representation can be enriched with
various semantic information. Thus, by interacting with the robot via a mobile application,
voice commands, or a user interface, an operator can include information about the objects
in the scene (the categories of objects, the space they occupy, and their presence in a
room), information about the locations (the categories of rooms and their characteristics),
and information about the semantic relationships between the objects (the utility of an
object). Moreover, while most works focus only on mapping static scenes, few works
propose HRI-based data acquisition techniques to update the representation of dynamic
features [40].

2.1.3. Reasoning-Based Semantic Data Acquisition

Reasoning is a way that allows the robot to acquire significant knowledge of its en-
vironment. It consists of using data already obtained by other methods and a knowledge
database to infer new information about the environment. In general, the knowledge
database contains common-sense knowledge, that is, knowledge that all humans possess
and that they have acquired since their birth without even being aware of it [42]. This
database is usually represented as a structure composed of concepts describing the environ-
ment linked by rules. For example, Galindo et al. [43] proposed a hierarchical structure of
conceptual information modeled by the NeoClassic language [44]. The lowest level of this
structure is composed of symbols related to physical elements detected in the environment.
The conceptual structure is composed of laws that link these symbols to concepts and link
concepts together to allow reasoning about symbols of known categories. For example,
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if a detected physical element is related to the symbol “oven-1”, and the symbol is related
to the concept “oven”, and the concept “oven” is related to the concept “kitchen” by a link
“contains”, then the robot’s current location can be concluded as the kitchen.

In the case of [23], common-sense knowledge about an indoor office environment is
modeled in the ontology shown in Figure 3a. An ontology is a data model representing
a set of concepts in a domain and relationships between them. Based on this description,
the system uses a reasoning software to derive more specific categories for known topologi-
cal areas. Indeed, as shown in Figure 3b, if an area is classified as a room (“areal”) and it
contains a coffe machine, thus, using the conceptual knowledge given by the ontology, this
area can be classified as a kitchen instance. Similarly, a semantic ontology is used in [45] to
create a task scheduling strategy for service robots. In this ontology, the concept “objects” is
separated into “static objects” and “dynamic objects”. Then, the static objects are linked to the
dynamic objects by probabilistic relations which allow to obtain the approximate positions
of the dynamic objects by reasoning.

i~

R \'\.\ [ Kitcﬂen] [Coffeemachinel
/l ‘“ \ b \

\

KitchenObject \

\ [} N v \, . %
\ / o Y \ /
\ i N \ N (]
( area3 (aread ) ( area2 ) ( areal)

LEGEND:
mae  asows wa w [ ] ()
acquired _ inferred  has-ac  concepts instances

Flowerpot

=

(a) (b)

Figure 3. The example of reasoning-based data acquisition in [23]. (a) Illustration of a part of the

common-sense ontology of an indoor office environment, (b) combining different types of knowledge
in the conceptual map.

Furthermore, the authors of [31] propose a probabilistic conceptual structure where the
rules linking the concepts can be predefined, acquired or inferred and can be probabilistic
or not. The categories and properties of elements in the environment are estimated together
using a probabilistic chain graph model. Room properties such as objects, appearance,
area, and shape are extracted from sensors, then used with room—object relationships
provided by the Open Mind Indoor Common Sense knowledge database to infer room
categories. The authors of [41] proposed a relational model that allows to easily store
information about the environment in tables managed by a reasoning engine. The design
of this model implicitly defines the relationships between entities. Therefore, it is not
necessary to manually define rules between them as for other structures. Using this model,
if the robot identifies objects in the same room that have a common utility, it is possible
to infer that these objects are located in a room where the robot could find other objects
with related utilities. Thus, new room categories are created autonomously. In addition,
the identification of objects and rooms allows the detection of possible inconsistencies.
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In conclusion, a reasoning system can be implemented in the semantic-mapping
process to infer additional semantic information. This system includes a common-sense
knowledge database describing the application environment and a reasoning engine to
exploit this knowledge. In general, the knowledge database is composed of predefined
data and can be completed with data acquired by the robot during the mapping process.

2.2. Semantic-Map Representation

In order to exploit the semantic data extracted by the above methods, it is necessary
to organize them in a structure suitable for the application, which is the output semantic
map. There are two main options for the representation: either to attach the semantic
information to the features detected in the geometric map, or to organize the geometric and
semantic information in a hierarchical structure with different levels of abstraction. These
two options are described in detail below.

2.2.1. Visual Geometric-Semantic Representations

This simply consists of attaching semantic information directly to the associated
physical features in the geometric map. For example, Sunderhauf et al. [29] use ORB-
SLAM?2 to create a point cloud of the environment, and the points associated with each
object are modeled by a different color. In [4], a semantic occupancy map is created by
adding minimum bounding rectangles (MBRs), which represent objects” occupied spaces,
to their topological areas in the map. The different object categories are represented by
different colors. Zhao et al. [3] also used ROS’s Gmapping module to create an occupancy
map of the environment. During the process, as the robot receives semantic information, it
combines it with its position and adds a new semantic node to the map.

These methods provide maps that enable direct interpretation of semantic information
in positions. Therefore, they can be easily deployed in mobile robot navigation systems to
perform semantic navigation tasks. However, such simple representations are insufficient
to allow robots to perform complex tasks such as mission reasoning.

2.2.2. Hierarchical Representations

In order to allow robots to perform a reasoning process, more interesting representa-
tions have been proposed, namely, hierarchical representations, where specific information
is placed in the lower levels and abstract information in the higher levels. Pronobis et al. [31]
proposed a representation, shown in Figure 4, that gives the robot the ability to infer the
categories of places using the properties of the space, including appearance, surface, shape
and objects. They represent the spatial knowledge by a four-layer hierarchical structure:
the sensory layer, the place layer, the categorical layer and the conceptual layer. The low-
est level of the structure contains sensor perception data and the fourth level contains
abstract conceptual knowledge. The sensory layer contains a metric map of the environ-
ment. The place layer contains a topological graph with nodes representing locations and
edges encoding the path to other nodes. The categorical layer contains objects, landmarks,
and both geometric and visual models. Finally, the conceptual layer contains a static
common-sense knowledge ontology and the links between the concepts in this ontology
and the low-level knowledge obtained from the other three layers. This structure not only
allows the robot to classify rooms, but also to predict the existence of objects, properties of
the space and unexplored spaces.
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Figure 4. The layered structure of the spatial representation and a visualization of an extract of the
conceptual-layer ontology proposed in [31].

While the environment in [31] is represented by a single hierarchical structure, in [43],
a representation with two hierarchical structures was proposed: the first to represent spatial
knowledge and the second to represent conceptual knowledge. On one side, the spatial hi-
erarchy is composed of three levels. The first and the lowest level contains local occupancy
maps, locations and images, stored by the robot. The second level contains a topological
graph of the environment. In addition, the third level contains an abstract node that repre-
sents the whole environment. On the other hand, the conceptual hierarchy is composed
of four levels. It is hand-coded in advance with the NeoClassic language. The top level
contains a node called “Thing” from which two branches, “Parts” and “Objects”, emerge.
The third level contains object and room categories, and the lowest level contains object and
room instances recognized by the robot. These two hierarchies are linked by the anchoring
process, which consists of linking the entities recognized at different levels of the spatial
hierarchy to the corresponding symbols that represent them in the conceptual hierarchy.
These links allow the robot to exploit semantic information to determine localization errors
by reasoning of the objects’ expected locations and to perform semantic navigation tasks.

Similarly, in [40], the robot knowledge is divided into two parts: world knowledge,
which represents the specific knowledge of a certain environment, and domain knowledge,
which is the general knowledge of the application domain. The world knowledge is
composed of the following elements: an occupancy grid, cell maps to represent local
locations, a topological graph of the global environment and instances of recognized
physical elements with their categories and properties. On the other hand, the domain
knowledge is composed, as in [43], of the concepts involved in the environment as well
as their properties and relationships. For this work, the main purpose of adding domain
knowledge is to associate each perceived object with its spatial and functional properties in
order to allow the robot to reason about the tasks related to these objects.
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In conclusion [12], the representations that consist of visualizing the semantic informa-
tion by different colors on the map allow to show results of semantic knowledge acquisition,
but they are not easily implemented in the robots’ tasks. On the other hand, the repre-
sentations based on hierarchical structures do not allow to visualize this knowledge on a
map, but they allow to structure and organize knowledge by levels of abstraction to make
a robot able to reason. Table 1 provides a summary of all the previous sections, including
the different semantic-mapping approaches used in works in the context of single-robot
semantic mapping, the different methods used for semantic data acquisition, and the main
data collected on objects and places.

Table 1. Summary of the reviewd works in relation to the single-robot semantic-mapping framework.

Ref.

Year

Semantic Data

Approach

Collected Semantic Data

Sources About Objects About Places
3] 2008 Perception - HRI Vision-based SLAM, Categories, Categories,
Reasoning object recognition instances instances
. EKF-SLAM, Categories,
Perception - HRI . . . . . . Appearance,
[31] 2012 ) recognition and instance reasoning,  relationships with other
Reasoning . . surface, shape
properties classification concepts
Categories, positions, Categories,
[40] 2013 HRI Incremental approach by HRI ) & P ) & o
sizes, properties robot positions
[3] 2015 HRI RBPF-SLAM, voice recognition _ Categories
. Monocular LSD-SLAM, .
[27] 2016 Perception Categories _
2D segmentation with CNN
Instances, categories,
. . o Instances,
[41] 2017 Reasoning _ utilities, characteristics, .
. . . categories
relationships with places
RGBD-based ORB-SLAM?2, Cat .
ategories,
[29] 2017 Perception Object Detection, . 8 _
instances
3D Segmentation with CNN
Sonar-based SLAM, object detection, . .
[4] 2020 Perception i ) ) ' Categories Categories
triangulation
Categories,
[45] 2022 Perception-reasoning  Monocular SLAM, object detection relationships with other Categories

concepts

3. Collaborative Semantic Mapping

Recently, collaborative robotics—which involves multiple agents, including robots,
smart machines, and operators, working together to accomplish a task, as presented in
Figure 5—has gained increasing interest in the research community. This collaboration
provides a great opportunity to improve the performance of a fleet of robots. Indeed, at the
individual level, it allows to increase the accuracy and robustness of a robot’s estimations
by integrating data collected by other agents and also to reduce its computing resources by
distributing and parallelizing tasks. At the second level, it improves the efficiency of the
fleet by task parallelization and by allowing the robots to substitute each other in case of
a robot failure. However, on the other hand, this introduces some complexity in robotic
systems and presents new challenges, especially in terms of inter-robot communication
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and multi-robot data processing [46]. For example: data exchange, data association and data
representation in a global map.

S;data v

>
/A noN,
Sensor S,
i MY ]
/ [/ Server-robot \ %\ / HRI
v/ \ Y

data exchange

Inter-robot
data exchange

Figure 5. An example of a collaborative robotics setting.

In this context, over the past few years, a few researchers have started working on
the multi-robot semantic-mapping problem, where a fleet of robots work together, while
exchanging data, to create a global semantic map of the environment. These works are
based on the progress made in various previous works on single-robot semantic mapping
and take advantage of the advances made in the field of collaborative robotics, such as
inter-robot communication methods and different data-allocation architectures to propose
new consistent collaborative semantic-mapping approaches [47]. It is worth mentioning
that all the works found and reviewed in this paper focus on multi-robot solutions since
they only use mobile robots for mapping. Thus, in the rest of the paper, the use of the term
“collaborative” refers to “multi-robot”.

In the following sections, we first present a description of the multi-robot semantic-
mapping system, then we detail the different tasks/data allocation architectures and
existing strategies for multi-robot data association and fusion. It is important to mention
that in this work, the focus is not on the works that treat the multi-robot semantic SLAM
problem where object detection and recognition techniques are used to solve a SLAM
problem, the focus is only on works that solve the collaborative semantic-mapping problem.

3.1. Multi-Robot Semantic-Mapping Pipeline

The multi-robot semantic-mapping system is mainly composed of the same main
modules as the single-robot semantic-mapping system (Section 2). First, the geometric
mapping module is in charge of creating the geometric representation of the environment.
Then, the semantic segmentation or object-recognition module is in charge of understanding
the environment and collecting semantic data. Last, the map-representation module is in
charge of creating and updating the model of the environment.

Nevertheless, the collaborative semantic-mapping system includes an additional mod-
ule, which can be called the data association and fusion module. It treats the problem of
associating and fusing multi-robot data into a coherent global model. In addition, this
system is generally characterized by three main features: the task and data distribution
scheme, the communication policy and the multi-robot data association and fusion strategy.

The task and data distribution scheme: defines the system architecture, its components,
the connections between them and the tasks assigned to each component.
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The communication policy:

e  Defines the topology of the exchanges: the different agents with which each robot has
the physical possibility and the authorization to communicate;

*  Defines the type of communicated data: sensor data or partial semantic maps;

*  Plans the exchanges: which information to send, to which robot and at which time.

The multi-robot data association and fusion strategy: is the solution used to integrate the
multi-robot exchanged data into a global semantic map.

3.2. Tasks and Data Allocation Architectures

Regarding the tasks and data distribution scheme, there are two main architectures
that can be used to implement a collaborative semantic-mapping system: a centralized
or a distributed architecture. They are different in several aspects, including the system
components, the distribution of modules and the topology of exchanges between the
different components.

3.2.1. Centralized Semantic-Mapping Architecture

The centralized architecture, presented in Figure 6, is composed of two main agents:
the robots and the server. Indeed, the tasks are distributed and the data is exchanged
between these two components in order to establish the semantic mapping. It is mainly
used when the robots in the fleet have insufficient processing power to run the deployed
system and when the communication infrastructure is always available and can support
the necessary bandwidth [48]. In this case, the communication topology between the robots
and the server can be a unidirectional or bidirectional communication. The first one consists
in sending data in one direction only, from the robots to the server, and it is mainly used
when the semantic map created by the server will not be used by the fleet of robots for
their tasks and will be directly exploited for other server-related tasks. On the other hand,
bidirectional communication is used to exchange data in both directions between the server
and the robots. It is usually used to send the global semantic map created to the robot fleet
so that they can use it in their tasks such as semantic navigation or location classification.
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Figure 6. Representation of the distribution of a semantic-mapping system in a centralized architec-
ture. (a) Robots play the role of sensors and the whole process of semantic mapping is performed in
the server, (b) each robot implements a complete semantic-mapping system and the server manages
the fusion and association of the multi-robot local maps.

Figure 6 presents two potential centralized formalizations of the collaborative semantic-
mapping problem. They mainly depend on the degree of autonomy granted to the mobile
robot and the degree of task integration in the server. For the first case, the robots are
considered as mobile sensors. Their only task is to acquire data from the environment
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using their sensors, and then send them to the server for processing and estimation of the
global semantic map. More specifically, all the single-robot semantic-mapping modules,
of each robot, are implemented in the server, mainly the SLAM task and the semantic
data acquisition task. In addition, the server determines the correspondences between the
data of different robots and fuses them in order to maintain a consistent global semantic
map. In this case, the robots are very dependent on the server and have a low degree of
autonomy. If the server or communication breaks down, the robot loses contact with the
other robots.

In the second case, a complete semantic-mapping system is implemented in each
robot, as described in Section 2. Then, the robots communicate their individual semantic
maps to the server where only the inter-robot tasks are performed, namely, the multi-robot
semantic-map association and fusion. In this case, the knowledge database is removed
from the inputs of the single-robot semantic-mapping system and generally implemented
in the server to be shared among all robots. This formalization makes the robots more
autonomous, as they always have their own representations in case of server or communi-
cation failures. However, in some cases, the robot does not build a complete individual
semantic map. Indeed, it runs basic modules such as the SLAM algorithm to collect geomet-
ric data and an object-recognition or semantic-segmentation algorithm to collect semantic
data, but it does not create a local semantic map. Then, the data exchanged here is coupled
with semantic and geometric information and not local maps. Therefore, the multi-robot
data association and fusion module, implemented in the server, must process the corre-
spondences and inconsistencies of the incoming data from several robots and integrate
them into a single representation of the environment (Section 3.3.2).

Considering these formalizations, we can conclude that three types of data can be com-
municated by the robots to the server: sensor row data, separate geometric and semantic
data, and local semantic maps. Therefore, each case has its specific requirements in terms
of communication bandwidth latency and robot processing power.

In the literature, there are a few works that use a centralized architecture for semantic
mapping, which covers the second case presented in Figure 6b. In this work [49], the authors
proposed a server—client architecture for mapping a domestic environment. On the one
hand, the client implements four main components: an object-recognition module, an object
information-processing module, a robot-localization module and a communication module.
Indeed, the object-recognition module is used to detect the robot’s environment and the
objects within it. The output of this component is used as input of the object information-
processing module, which collects and packages information such as the object category, its
size, its 3D position in the robot frame, its orientation and its confidence score. Meanwhile,
the localization module is in charge of localizing the robot on a predefined map and
collecting its position information. Then, a communication module transmits the resulting
semantic and geometric informations to the server. On the other hand, the server is
composed of several elements, the main ones being: the general manager, the object
manager, the ontology manager and the graphical user interface. The general manager
handles the data flow by creating connections with the clients. The object manager processes
the received object detections and creates or updates objects in a virtual environment.
The ontology manager manages the model containing the semantic informations. Finally,
the graphical user interface allows an operator to adjust and modify the resulting map.

3.2.2. Distributed Semantic-Mapping Architecture

While a centralized architecture is composed of agents and a server, the distributed
architecture, shown in Figure 7, is composed only of a set of robots that work together
to estimate the global map. Indeed, each robot runs its own semantic-mapping system.
Then, the multi-robot data association and fusion process is performed by a single robot
or by each member of the fleet depending on the application, the processing power of
the robots and the communication constraints, in order to fuse the resulting individual
semantic maps.
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Figure 7. Representation of the distribution of a semantic-mapping system in a distributed architec-
ture. (a) Each robot collects data from neighboring robots and establishes data association and fusion
to create its global semantic map, (b) a single robot collects maps from neighboring robots, creates
the global semantic map and distributes it to other robots.

This architecture is considered the appropriate technique when the bandwidth is lim-
ited and the robots have heterogeneous needs and capabilities [48], or when the application
requires to maintain local autonomy for decision making (security, robustness, etc.). How-
ever, it is more challenging for inter-robot communication than the centralized architecture
because the topology becomes unstructured, it can change dynamically depending on
whether the other robots are in proximity or not, and also because of the data correlation
problem that may occur in the case of a cyclic communication between robots. The main
advantage of this architecture is that it ensures flexibility and autonomy of the robot fleet.
Thus, in the case of a centralized architecture, when the server fails, all robots fail, whereas
in a decentralized architecture, even if one robot fails, the other robots can continue their
task using their own semantic maps and existing data from the other robots.

Figure 7 shows the two possible formalizations of the semantic-mapping problem
in a distributed architecture. In Figure 7a, each robot builds its own local semantic map,
and then receives the maps of its neighbors. Indeed, it receives data from robots with
which communication is physically possible and within communication range at the time
of multi-robot data gathering, to associate and merge them with its own map. In contrast,
in the second scheme of Figure 7b, each robot builds its own local semantic map, but only
one robot collects all the maps of the neighboring robots and runs the data association and
fusion algorithm to create the global map, and then sends it to the robots that are within its
range and needed for their task. This case is very similar to the second formalization of
the centralized architecture, where each robot creates its local semantic map, and then the
fusion is executed in the server. The only difference here is that the task of data association
and fusion is performed by a robot instead of the server. In general, if the robots in the fleet
are not identical, the robot with the highest computational power performs this task. It is
also possible to have a third option by combining the two schemes of the Figure 7, where
each robot maintains a global map and the global maps are exchanged between the robots.

In the literature, the majority of works that are interested in proposing a collaborative
semantic-mapping system used a distributed architecture. For example, Yue et al. [47,50]
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used the Husky Clearpath mobile robots, equipped with powerful controllers. Each robot
estimates its local map and updates it incrementally using the partial maps received from
the other robots. In [51], 12 marine robots were used, where each robot creates its local
semantic model of an ocean environment, and then a fusion algorithm is run by any robot
in the fleet that has collected the maps from the other robots in order to fuse them into a
global map. The authors specify in this paper that this algorithm can be also implemented
in a server and executed manually by an operator each time a new match is needed, but it
is computationally light enough to be implemented by any robot in the fleet.

3.3. Multi-Robot Data Association and Semantic Maps Fusion

The data association and fusion process can be performed in two modes, either a “real-
time incremental mode” or a “one-shot mode”. In the first, the individual robots incrementally
create their partial semantic maps and communicate them in real time to a fusion module
to progressively build the global semantic map. In the second mode, the semantic maps of
individual robots are created in advance and then fed to the fusion module to create the
global semantic map in one step. Table 2 specifies the fusion mode for the reviewed works
and provides an overview of the input data type of the fusion module, the methods used
to solve this task, and the resulting map representation.

Table 2. Different data association and fusion techniques used in collaborative semantic mapping.

Data Association and Fusion Methods

Ref. Year Fusion Mode Input Data Map Representation
Data association Fusion
Local grid-based Global grid-based
[52] 2019 Incremental . & Point-to-point matching Map alignment . &
multi-modal maps multi-modal map
[53] 2019 One-shot Local OSTM [54] Graph matching Graph merging Global OSTM
. . . 3D Octree global
[47] 2020 Incremental 3D Octree local maps [55] Voxel-to-voxel matching Bayesian fusion
map
(51] 2021 One-shot BNP-ROST unsupervised ~ Matching topics developed in Associating a single Global semantic
learning models [56] individual robot models label to similar topics occupancy model
. Grouping labels associated with ~ Assigning a parent label to .
Coupled geometric . ) . Labeled 3D virtual
[49] 2021 Incremental the same physical element each virtual object and

and semantic informations

. . C e environment + Ontology
under a common virtual object  linking it to the ontology

This process can be viewed as two main sub-problems: the data-association problem
and the fusion and optimization problem. Thus, the data-association problem consists of
establishing correspondences between local semantic maps using geometric and semantic
data. In addition, the fusion and optimization problem consists in integrating multi-
robot data into a global representation by using data associations and dealing with data
dissimilarities. In what follows, we review the techniques proposed to address these
two problems.

3.3.1. Data Association

The data-association techniques proposed in the reviewed papers are designed accord-
ing to the type of semantic map generated by the single robot. Indeed, the local map type
defines the kind of correspondences to be established between these maps. Moreover, these
techniques depend on the characteristics of the mapped environment, such as whether it is
dense or flat, static or dynamic, and feature-rich or feature-less. For example, it is easier
to match data when the environment contains distinctive features than when it contains
similar repeating patterns. Below, we classified the techniques used for semantic-map asso-
ciation into three main categories: metric-semantic maps matching, topological-semantic
maps matching, and grouping data referring to the same element.
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Metric—semantic maps matching: This category includes methods where the data-association
problem is to match semantic-occupancy maps, specifically by determining point-to-point
correspondences in the case of 2D local maps and voxel-to-voxel correspondences in the case
of 3D local maps. For example, Yue et al. [47] focused on matching 3D semantic-occupancy
grid maps to construct a global map of an indoor—outdoor environment. They consider that
existing works using only geometric data, such as planes, lines and points, to establish data
association between local maps are not very effective in feature-less environments. Therefore,
they propose to match local maps using both semantic and geometric data. To this end,
as shown in Figure 8, each robot follows a trajectory and performs a semantic-mapping
system proposed by [55] in a part of the environment. Then, the generated local semantic
maps, which are 3D occupancy maps divided into voxels (3D Octree maps), are merged.
Indeed, each of these voxels has an occupancy probability and a semantic-class probability
computed by applying the Bayes rule. In order to determine the data association, each
robot receives the maps of the neighboring robots according to a certain permutation and
calculates the relative transformation matrix between the received map and its own map
using the matching algorithm proposed in [50]. Then, the expectation-maximization (EM)
algorithm [57] is used to infer the hidden data association. This algorithm is divided into two
steps: the E-step and M-step. The E-step establishes the correspondences between the robot
map and the received map by computing the minimum relative distances using geometric and
semantic data, and the M-step uses these correspondences to update the occupancy and the
semantic-class probabilities of the robot global map voxels. In this work, the main advantage
is that the EM algorithm can assign a probabilistic data association and update it iteratively
instead of assigning hard decisions.

Single Robot Semantic Map:

.'::- = 3 ¢ '.‘-'- S BC I L < Tk w
Il E = = = =

Road Sidewalk  Building Person  Vegetation  Terrain Car

Figure 8. An example of collaborative semantic mapping in mixed indoor-outdoor environment.
Red trajectory is robot 1, and orange trajectory is robot 2. Top: local semantic maps generated by two
robots. Bottom: collaboratively generated global semantic map [47].

In [47], voxel-to-voxel correspondences were established to associate local 3D semantic
maps; in [52], point-to-point correspondences were established to associate local 2D seman-
tic maps. This work is different from other works because it proposes a method to establish
the association of data coming from heterogeneous robots, namely, an aerial vehicle map
and a ground vehicle map. This method is specifically designed for the agricultural con-
text, where the generated maps are typically composed of similar and repetitive patterns.
Specifically, the aerial vehicle can quickly provide a coarse reconstruction of a large area,
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which can be updated with portions of more detailed, higher resolution maps generated by
the ground vehicle visiting selected areas. First, a 2D grid map is created for each robot
using its colored point cloud generated from the collected GPS/IMU-tagged RGB images.
This map is composed of a multi-modal semantic representation of the environment, where
each cell stores the vegetation index and height information of the local surface. Then,
the idea to match these two maps is to find a dense flow of point-to-point correspondences
between them using the large diplacement dense optical flow (LDOF) system [58]. The key
intuition for using this method is that points belonging to one cloud locally share similar
displacement vectors that associate them with points in the other cloud. The LDOF system
is modified to fit the environment specificity by including the vegetation index and the
geometric properties of the surface in the calculation of the cost function.
Topological-semantic maps matching: In this method, the data-association problem is
defined in a different way. Indeed, the type of local maps is a graph augmented with
semantic information. The problem is, therefore, to match the nodes of these graphs using
semantic and geometric data. This issue is addressed in [53], where the authors propose a
different technique for matching topological-semantic maps. They did not use the state-
of-the-art sub-graph fusion techniques based on combining geometric and topological
information [59,60], but instead proposed a new technique based solely on semantic and
topological information. It does not require the global or relative pose of the robots to merge
the maps. Each robot builds its partial oriented semantic topological map (OSTM) using the
exploration algorithm [54]. This map is a semantically structured topological graph of the
environment, where vertices represent locations in a building (room, hallway) and edges
connect locations with a direction to traverse them. Then, to merge the sub-graphs, a bio-
inspired algorithm [61], called inverse Warrington’s object recognition model (IWORM),
is used. It makes the correspondences between the two subgraphs using two comparison
layers. The first layer, called semantic categorization, compares the two sub-graphs in terms
of node orientation and semantic label. The second layer, called perceptual categorization,
compares the two sub-graphs in terms of local structure, such as the number of neighbors
of a vertex and the connections between those neighbors, in order to address labeling and
orientation errors that may occur during the single-robot semantic-mapping process.
Grouping labels referring to the same element: In this third category, the main objective
of the data association is to group together the labels develeped by different robots and
referring to the same physical element of the environment. For example, this method is
used in [49], where the authors proposed a server—client system to build and maintain a
semantic map of a dense domestic environment. This system generates a 3D environment
reconstructed under Unity 3D, where each detection is added as a label to the virtual
environment and linked to a semantic concept in an ontology. In effect, each robot processes
its detections to determine object categories, 3D positions, dimensions and confidence
scores. Then, it sends these data with its position to the server. The latter first determines
the global positions of all detected objects in the reference system of the virtual environment.
Then, it establishes multi-robot data correspondences using the physics provided by Unity
3D. It actually detects when virtual objects are close to each other or even in contact with
each other with respect to a distance threshold. In the case of a collision, if they also share
the same labels, then they are considered to refer to the same object. This method of data
association is quite simple, but its main difficulty lies in the definition of the threshold
distance allowing to consider the existence of a collision or not, because the objects in the
environment have variable sizes. Thus, in some cases, the distance between two labels can
be large enough to consider that they refer to two distinct objects, while in reality they refer
to the same large object.

In the same spirit, the data-association method proposed in [51], consists of estimating
the number of unique phenomena developed by different marine robots after completely
exploring their area of the environment. As shown in Figure 9, each robot develops its
individual semantic model of the environment, and then the correspondences between
them are resolved into a global semantic map. While in [49], a pre-trained deep-learning
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model is used for semantic mapping, so that the labels are known; in this work, the online
unsupervised BNP-ROST model [56] is used, so that the detected features are developed as
topics without associated labels (Topic 1, Topic 2, .. .) and are different from one robot to
another. To establish the data association, the designed algorithm uses the final models of
all robots to compute a topic similarity matrix to identify when the robots have developed
semantically equivalent topics. Then, noisy topic similarities are removed in a two-step
process. In the first step, similarity weights below a defined threshold are removed to
obtain the noisy association graph. Then, in the second step, the obtained noisy association
graph is rectified using the CLEAR algorithm [62] to generate the final cluster graph, where
the topics belonging to the same cluster represent a unique phenomena. This method is
very interesting for collaborative exploration of unknown environments, but it is highly
dependent on the performance of individual robot models, which do not require pre-
training, but need to be well-tuned by many varying parameters depending on the mission,
which is not such a simple task.

RGB Images

Online Semantic
Modelling

Semantic
Segmentations

Map Matching &
Merging

Fused Semantic
Map

Figure 9. The fusion of two different semantic models developed by two robots in the same environ-
ment [51].

3.3.2. Fusion and Optimization

In order to integrate multi-robot local semantic maps into a global representation, it
is important to have a module that handles inconsistencies and dissimilarities between
them. The fusion and optimization process is responsible for this task. Indeed, it is
performed after the data-association process and builds the global semantic map using the
established correspondences. The solutions proposed in the literature address several types
of dissimilarities, mainly dissimilarities caused by multiple view-point errors, annotation
errors, and localization errors, as presented in Table 3.
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Table 3. Sources of dissimilarity addressed in the reviewed works in relation to the collaborative
semantic-mapping framework.

Sources of Dissimilarity

Ref. Year .Multlp.l N Annotation Localization
View-Points
Errors Errors
Errors
[52] 2019 X X X
[53] 2019 - X -
[47] 2020 X - -
[51] 2021 - - -
[49] 2021 X - -

The most addressed type is dissimilarities caused by sensing the environment from
multiple viewpoints. In that case, the detected features may have different semantic labels
and some variation in their positions in the corresponding maps. For example, in [47],
the authors consider that the same object can be observed from different viewpoints by
different robots, and voxels representing the same object can have different semantic
classes. Therefore, the fusion method they propose is capable of correcting false labels
and improving true labels. After computing the exact transformation matrix between the
neighboring robot’s 3D Octree map and its own map, the robot uses it to perform pair-wise
voxel fusion. Since each voxel is considered as a Gaussian distribution, the problem of pair-
wise voxel fusion consists of integrating two Gaussian distributions. Therefore, the fusion
of 3D Octree maps consists of integrating multi-dimensional Gaussian distributions into a
global representation. For this purpose, the authors used the 3D statistical fusion method
proposed in [63]. The experiments conducted in this paper demonstrate that this fusion
method can obtain a high-quality 3D Octree map in dense and large environments.

This same problem is addressed in [49], where identical mobile robots explore the
environment at different times following the same trajectories, but the only difference
between them is that the camera’s point of view is changed. Each robot sends its detections
to the server. Then, the server checks whether this object has been detected before or not,
as explained in Section 3.3.1. If the object is detected for the first time, it is added to the
virtual environment as a 3D bounding box with its respective dimension and is represented
in the ontology as an instance of its associated category or concept. Nevertheless, if it
has been detected before, the properties of all detections are merged to obtain a virtual
parent object that encapsulates: the category of the item, the average confidence score,
the number of items that have been merged and the union of the child bounding boxes.
After that, the corresponding instance of the object in the ontology is updated with the new
properties of the virtual parent. However, a record of all previous detections is maintained
by entering each of them as an instance of the parent object. It is important to mention
that this work is one of the few papers that address the problem of merging semantic-map
representations containing a conceptual part (the ontology), as other works only treat the
merging of annotated spatial representations.

Regarding dissimilarities caused by localization and annotation errors, the proposed
method in [52] addresses various related problems such as local inconsistencies, global
deformation and relatively large initial misalignment. For this purpose, after comput-
ing the dense set of point-to-point correspondences between an air-vehicle map and a
ground-vehicle map, the largest set of correspondences with consistent and similar flows
is identified and used to infer a preliminary alignment transformation between the maps.
This step deletes dissimilarities resulting from local inconsistencies that may be caused
by detection or communication errors. Then, in order to deal with the global deforma-
tion resulting from the inaccuracy of the location and orientation data provided by GPS
(Global Positioning System) and AHRS (Attitude and Heading Reference System), a non-
rigid point-set registration algorithm is used to estimate an affine transformation. Finally,
the global semantic map is obtained by performing robust point-to-point registration on the



Appl. Sci. 2022,12,10316

19 of 24

input point clouds using only the points belonging to the vegetation in the local semantic
maps. In another work [53], the global semantic map is a topological graph connecting
many robot sub-graphs. In this particular work, only semantic data is used to match the
maps, so there are no errors caused by metric data, but there are dissimilarities caused by
labeling errors, such as the association of a wrong label or the absence of a node.

Finally, in addition to the automatic fusion systems described above, some works have
proposed a system based on human intervention to optimize and maintain the resulting
global representation. Indeed, in [49], since the robots map the environment at different
times, the authors considered that the location of an object mapped by the first robot can
be modified before the other robot maps the environment. This case is not solved by
the automatic system designed to merge dissimilarities caused by multiple viewpoints.
Therefore, they included the option for the operator to modify the final reconstructed
labeled 3D map by replacing or deleting erroneous labels. It is also important to mention
that some works do not focus on the fusion and optimization part but only on solving
the data-association problem. For example, in [51], after clustering the topics associated
with the unique phenomena explored in the ocean, the positions of the marine robots are
considered error-free, so the fusion part consists only of concatenating the local semantic
maps and segmenting the topics referring to the same phenomena with the same color.

In conclusion, the fusion and optimization methods proposed in the literature mainly
deal with multiple viewpoint errors and annotation errors in order to integrate local
semantic maps into a global map. The majority of works consider that robot positions
exist and attempt to optimize the detection positions by resolving inconsistencies in the
corresponding maps. Meanwhile, few works take into account dynamic objects in the
fusion process.

4. Open Problems and Ongoing Trends

Although many semantic-mapping systems have been proposed, there are still chal-
lenges and possible improvements in the state-of-the-art solutions for both single-robot
systems and collaborative systems. In this section, we highlight some of the potential
improvements and remaining challenges.

4.1. Semantic Data Gathering Challenges

Currently, sensors such as lasers and RGB/RGBD cameras are widely used in the
semantic-mapping process. In order to extract the semantic information, this input data
must be processed. However, it is possible to equip the robot with additional specific
sensors to directly extract the semantic information. For example, a temperature sensor
to collect temperature values or a humidity sensor to collect humidity values. Regarding
collaborative semantic mapping, most works collect semantic data using a fleet of mobile
robots. However, it is possible to add static sensors to collect specific semantic data,
for example, a camera implementing a people-detection algorithm to calculate the number
of people in a scene, or a temperature sensor to provide the temperature variation over time
within a scene, giving continuous data of a scene instead of a limited set of data collected
when the robot explores that local area.

4.2. Map Representation Challenges

There are several challenges that can be addressed at the representation level. For example:

4.2.1. Task-Oriented Map Representation

The semantic-mapping process is generally designed with consideration of the map
representation needed to accomplish the task. Today, there are many proposed represen-
tations, but they solve only a few specific tasks, mainly semantic navigation and room
classification. Indeed, it is still difficult to implement these maps to solve more complex
problems, such as task planning. For example, the robot uses the map to execute a com-
mand such as “Bring me a cup”, where it must use the map to navigate to the kitchen, find
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the exact location of the cup, pick it up, and bring it to the user. In addition, if it finds
the kitchen door closed, it is able to understand it and open the door to continue its task.
In order to perform this, the map representation must contain the data needed to plan the
task, and the robot must have the appropriate reasoning system to interpret its commands
and make a decision among a set of possible actions depending on the situation.

4.2.2. Context-Aware Map Representation

Some of the existing semantic-mapping systems build metric semantic maps, such
as semantic occupancy grid maps, which allow the robot to interpret the positions of
represented elements using their associated labels. Other works build hierarchical semantic
maps, which give a context-aware representation, where the detected features are associated
using their labels to a common-sense database giving a more detailed description of the
context, especially about the concepts involved in the environment and the relationships
between them. For single-robot semantic-mapping systems, there are many works that
focus on building a context-aware map representation, but for collaborative systems, most
of the existing works focus on fusing local geometric-semantic maps and do not focus on
building a shared contextual database of the environment. There are only a few works that
have built and maintained a common-sense database on the server that is shared by all
robots. This database is populated using data collected by multiple robots. Therefore, this
can cause some problems due to multi-robot data dissimilarities, but it permits to build
a much detailed and extensive description of the environment to expand the knowledge
database of individual robots.

4.2.3. Knowledge Database Representation

Despite the variety in the hierarchical representations proposed, most works use an
ontology model to describe the contextual knowledge database. There are few works that
use other structures as the relational semantic model proposed in [41]. Indeed, a possible
direction in future works could be to explore other data representation models in order to
optimize the reasoning system or to facilitate the reuse of semantic-mapping systems in
different environments. In current works focusing on domestic and office environments,
the models include concepts and connections specific to these environments, such as
“kitchen” and “living room” as room categories, “supplies” and “offices” as object categories,
and “oven is in the kitchen” as an object-place relationship. When transferring the semantic-
mapping system to another environment with a different context, it is necessary to design a
new ontology. For example, for an industrial environment, new concepts and relationships
are needed in the model, such as “workshop” and “warehouse” as place categories, “machine”
and “container” as object categories, and “container is in the warehouse” as an object—place
relationship. In other cases [41], the semantic relational model can be directly adapted to
the industrial environment because the relationships between the concepts are implicitly
included in the model design. It is, therefore, sufficient to modify the information on the
domestic environment by information on the industrial environment to adapt it to the
new context.

4.3. Semantic Mapping of Dynamic Environments

Although many single-robot semantic-mapping systems have been proposed, most
of the works focus on static environments. The majority of them propose a process to
create the initial map of the environment, but they do not consider maintaining it. Only
a few works designed a system to update the map to take into account moving objects,
newly introduced objects, and deleted objects. To perform this process, these systems are
not autonomous and require the assistance of an operator. Moreover, only a few works
considered collecting semantic data about humans in the environment, which can be
interesting in a collaborative context. Similarly, in collaborative semantic-mapping systems,
the majority of works focus on static scenes, and only a few works considered updating
the dynamic feature representation after the mapping process. Updating the map through
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an autonomous process is a challenging task that could be addressed in future works
on semantic mapping. Indeed, such a system is very important for mapping a dynamic
environment, where the structure changes at a high frequency. For example, in an industrial
environment, where the human and the robot share the same workspace and where objects
can be introduced and removed every second [64], a real-time semantic map is needed to
give the robot real-time information about its environment and to ensure the safety of the
human-robot collaboration.

4.4. Collaborative Semantic Mapping of Indoor Environments

While many works on single-robot semantic mapping focus on indoor environments,
the few recent works that address collaborative semantic mapping focus primarily on
outdoor environments. Indeed, in these environments, the area to be mapped is large
and using a fleet of robots has many potential advantages, such as distributing tasks
to reduce work time and obtaining a more accurate representation of the environment.
For indoor environments, work in the literature focuses on the semantic mapping of office
and domestic environments to facilitate the integration of robots into these environments
and extend their capabilities. In these settings, a single service robot is typically used, so the
collaborative approach is not very interesting, but in other indoor environments that could
be explored in future work, there may be benefits. For example, in industrial environments,
where high precision is required, a collaborative approach can provide a more accurate
representation of the environment.

4.5. Semantic-Map Fusion Challenges

While some data-fusion problems have been addressed, such as dissimilarities caused
by multiple viewpoints or mislabeling, many other problems can still be explored. While
currently most works address the problem of merging local semantic maps of the same type,
a first possible challenge to be explored in future works is the merging of heterogeneous
semantic maps. This solution can be very interesting when the robots in the fleet have
different sensing capabilities. Moreover, in most works, the final global map output has the
same type of local semantic map, so another challenge is to build a different representation
of the output map. For example, in a centralized architecture, the map representation can
benefit from the server data in addition to the local maps of the robots to build a better
map representation. Finally, it is possible to consider optimization challenges such as the
optomization of the data exchanged between the robots to reduce the processing power
and increase the performance of the system, especially in real-time applications.

5. Conclusions

This paper reviews recent work on single-robot semantic indoor mapping and col-
laborative semantic mapping. In general, for single-robot semantic mapping, state-of-the-
art SLAM solutions are used to generate a geometric representation of the environment.
Then, several semantic-data acquisition methods are used to augment this representation.
In recent works, object detection/recognition techniques and deep-learning-based seg-
mentation techniques are widely used for semantic-information extraction from RGB or
RGB-D images. Alternatively, HRI-based acquisition methods integrate the human into the
semantic-mapping process in order to label the physical features perceived by the robot
or to introduce additional information about the features already detected by the sensors
using different human-robot interfaces. Reasoning-based acquisition methods allow the
robot to infer new information useful to its mission using previously acquired data and
a knowledge database about the environment. To achieve a semantic map, there are two
possible representations, either by directly visualizing the semantic information on its area
in the geometric representation, or by organizing the semantic and geometric information
in a hierarchical structure, which is more suitable for semantic-map applications such
as semantic navigation and task planning. Regarding collaborative robotics, this review
shows that there are few works that address collaborative semantic mapping. Most of these
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works focus on two main topics: proposing a centralized or distributed semantic-mapping
architecture, and addressing the challenge of multi-robot data association and fusion.
The proposed solutions mainly focus on outdoor environments. They are dependent on the
environment and the characteristics of the fleet of robots. Although considerable progress
has been made in the field of semantic mapping in recent years, this paper shows that
there are still some challenges to be addressed, including semantic data gathering, map
representation, environment and collaboration challenges.
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