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Abstract

Objectives. At present, increasing rates of pollution of vast areas by various types of household waste are becoming
an increasingly serious problem. In this connection, the creation of a robotic complex capable of performing
autonomous litter collection functions becomes an urgent need. One of the key components of such a complex
comprises a vision system for detecting and interacting with target objects. The purpose of this work is to develop
the underlying algorithmics for the vision system of robots executing area cleaning functions.

Methods. Within the framework of the proposed structure of the system for visual analysis of the external environment,
algorithms for detecting and classifying objects of various appearance have been developed using convolutional
neural networks. The neural network detector was set up by gradient descent on the open dataset of TACO training
samples. To determine the geometric parameters of a surface in the field of view of the robot and estimate the
coordinates of objects on the ground, a homography matrix was formed to take into account information about the
characteristics and location of the video camera.

Results. The developed software and algorithms for a mobile robot equipped with a monocular video camera are
capable of implementing the functions of neural network detection and classification of litter objects in the frame,
as well as projection of found objects on a terrain map for their subsequent collection.

Conclusions. Experimental studies have shown that the developed system of visual analysis of the external
environment of an autonomous mobile robot has sufficient efficiency to solve the tasks of detecting litter in the field
of view of an autonomous mobile robot.
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Peslome

Llenu. B HacTosLee BpeMs OnacHOM rnobanbHON TEHOEHLUMEN CTAHOBATCS HapacTallme TeMMbl 3arpa3HeHns
OrPOMHbIX MO NAOLWAAY TEPPUTOPUIA PA3AUYHBIMY TUMAaMK BbITOBLIX OTXOA0B. B CBA3M C 9TUM akTyanbHOW NOTpe6-
HOCTbIO SIBNISETCHA CO3AaHNE POOOTOTEXHNYECKMX KOMIMIEKCOB, CMOCOOHbLIX B @aBBTOHOMHOM PEXMME OCYLLECTBNATh
cbop Takoro mycopa. OLHOWM N3 KMOYEBBLIX COCTABNAOLLMX NOAOOHbBIX KOMMIEKCOB AO/MKHA CTaTh CUCTEMA TEXHU-
4YeCKOro 3peHus ons aeTekumm 1 B3aMMoOencTBua ¢ uenesbiMn obbektamu. Lienb paboTtel — pa3dpaboTka anro-
PUTMUYECKOro 06ecneyeHns CUCTEMbl TEXHUYECKOro 3peHns PO6OTOTEXHMHYECKUX KOMMIEKCOB B 3a4a4e yOopKu
TeppuTopun.

MeTopabl. B pamkax npeanoXeHHON CTPYKTYPbl CUCTEMbI BU3YyalbHOrO aHaNN3a BHELLHEN cpefbl Oblnv ONTUMN3K-
pOBaHbI N0, 3a4a4y Pacno3HaBaHMsg Mycopa anropuTMbl AeTEKLUN U Knaccudurkaumm 06beKTOB Pa3INYHOMO BHELL-
HEro Bmaa C NPUMEHEHNEM TEXHOJIONMN CBEPTOYHbLIX HEMPOHHbLIX CeTelr. HacTporika HEMPOCETEBOro AeTeKkTopa
npomM3BoAMIaCk METOA0M MPAAMEHTHOMO CNycka Ha OTKPbITON 6a3e obyyatowmx npumepos TACO. Ang onpenene-
HUS FEOMETPUYECKMX MAapaMeTPOB MIOCKOro MPOCTPAHCTBA B NOJ1e 3peHnst poboTa 1 OLLEHKN KOOPAMHAT OObEKTOB
Ha MEeCTHOCTU MCMOJib30BaHa Martpuua romorpadum, GopmMmmpyemas ¢ y4eToM MHGOPMALINK O XapakKTepuCcTnKax
1 pacrnosioxXeHny Buaeokamepbl B NPOCTPAHCTBE.

Pe3ynbTaTthl. Pa3zpaboTaHHOE NPOrpaMMHO-anropuTMnU4Yeckoe obecnevyeHme CUCTEMbI TEXHUYECKOrO 3pEeHNS A1
MOBUILHOrO PO60Ta, OCHALLAEMOr0 MOHOKYJIIPHOM BUOEOKAaMepPO, peannadyeT GYHKLMN HEMPOCETEBOW AeTEKLNN
1 knaccudmkaumm o6bEKTOB B Kaape, a Takke NPOeKunn HanaeHHbIX 0O bEKTOB Ha KapTy MECTHOCTU A5 UX Nnocie-
aytoulero cbopa.

BbiBOAbI. [IPOBEAEHHbIE SKCMEPUMEHTANIbHbIE NCCEA0BAHNS NOKa3anu, 4To pa3dpaboTaHHasa CUMCTEMA BU3yallb-
HOro aHanM3a BHELUHEN cpefbl aBBTOHOMHOIMO MO6UIbHOro poboTa 06nagaeT 4OCTATOYHOM 9DPEKTUBHOCTLIO AN
peLLeHnsa NoCTaBEHHbIX 3a4a4, B T.4. AN o6HapyXeHus Mycopa B Nnosie 3peHnst aBBTOHOMHOIO MOBUIIbHOIO Po-
6ora.

KnioueBble cnoBa: HelipoceTeBas AeTekLusl, TeXHUYeCcKoe 3peHne, romorpacdus, MobusbHble Po60ThI, y6opka
TeppuTopumn

* Moctynuna: 10.03.2022 » flopa6oTaHa: 28.02.2023 ¢ MpuHaTa k ony6nukosaHuio: 02.05.2023

Ans umtupoBanus: Benakos M.3., JuaHe C.A.K. AnropuTMbl BU3yaslbHOrO aHann3a BHELUHEeN cpedbl aBTOHOMHbIM MO-
OunbHbLIM POBOTOM B 3aza4e yoopku Tepputopun. Russ. Technol. J. 2023;11(4):26—35. https://doi.org/10.32362/2500-
316X-2023-11-4-26-35

Mpo3payHocTb hMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NMPEACTaB/IEH-
HbIX MaTepuanax nan MeToaax.

ABTOpPbI 3a9BAAIOT 06 OTCYTCTBUN KOHDNKTA MHTEPECOB.
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INTRODUCTION

In most countries of the world, including Russia,
waste produced in the course of daily human activity
is generally disposed of in one of two ways: incinerated
in waste incinerators or buried in landfills. Both methods
of disposal have a negative impact on the environment.
The incineration of waste is accompanied by the release
of toxic gases and dust into the atmosphere, contributing
to global warming and the pollution of water bodies,
forests and cities far from the location of their release
into the atmosphere. While incinerators used in post-
industrial countries dispose of the toxic and polluting
part of the waste in such a way as to reduce the impact
of air pollution, the majority of waste continues to be
buried in landfill sites, which also involves negative
impacts in terms of emissions, contamination of ground
water, etc.

These factors determine the importance of sorting
waste into categories in order to reduce the amount
of hazardous pollution as a result of waste disposal. The
wastes produced by human activities can be divided
into hazardous and safe [1]. Safe wastes include food
residues, cardboard and paper, cellophane, and other
organic wastes. Since such wastes when decomposed
do not poison the soil or water sources, their negative
impact on the environment is minimal; moreover, such
materials can be easily recycled into new products.
Hazardous wastes such as electric batteries, paint and
varnish products, polyethylene, etc., can poison the soil
and water bodies within a radius of several kilometers.
Thus, waste sorting helps to reduce the amount
of pollution by decreasing the amount of hazardous waste
being sent to landfill sites instead of proper disposal sites,
as well as increasing the quantity of recycled wastes and
reducing associated waste removal costs.

An equally noteworthy problem involves the
unintentional or intentional littering of public places
such as streets, parks, picnic areas and beaches.
According to Report Park Litter2020', the most common
objects of litter in public spaces are cigarette butts,
food wrappers, and plastic bottles. Given the diversity
and vastness of the areas exposed to pollution and the
general trend towards automation, a need arises to create
automated robotic systems capable of autonomously
picking up litter.

This present work considers a visual environmental
analysis system for an autonomous mobile robot
to search for and recognize different categories of waste,
and localize the litter in a given area for subsequent
collection. For such purposes, it is sufficient for the
robot to have a single on-board camera.

I https://www.legambienteverona.it/wp-content/
uploads/2021/01/Report-Park-Litter English-final.pdf. Accessed
January 25, 2022.

ANALYSIS OF DEVELOPMENTS
IN THE FIELD OF ROBOTIC
TERRITORY CLEANING

A number of R&D and production organizations
around the world are working on the issue of automating
litter pickup. Thus, in [2], a robotic system (RS) for the
recognition of litter objects and their further collection,
equipped with a gripper, a camera, and a visual sensing
system, is described. This RS comprises an easy-to-
implement hardware and software complex, forming
the basis for creating an autonomous mobile robot for
performing area cleaning tasks.

Since the visual analysis system of this RS uses the
MobileNet pre-trained machine learning model [3],
the system is only able to recognize bottles as litter.
The work uses a simplified system of pointing and
estimating the distance to the object. After detecting
an object on the camera frame, the difference between
the center of the frame and the center of the object’s
dimensional frame obtained from the MobileNet
detector output is used to rotate the robot and point
it at the object.

A PID (Proportional-Integral-Differential) controller
can be used to control the motion of the robot [4]. The
distance to the object is calculated using the parameters
of the camera location on the base of the robot, taking
tilt angle, height from the floor, and camera opening
angle into account. The disadvantage of this approach
is that, when recognizing multiple objects, there
is no possibility of building an optimal route for their
collection. Moreover, the system offers no litter sorting
function.

In [5], a robotic system for litter processing is also
described. However, in this case, the described system
is not a mobile robot, but a conveyor system equipped
with a mechanical manipulator, as well as a camera
for visual classification and subsequent segregation
assembly of waste arriving on the conveyor belt. The
visual analysis system is capable of classifying waste
into four classes: paper, metal, glass, plastic. Instead
of using neural network algorithms, this system is based
on the classical image processing algorithms, consisting
of the following steps: recognition of object boundaries
on the basis of the corresponding Canny algorithm [6];
threshold detection to separate objects from the
background and remove noise; Gaussian filtering to blur
object details; photo conversion into black-and-white
format in order to use the brightness channel for edge
detection; object contour recognition on the binary
image. Further processing steps are the use of Hu
Moments [7] and Fourier [8] descriptors to describe the
shape of objects, along with the Hyperplane K-Nearest
Neighbors method [9] for classification by object
descriptors.
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MODELS AND ALGORITHMS
FOR RECOGNIZING THE TYPICAL OBJECTS
IN THE ROBOT’S FIELD OF VIEW

Recognition and localization of objects is typically
performed by the processing of raster images
by methods of computer vision. However, there are
different approaches and methods of computer vision.
Classical methods include algorithms for finding key
points, selecting object boundaries, and geometric
transformations. Such algorithms are well suited
for simpler and more deterministic tasks in terms
of external factors, e.g., lighting and distance to the
subject, as well as slight variations in the shape
of objects. Alternatively, recognition algorithms based
on deep learning are more robust to false positives
when the illumination, size or foreshortening of the
object changes. Such algorithms, which are usually
built using convolutional neural networks, allow the
creation of more advanced and fault-tolerant computer
vision systems.

The convolutional network architecture is so named
due to the convolution operation, whose essence is that
each image fragment is multiplied element-by-element
by the convolution matrix (kernel), with the result being
summed and written in the similar position of the output
image. The best results in the generalizability of the
network and its computational efficiency are achieved
when the convolutional layers and sub-sampling layers
are alternated. Since this leads to a consistent reduction
in the dimensionality of the input data, it makes the
network robust to minor transformations of the analyzed
image.

Among the computer vision problems solved
by convolutional neural network methods, we can
single out the problem of detecting objects in an
image [10] as most suitable for the problem discussed
in the present work. The detection problem consists
in the need to determine the class and coordinates
of target objects in order to permit processing of the
image algorithm.

Since the neural network can be represented as a
multidimensional function, the learning process consists
in the optimization of the numerous internal parameters
by the method of gradient descent [11].

To train a neural network model for the task of litter
detection in the robot’s field of view an open dataset
TACO? [12] was chosen, comprising 1500 images
with 4784 labeled objects sorted into 28 classes, which
are globally divided into paper, glass, plastic, and
metal (Fig. 1).

2 TACO is a growing image dataset of waste in the wild.
It contains images of litter taken under diverse environments:
woods, roads and beaches.

As the architecture of the neural network detector, the
YOLOV4 algorithm was selected [13]. This architecture
offers a compromise between accuracy of object
detection and speed (up to several hundreds frames per
second when running on a graphics gas pedal). As a result
of training, the model was optimized to 0.13 mAP (mean
average precision) by 4 classes.

Fig. 1. Examples of marked images in the TACO training
examples database

The complex and comprehensive mAP metric [14]
takes into account both classification errors (FP, FN) and
errors in localization of objects in the frame. Therefore,
the obtained value of accuracy according to mAP metric
is sufficient for practical application. The result of the
detector operation is shown in Fig. 2.

Fig. 2. Result of the YOLOv4 detector operation
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MODELS AND ALGORITHMS
FOR LOCALIZATION OF TYPICAL OBJECTS
ON THE TERRAIN MAP

Since it is assumed that the coordinates of the robot
on a given territory are known, their coordinates can
be calculated relative to the robot in order to determine
the coordinates of litter objects (Fig. 3). This can
be done by using the homography matrix. However, this
transformation is valid only for objects on a flat surface.
Thus, the proposed model of coordinate determination
is valid only for objects lying on a flat surface.

Perspective  distortion can be eliminated
by converting the previously determined coordinates
of litter objects on the frame from the mobile robot’s
onboard camera into coordinates in the top view of the
space in front of the robot on the basis of the tilt
angle, height above the surface and focal length of the
camera.

Camera shot

=

(X5, ¥5)

The coordinates on the shot plane and spatial plane
are defined by the following relation:

xi xw
Vi |=Hp x| yy |- (1
1 1

According to the geometrical explanation in
Fig. 4, the homography matrix H,, can be described
as follows [15]:

f X, cosa Xohcosa

Hy,=|0 fsina+y,cosa yyhcosa— fhsina |. (2)

0 cosal hcosa

where f'is the focal length of camera; / is the camera
height; a is the camera tilt angle; (x,, ) are coordinates
of intersection point of image axes.

Top view

(Xas ¥a)

Fig. 3. Calculating the coordinates of the object relative to the robot: (x,, y,) — object coordinates in the coordinate
system relative to the robot; (X, Y,) — coordinate system relative to the robot; (x,, y,) — robot coordinates in the global
coordinate system; (x;, y;) — coordinates of the object on the shot

° X, Shot plane from
the camera

Camera tilt
angle \“ch X; v

Space in front
of the robot

Fig. 4. Geometric representation of the homography matrix: (X, Y, Z.) — coordinate system relative
to camera; (X, Y,,, Z,,) — coordinate system in the plane of space in front of the robot; (x;, y;) — coordinates of points
of rectangle framing object
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Provided the camera angle is different from 0° and
90°, there is an inverse to this transformation, which
can be used to obtain the top view from an image with
a distorted perspective and vice versa.

Figure 5 shows a distorted perspective image taken
at atilt angle of o =45°, at height 2= 0.7 m, as well as its
corresponding transformation to the top view.

The frame from the robot’s camera is analyzed
by the neural network algorithm YOLOv4, which
determines the pixel coordinates of the object on the
frame as four coordinates of points p;, = (x,, y,) of the
framing rectangle (Fig. 2); thus, the center of the
rectangle is taken as a single-valued coordinate of this

X +Xy Vit }

bject p, =y——=>
OJCCPC{ 2 2

This coordinate undergoes the transformation (3)
to determe the relative pixel coordinates of the object
within the visible space in front of the robot:

xm xf
Ym |=Ho' x| ¢ |5 3)
1 1

where x, y,, are coordinates of the object on the space
in front of the robot.

To convert the pixel coordinates of objects in the
visible space in front of the robot into meter coordinates
relative to the robot, it is necessary to calculate the
dimensions of the visible space. According to the
explanations in Fig. 6, the geometric parameters of the

space in front of the robot are unambiguously specified

(a)

()

Fig. 5. Top view: (a) image taken with the camera; (b) image after correction of perspective distortion

(a)

y
w, w,
i
\ |
\ I //
\ | ,
\ | ,
AN | / d
N\ | / r
N | /
Y/
Y., VY
A xz/’:‘\/
Wy, I
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(b)

Fig. 6. Geometry of the observed space in front of the robot: (a) camera field of view in the vertical projection;
(b) camera field of view in the horizontal projection
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by the horizontal opening angle, vertical opening angle,
height and camera tilt angle.

The distance from the camera to the near edge
of the visible space d,, the distance from the camera
to the far edge of the visible space d, and the length
of the visible space Y are determined by the following
relations:

de=h - tg(o— P), “)
d_=h-tg(a+p), ®)
Y=d —d,. (6)

The half-width of the near edge of the visible space
wy, the half-width of the far edge of the visible space
w,, and the width of the visible space X are determined
by the following relations:-

wp = tgde% +h?, @)
w, = tgyd2 +h2, (8)

X=2w, 9)

According to the aforesaid, the coordinates
of objects relative to the robot are defined by the
following ratios:-

X-x
1
XO =W—pX—Wr, (10)
pxl
X-x
=Y 1-— Xy d,, (11)
pxl
User
interface

where Xpxls Vpxl AT€ the screen coordinates of the object
in the visible space; Woxls hpXl are the screen width and
height of the visible space, respectively.

SOFTWARE STRUCTURE

The structure of the software and algorithmic support
is determined by the previously established problems
and tasks (Fig. 7). The software includes a subsystem
of the user interface, libraries of image acquisition
and preprocessing, as well as modules of target object
recognition and calculation of its coordinates relative
to the mobilebot.

The object recognition module includes not only
the procedures directly responsible for the detection
and classification process, but also a file with the
preconfigured neural network architecture and its
preconfigured weighting coefficients.

The Python programming language provides
a convenient means for integrating different computer
vision technologies and reducing debugging time.

EXPERIMENTAL RESEARCH

The conducted experiments confirmed the
performance of the software and algorithmic software.
Thus, Fig. 8 demonstrates procedures for recognizing
and localizing several litter objects in the robot’s field
of view, removing perspective distortion, and calculating
the coordinates of objects relative to the robot according
to a camera of height 2= 0.5 m, tilt angle a. = 45°, vertical
camera opening angle B =23.75°, and horizontal camera
opening angle y =30.41°.

In the following experimental study (Fig. 9), the
camera is in a position described by height # = 0.5 m, tilt
angle a = 45°, operating against a different background
and identifying objects of different categories

T

Image receipt and

Data from >Cceip
the camera processing library

Object recognition

module

\_|

Module for calculating
geometric parameters of the
visible area

Module for calculating
the relative coordinates
of the objects

Camera position
and parameters

Homography conversion
calculation module

External
applications

Fig. 7. Structure of software and algorithms for visual analysis of the mobile robot environment
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Fig. 8. Object recognition: (a) camera view; (b) top view;
(c) map of objects in the robot’s field of view with coordinates in the metric system

04 -02 00 02 04

Fig. 9. Object recognition: (a) camera view;
(b) map of objects in the robot’s field of view with coordinates in the metric system

of household waste. This case demonstrates that the
software-algorithmic software is invariant both to the
background, the number and categories of objects,
as well as their spatial positions relative to the camera.

CONCLUSIONS

Unlike existing studies and approaches in this field,
which do not combine the mobility of the platform and
intelligent separate waste collection, the present study
demonstrates the relevance and feasibility of automating
these separate functions. The possibility of separate

waste collection consists in the flexible intelligent
collection with autonomous search for objects in a given
area. In the framework of the study, the following results
were achieved.

1. Proposed structure (Fig. 7) of software and
algorithms for visual analysis of the mobile robot
environment in the task of area cleaning with
integrated waste sorting function.

2. Optimized algorithms for recognizing objects
of different appearance and different waste
categories on robot camera images using neural
network algorithms.
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3. Developed model for determining the geometric
parameters of planar space in the field of view of the
robot.

4. Developed model for determining the coordinates
of objects in the field of view relative to the robot
according to the position of the camera in space.
The experimental studies confirmed the performance

and universality of the developed algorithms. Correct
data were obtained for the recognition of various objects
and further determination of their relative coordinates.
In addition, the system demonstrated its performance

when detecting objects of different categories and
different spatial camera positions, taking into account
uncertainties in the background of the underlying surface
and the number of searched objects.

Further prospects for the development of the research
presented consist in the development of algorithms for
path planning on the ground and motion control of the
mobile robot in the process of collecting and transporting
the detected objects of litter.
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