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ABSTRACT

To do away with the hazardous, tedious, repetitive, and export-dependent gold panning 

procedure currently practiced by artisanal and small-scale miners in developing countries 

an automated system for the gold panning procedure is presented in this thesis. Gold panning 

is one of the gravimetric separation processes which separate particles of greater specific 

gravity (particularly gold) from mineral waste. This separation method is prevalently used 

in low-tech areas and mercury is incorporated to make for effective and efficient gold 

recovery. The mercury used exposes the miners to hazardous health conditions and increases 

mercury pollutions. Little technical effort and knowledge are available to provide solutions 

adaptable to the African context. This study is devoted to the technical optimization of the 

gold washing process and hand-picking process involved in the current panning procedure 

through mechanization and automation. The design was achieved through the use of the V 

model for mechatronic system design (VDI 2206 guidelines). Morphological analysis was 

used to adapt and make use of the already existing concepts and designs to mechanize and 

automate the manual, expert-dependent, and tedious gold panning process. The design 

adopted was based on the usage of visual data to control the separation and picking process. 
In the automation of the gold panning process and robotic handling, it is important to 

identify and locate the gold particles in the images captured by the image sensor. Color 
image thresholding in the CIELAB color space was developed as a front-end technique to 

automate the visual feature identification and localization of gold particles in the pan. 3D 

CAD models of the designed system were developed in Solidworks. Finite element analysis 

of the designed washer concept was performed in ANSYS 2019 to precisely calculate 

material stress, strain, deformation, contact, and safety factor. This was done to predict the 

behaviour of the components and assembly under given boundary conditions and loading in 

a quasi-real scenario. Kinematic modeling of the handling system was performed using the 

Denavit Hartenberg convention and analytical methods. Physical modeling using 

MATLAB, Simulink, and SimScape was done to perform dynamic modeling and 

simulations of the handling system. Stateflow charts were developed to model state 

machines and flowcharts which were used in task planning to interface various components 

used in the vision-based control and picking process. Simulation and modeling results 

showed that the design is feasible, achievable, and efficient.
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CHAPTER 1

1.0 Overview
This chapter seeks to introduce this research work which focuses on technical optimization 

of the gold panning processes through automation. The background information 

surrounding the area of study is laid out to expose the problems and issues of concern this 

work seeks to address. The main aim and the objectives which will lead to the achievement 
of the desired goal are also furnished in this chapter. Various justifications and benefits of 

the study together with the scope of the research are also outlined in this chapter.

1.1 Background
The mining industry has a significant impact and capacity on the economic growth of 

developing countries thereby reducing poverty in these regions. Gold mining has made a 

very profound contribution to the national economies and regional economies and this is 

particularly true for developing countries where gold makes up a major aspect of the 

economy like Ghana, Tanzania, Burkina Faso, Guinea, Suriname, Zimbabwe, etc.fl]. Gold 

is one of the main export earners for these developing countries. Due to high levels of 

unemployment and poverty in these countries, gold production is done by large-scale mines, 
small-scale miners, and artisanal gold miners.

In most of the developing countries, the artisanal and small-scale mining sector continues 

to grow in size and significance, contributing to the much-needed wealth, employment 
creation, and livelihood activities. As of 2012 ASM activities in Africa engaged about 8 

million workers, who in turn supported 45 million dependents[2]. In Ghana in 2016, an 

estimate of one million people was employed in this sector and Zimbabwe records over 1,3 

million both small-scale and artisanal gold miners [3]. Table 1.1 below shows an estimation 

of ASM activities in selected Sub-Saharan African countries and the corresponding minerals 

mined in those countries according to Hilson [4]. As witnessed in Table 1.1 ASM activities 

in gold production are prevalent in many Sub-Saharan African countries and it’s one of the 

reasons this work focuses on gold production. The small-scale and artisanal gold miners are 

viewed as the new profitable economy drivers and employment creators as they employ 

cheaper methods to extract this precious mineral. This sector is often operating in remote, 
unregulated, and environmentally sensitive areas and is a low-tech, labor-intensive mineral 

processing and extraction sector. It is important to note that artisanal small-scale mining is 

formalized and legalized in various countries by way of granting of requisite licenses and

1
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permits mandated by the law, to standardize and align to policies, regulations and good 

safety, health and management practices.

Table 1.1: Selected Sub-Saharan African countries ASM activities and main minerals 
mined by ASM

Country Estimated number 
of dependents

Main minerals mined by ASMPeople directly 
working 
ASM

in

Angola 900 000 Diamonds150 000
Burkina Faso 200 000 1 000 000 Gold. Diamonds
Central African 
Republic

2 400 000 Gold, Diamonds400 000

GoldChad 100 000 600 000
Gold, Diamonds600 000Cote DeVore 100 000
Diamonds, Gold, Colton200 000 1 200 000DRC

Eritrea 400 000 2 400 000 Gold
3 000 000 GoldEthiopia 500 000

Gold, diamonds, sandsGhana 1 100 000 4 400 000
Gold, Diamonds1 500 000Guinea 300 000
Gold, Diamonds600 000Liberia 100 000
Coloured gemstones, Gold2 500 000500 000Madagascar
Coloured gemstones, GoldMalawi 40 000
Gold2 400 000400 000Mali
Coloured gemstones, Goldl 200 000Mozambique 100 000
Gold2 700 000Niger 450 000
Gold2 500 000500 000Nigeria
GoldSouth Africa 20 000
Gold, Diamonds1 800 000300 000Sierra Leone
Gold1 200 000South Sudan 200 000
Gold9 000 0001 500 000Tanzania
Gold900 000150 000Uganda
Gold, Diamonds, Coloured 
gemstones ____

3 000 000500 000Zimbabwe

The ASMs are faced with a lot of problems ranging from the acquisition of mining

equipment, machinery, and materials that can enhance their work. The ASMs use outdated 

methods and techniques in the extraction and purification of gold which exposes them to 

hazardous conditions. The ASMs suffer exploitation from the milling companies who 

perform the comminution at a cost. The miners pay for the usage of milling facilities and 

sometimes incur losses as the comminution process is not carried out properly and enough 

to recover amenable gold using the gold panning method. The gold panning process is done 

manually and is tedious and repetitive and needs expertise to be carried out effectively. The

2
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washing process during the panning process is usually dirty, tiresome, and dangerous. 
Figure 1.1 shows the common scene and environment during the panning process. Even 

after thorough panning by the ASMs, the millers recover a lot of gold from the residual 
crushed ore panned by ASMs as they further extract the mineral thoroughly using chemical 
methods. Mercury extraction is popular in this sector and it exposes these workers to health 

risks, especially women and children who usually carry out the amalgamation task and 

roasting of the amalgam to recover the gold from mercury. Mercury inhaled in airborne 

droplets from the extraction process can cause potentially fatal damage to the lungs, kidneys, 
may cause seizures and permanent brain damages. Mercury poisoning in pregnant women 

can cause long-term cerebral damage to the fetus. The miners are also prone to heavy metal 
poisoning like lead poisoning which takes place as they pulverize the ore (especially heavy 

metal-laden rocks) in search of gold for example the Zamfara incident [5]. There has been 

little knowledge and effort on the automation of the gold panning procedure for small-scale 

gold production to empower the small-scale and artisanal gold miners and separating them 

from health hazards.

Figure 1.1: Common scene of the panning procedure

Figure 1. 2: Amalgamation task which usually exposes miners to mercury droplets

3
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1.2 Introduction
This research is in line and in response to the call for contribution by engineering and 

technological institutions to train and educate small-scale and artisanal miners concerning 

safe and hazard-free gold extraction methods, design and fabrication of appropriate mining 

and processing equipment that are affordable and adaptable to the African environment [6]. 
The research focuses on the challenge of providing a safe and healthy methodology in the 

extraction of gold by small-scale and artisanal miners while improving the efficiency of 

gold extraction. The research work is geared toward providing technical intervention to 

ASM challenges by promoting automation technology through technical optimization of the 

key procedures in the gold panning process. This will be done by identifying the areas which 

expose the miner and the environment to hazard and provide ways to separate the miner and 

the environment from the hazard. The research study will be performed on the identification 

of automation solutions on generic extraction activities where integration, mimicking, and 

miniaturization are required. The research will involve the design, modeling, and simulation 

of software architectures, control logic, along with the mechanical and mechatronic design 

of extraction equipment and subsystems. This will be done towards the development of an 

engineering or technological artifact that caters to the needs of artisanal and small-scale gold 

miners.

Since the current gold panning process by artisanal and small-scale miners (ASMs) involve 

washing of the ore by leveraging gravitational force and sorting/handpicking of the gold 

particles or amalgam from the pan through hand-eye coordination, the research will focus 

on vision-based robotic manipulation as an automation solution. This will take advantage 

of fast feature extraction, vast amounts of precise information, and fast processing 

capabilities offered by machine vision systems and robotic manipulators which are fit for 
the automation of the gold panning process. Robotic and automation solutions which use 

vision information will be used to optimize the ore washing procedure and hand 

picking/sorting process. Machine vision has been used in simplifying tedious, complex, and 

subjective industrial processes hence the adoption of this technology in this automation 

project. Vision-based automated systems may effectively and completely replace human 

judgment, input, and involvement in performing hazardous and complex tasks.

4
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1.3 Problem Statement
The gold panning process done by artisanal and small-scale miners is tedious, repetitive, 
and requires expertise to extract considerable amounts of gold while exposing the miner to 

hazardous health conditions.

1.4 Main Objective (Aim)
Technical optimization of the gold panning procedure through design, modeling, and 

simulation of a vision-based automatic gold panning machine for safe and efficient gold 

extraction.

1.5 Objectives
1. To design an effective ore washing system that mimics the gold panning process 

adequately and consistently.

2. To design a handling system that transfers the washed liberated gold particles from 

the gold pan to the next process.

3. To build gold detection models and use machine vision principles to detect and 

localize the gold particles after the gold panning stage.

To develop the necessary algorithms for the control logic of the washing system, 
object detection system (image processing system), and the handling system.

4.

Modeling and simulation of the designed system and the developed algorithms to 

validate their functionality.
5.

1.6 Significance of the study/ Socio-economic benefits

The outcome of this research project will help in solving the following: -

The research work promotes mercury-free or cyanide-free gold recovery thereby 

mitigating mercury poisoning and mercury or cyanide pollution problems.
The research work will provide a fail-safe procedure to protect the environment from 

pollution and miners from heavy metal poisoning and ensure efficient and safe 

practices.
The introduction of automation will solve the problem of the need for expertise as 

the machine will be able to process and detect gold on its own.
The tedious and repetitive processes in the gold panning stage will all be done 

autonomously.

i.

u.

in.

IV.

5
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v. The use of mechanisms will efficiently extract and process the mineral with reduced
processing time which can increase the profits significantly.

1.7 Contribution to the body of knowledge
• Providing a healthy and safe methodology in the area of gold extraction

• The research will contribute by employing vision-based methods in gold recovery 

instead of the gravity or chemical recovery methods currently used.

• Proposal of vision-based object detection models, methods, algorithms suitable for 
the mineral identification/detection field.

• Improvement and integration of existing models, methods, and algorithms used in 

other fields but now applied to mineral (gold) detection.

1.8 Delimitation / Scope of research

• This research is confined to gold extraction and processing using gravity methods - 

especially the panning method, as it is the commonly used method by the ASMs.

• The research is confined to the use of computer vision algorithms in detecting visible 

gold and other related elements and will not focus on other methods of metal 
detection.

• The research focuses on the extraction of gold from the concentrated ore and the 

purification of the gold - after milling processes.

• The research deals extensively with the automation and mechanization of the after­
milling processes.

1.9 Thesis organization
Chapter 1 of the thesis presented the background and introduction of this research work 

together with the justifications of the need to carry out the research. The problem statement, 
aims, objectives, and scope of the work were articulated in this chapter. Chapter 2 focused 

on the review of the literature and it sought to expose the existing gaps, current practices, 

and recent trends in the area of study. The methodology of the research and design work 

was presented in chapter 3. Chapter 4 embodied the conceptualization, design, and modeling 

aspects of the research work and Chapter 5 presented the results, analysis, and evaluations 

of the research work. Finally, the conclusions and future works of this research work were 

documented in chapter 6.

6
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CHAPTER 2

Literature review

2.0 Overview

This chapter explores and acknowledges the work done by other researchers in the area of 

gold recovery, vision-based control, image segmentation, and other topics which are related 

directly or indirectly to the main aim and objectives of this work. A review of the literature 

on the subject of gold recovery, vision-based control, image segmentation, object detection 

was done as these form the backbone of the research and design work. Various applications 

where the above technologies and methodologies were used were also reviewed and 

analyzed in this chapter together with other technologies and methodologies that were used 

in the system being developed. Subsections covering novel topics in machine vision such as 

object detection, object recognition, localization, visual features, various comparisons, and 

analysis are also included in this chapter. The review sought to expose common problems, 
existing gaps, trends, methods, and various justifications for certain practices to equip the 

researcher with the needed information in undertaking the current research. A general 
overview of some topics will be given without rigorous mathematical details to avoid 

repetitions as detailed explanations will be found in the preceding chapters. The output of 

this review will form the basis of the choices of the methods, technologies, configurations, 
practices that will be used in technical optimization of the gold panning processes through 

automation either by emulation, mimicking, or integration.

2.1 Current Gold recovery methods
Gold is usually found embedded or encased in the other mineral matter or rock types, and 

to liberate it and end up with pure gold various processes are employed [7]. Gold recovery 

is usually dependent on the mineralization type, comminution, and concentration method 

used. Comminution refers to the milling operations which encompass all methods used to 

reduce the size of the gold-bearing rocks to particles easy to work with [8]. This research 

focuses on the separation methods employed to liberate the gold particles from the gangue 

material after the comminution process (ore-run mine). The processes involved in separation 

are usually categorized as preconcentration processes and concentration processes [9]. All 
the concentration techniques increase the percentage of gold in the ore or sediment by 

discarding lighter particles. These processes are effective when the products from the

7
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comminution circuit have relatively consistent grain size. The pre-concentration stage 

discards a greater portion of the mineral waste to remain with pre-concentrates which 

undergo further processing since they cannot be marketed in that form [10]. Pre­
concentration methods are either mechanical, electrical, or magnetic focusing on enriching 

the ore by discarding most of the waste material through the exploitation of ore properties. 
Pre-concentration majors on the rejection of as much of low specific gravity deleterious 

wastes without compromising recovery. Concentration processes recover the valuable 

marketable metal with maximum possible quality and grade (90-99% gold by weight). Pre­
concentration, when performed to reject harder non-metallic, ferrous, and other denser non­
gold substances, lowers the energy cost of the recovery process and increases the 

concentration ratio of the ore thereby increasing the efficiency of the concentration 

processes [10].

The table 2.1 presents some of the pre-concentration methods.

8
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Gravimetric gold recovery methods afford yields of high-quality pre-concentrates which 

will require less work in the concentration process and mitigate the use of toxic chemicals 

in the concentration stage. Optical sorting, handpicking, and thermal separation averts 

chemical separation and lowers disposal costs. Hence this work focuses on technical 
optimization of the gold panning method, optical sorting, and hand-picking procedure by 

the way of automation. Figure 2.1 below presents the common flowsheet employed by many 

artisanal and small-scale (ASMs) operations.

Pre-concentration Crude ore from 
comminution circuit

I ‘Sluicing

4
Gold panning

Concentration
Mercury amalgamation

Amalgam press

Distillation /vaporization

Optical sorting and 
hand-nicking

Smelting

90-99% marketable gold

Figure 2. I: common gold recovery flowsheet in ASM operations

As seen on the flowsheet figure 2.1 most ASMs operations and other medium scale 

operations in developing nations employ sluices and gold pans for pre-concentration and 

amalgamation mostly for concentration. Hand-picking is employed in circumstances where 

mercury is available or when the concentrate consists of much-liberated gold.no

2.2 Visual servoing
Visual servoing (Vision-based control) has revolutionized the robotics industry and has 

gained recognition from the industry to become a standard solution for robotic automation 

tasks since it has simplified many of the industrial tasks [23]. This technique allows robotic 

systems to imitate humans in positioning tasks by exploiting artificial vision. In simple
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terms, visual servoing is a control system that uses visual feedback. Meaning visual 
feedback is utilized in the closed-loop control method to realize real-time closed-loop 

control of the manipulator’s pose by extraction of visual information. Through extensive 

research, it has been established that a visual feedback loop can be used to correct the 

position of the robot to increase task accuracy [24]. The basic visual servoing task is to guide 

the motion of a robot to a target object based on the aforementioned visual feedback. 
Classically visual servoing has been applied to position the robot’s end effector in line with 

the target object before performing the desired task. In robotics, the visual servoing task is 

specified in terms of image features extracted from a target object and their use in 

controlling the robot or camera motion through a scene. This task is usually defined as an 

error function E(t) which must be minimized to zero or a certain tolerance when visual 
features s(t) and the desired visual features sd are computed [24]:

E(t) = s(t)-sd CD
This technology is an effective tool for handling the unstructured environments that are 

common for field and service robots and it allows the potential to relax mechanical accuracy 

and stiffness requirements for robot mechanisms and hence reduce their cost [25]. And this 

allows visual feedback to compensate for the deficiencies caused by the mechanism and 

other factors. The visual servoing system has a higher dimension and vast information than 

that provided by traditional sensors, thus it can improve the flexibility of the robotic and 

automation systems [26]. The visual servo control is not a simple feedback system since it 
is based on multi-domain mixed information from interdisciplinary domains which consists 

of robotics, kinematics, high-speed image processing, control theory, machine vision, 

system analysis, and other fields [27].

2.3 General hardware components for a visual servoing task (key hardware 

components for visual servoing)
This section has been included because hardware requirements and technology have been 

one of the bottlenecks of visual servoing implementation since the inception of this control 

approach. Whether it is a service robot or vision-based automation task where visual 
servoing is being utilized there are key hardware components that are always connected to 

perform it. Figure 2.2 below shows generic hardware components involved in nearly all 

visual servoing tasks.

19
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Robotic
manipulatorx

Figure 2. 2: Common hardware components for visual servoing 

2.3.1 Camera / visual sensing device

The camera/vision sensor is at the center of visual servoing as it provides the visual data needed for 
the visual feedback control of the manipulator. The vision sensor has been used widely since it 
mimics the human sense of vision and allows for contactless measurements. This sensor extracts a 

large spectrum of potential visual features from the environment and provides them to the processor 
to work on the data and perform the necessary action. In vision-based control, the vision sensor is 

used to extract features from the target object or the pose of the robot, or both. From the variety of 

sensing devices available it is only necessary to select the model that best suits the needs of 

the application. The selection of the sensing device usually depends on the speed of sensing 

(retrieval interphase/frames per seconds), image format, resolution, noise-pixel ratio 

requirements among other things. Besides direct vision sensors which use light to create 

images, various imaging modalities have been used to perform visual servoing especially in 

the medical field and these include microscopic imaging, endoscopic imaging, computed 

tomography fluoroscopy, magnetic resonance imaging, x-ray fluoroscopy. The visual 

sensors used for object detection and recognition are broadly classified into two- 

dimensional (2D) cameras and three-dimensional (3D) visual imaging sensors. The 2D 

sensors acquire images that only represent morphological features of the target such as color, 

shape, and texture whereas 3D sensors provide the spatial location of the object in a 3D 

coordinate map. Omni-directional cameras are finding popularity because they increase 

visibility and the field of view of the system. The number of cameras is sometimes used to 

classify the vision sensing system:
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Table 2. 4: Vision sensing system nomenclature

Number of Vision 
cameras

sensing Description
system name
Monocular vision This vision scheme has one camera to extract features. This 

is the simplest and the most popular and viable to run in real­
time systems. Usually extract conventional 2D features and 

cannot obtain depth information directly unless a 3D camera 

like the Microsoft Kinect is used, otherwise, distance 

information is obtained by measuring the distance moved by 

the camera or robot. This system has a narrow field of view, 
accuracy, and precise 3D localization compared to other 
schemes [28].

Binocular /stereo This consists of two cameras arranged at an angle as it tries 

to mimic human vision. It is mainly used for depth-related 

applications[29]. It has a greater field of view compared to 

monocular [30], Though stereo vision solves the depth 

problem it comes with complexity in algorithm processing. 
This consists of multi-cameras used to extract features from 

system (redundant the scene. This scheme can be used to extract depth 

information and can achieve multi-angle observation 

objectives to access more comprehensive information. The 

distributed vision is usually used to improve estimation 

accuracy in 3D positioning and orientation tasks and when 

there is enough time and resources for processing [31][32].

1
system

2
vision system

Multi-vision3 and

more
system)

2.3.2 Artificial lighting System
Along with the vision-sensor is the lighting system. A lighting system is usually provided to enhance 

the quality of images or features extracted and to remove unnecessary noises and disturbances on 

the scene. The lighting system must be spectrally uniform, and stable over time, and provide uniform 

radiation across the scene, and remove shadows, to extract quality features thereby reducing pre­
processing efforts and time for analysis [33]. A cautiously selected lighting system can overcome 

common problems such as reflection, shadowing, and noise. Image clarity, repeatability, and 

reliability of the machine vision system are a function of the light source, power of light, method of 

illumination, the shape of the light beam, and light color. The configuration of the light sources for 

the sample on which features are to be extracted is important. These arrangements include Frontal
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lighting (for applications requiring surface extraction), backlighting (to facilitate edge dimensioning 

and subsurface extractions), and structured lighting (depending on application)[34]. The commonly 

used light sources include incandescent lamps, fluorescent lamps, quartz halogen, lasers, light- 
emitting diodes, X-ray tubes, infrared lamps, etc. and their selection depends on the power rating 

and application requirements. Artificial lighting is needed when feature extraction is done in places 

void of enough light especially in enclosed platforms and in tasks where low-level image processing 

is done.

2.3.3 Processor

The processor is responsible for processing the visual data extracted by the image sensor (image 

processing) and compute this data to control the manipulator. It is the brain for visual servoing tasks, 
it connects perception and action components of the system. The processor computes the object 
detection algorithms and visual servoing algorithms to perform the intended robotic manipulation 

task. Computational efficiency has been one of the bottlenecks in the progression and adoption of 
vision-based control. These technical limitations for a duration of time prevented the important 
developments in visual servoing [35]. The processor has to be able to provide fast image processing 

to provide for reactive control of the robot or automated system. The rapid progression of image 

progressing hardware technology and computer processing capability has caused a lot of research to 

be conducted on visual servoing technology. The selection of these processors depends on 

various factors including, speed requirements, power requirements, ease of system 

integration, etc.

acquisition anddataReal-time image

processing is a vital issue in visual servoing applications. A high frame rate and low 

processing latency are essential since the visual servoing system must make quick decisions 

based on the information extracted from a scene. To meet real-time constraints, the 

development of visual servoing systems usually requires high-cost specialized hardware and 

software [36]. The quality of the digital image is enhanced before image analysis using 

methods such as image resizing, image enhancement, noise removal, edge detection, 

filtering, etc. Other operations of processing can be done to separate the wanted object from 

the whole image and these fall under image segmentation operation (for example threshold- 

based, region-based, gradient-based or classification-based method)[34]. The processor can 

come in the form of a specialized Digital Signal Processor (DSPs), Graphical Processing 

Unit (GPUs), single board computers (CPUs), embedded processors (System on a Chip), 

Field Programmable Gate Array (FPGA), or hybrid systems.

2.3.3.1 CPU (Central Processing Unit)
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The usage of conventional computers in the form of laptops, desktops, and industrial 
computers for machine vision applications is more common since they are almost found 

everywhere and can do various operations as long as the specific package for the operation 

is installed. The usage of computers usually ends up increasing the price of implementation 

in some cases. In [37] authors used a general computer to perform vision-based automatic 

grading of fresh fruit bunches. [38] Implemented vision-based control of a robotic 

manipulator for citrus harvesting. A PC was used for the visual servoing for low-cost 
SCARA robots using an RGB-D camera as the only sensor [39].

2.3.3.2 Graphics Processing Unit (GPUs)

These are computer chips for rapid mathematical computations to render images. They work 

separately from the Central processing unit (CPU) to avoid straining the CPU when 

processing graphics-intensive applications. GPUs may be integrated with a CPU on the 

same circuit, on a graphics card, or in the motherboard of a computer. GPUs can render 
images more quickly than a CPU because of their parallel processing architecture which 

allows them to perform multiple calculations at the same time. Usually, vision-based 

projects take advantage and harness the massively parallel computational power of modem 

GPUs for simulation (3D model rendering) and evaluation (segmentation, feature 

extraction, and weight calculation) [40]. The authors in [40] accelerated particle evaluation 

up to 49 times over a comparable CPU-only implementation, providing increased particle 

count while maintaining real-time frame rates using a GPU (Nvidia CUDA). A GPU was 

used to receive the images from the scanner and process them to send commands to the 

robot in real-time needle detection and tracking using a visually servoed 3D ultrasound 

probe [41]. K2200 GPU (2Go memory) was used to train a deep neural network-based 

method to perform high-precision, robust and real-time 6DOF positioning tasks using visual 
servoing and it took two hours which might have taken more had they used a general CPU 

[42]. GPUs are frequently used to improve system performance, get better efficiency, 

accuracy, and stability in visual servoing systems as witnessed in [43][44][45].

2.3.3.3 Digital Signal Processors (DSPs)

These are efficient processors/microprocessors for applying algorithms for image 

processing as well as other signals like video, audio, etc. These processors are suitable for 

a wide variety of computationally intensive real-time applications. They provide high
computing power by employing high-level on-chip parallelism, integrated hardware
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multipliers, carefully tailored instruction sets, memory organization schemes, hardware 

support for loop execution. These features have made them be used in control applications 

such as robotics, high-precision servo control, Artificial Intelligence applications such as 

machine vision, neural network simulation, pattern recognition, object detection, etc. [46]. 
A TMS320C6711 IDK Digital signal processor (DSP) was used to implement visual 
servoing of an under-actuated system (inverted pendulum: 2DOF and one actuator) using 

Discrete Wavelet Transform [47]. The DSPs are normally used to handle complex 

mathematical calculations and control laws. This kind of processor is used as a robot 
controller to compute the torque control, low-level control of robot motion, and process 

dynamic compensation from measured poses and velocity [48]. TMS320C40 DSP was used 

to perform image processing and visual servoing control for micro-positioning of a probe 

of a micro-assembly of hybrid MEMs (microelectromechanical system) to numerous holes 

on a machined template [49]. While doing a comparative study between DSP systems and 

ANN ensembles for motion detection and filtering authors in[50] pointed that the high cost 
of DSPs at high bandwidths and high power consumption and size can make them unsuitable 

for simple very low-power or small applications. With the upward steep demand curve in 

the processing requirements for imaging and other industrial vision processing applications, 
increased complexity of vision processing algorithms, need for higher resolutions, faster 
frames per second rates, and image and video analytics, the manufacturers of DSPs have 

responded with a range of processors that can fill any level of application to curb the 

demands [51].

2.3.3.4 Embedded systems, System on Chip (SOC), and FPGA

The issue of cost, miniaturization, availability, and shorter prototyping times have been the 

driving factors towards designing robotic and automated systems. The cost of the processor 
is one of the driving forces in the development of a visual servoing system. Embedded 

platforms allow keeping the size and cost as low as possible. Research works have been 

conducted to optimize the computationally intensive image processing and visual servoing 

algorithm so that they can run smoothly on embedded platforms.

2.3.3.4.1 Field-programmable Gate Arrays (FPGAs)

FPGAs have allowed the application of re-programmable hardware technology specific for 

the implementation of visual controllers. The implementation of a direct visual control 
system embedded in an FPGA allows improving these systems by reducing processing
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delays, obtaining stable delays in the feedback and it allows the implementation of a 

dedicated parallel architecture that can be adapted in runtime to the plant needs [52]. Real­
time and low-power hardware implementations of classification and detection algorithms 

have been realized in both FPGAs and custom ASICs, with FPGA implementations 

becoming popular due to the lower cost, availability, and shorter prototyping times. Kyrkou 

C in [53], [54] investigated three popular object detection algorithms (Neural networks, 
Support Vector Machines, and the Viola-Jones detection framework) and their hardware 

implementation using the FPGA platform for Viola-Jones detection framework and tested 

the proposed architecture on an ASIC implementation. The proposed architectures were 

experimentally evaluated on FPGAs computing platforms demonstrating real-time 

performance (over 30 frames-per-second) which enables them to be used in real-time object 
detection applications and maintain detection accuracy comparable to software 

implementations. Field Programmable Gate Arrays (FPGA) promise flexibility and 

sufficient computing performance at affordable design costs [55], Open embedded 

architecture for direct visual servoing of industrial robots which is easily extensible to 

control any multi-joint robot manipulator based on FPGA was presented [52], The open 

architectures for robot control [52], [56] using these embedded systems are being created to 

avoid continuous dependency of the end-user on the particular vendor when maintenance, 
update, or incorporation of new functionality to a working system is required. An image 

processing system for robot vision applications was prototyped on an FPGA for real-time 

servoing [36].

2.3.3.4.2 Single-board Computers

These provide all the features of a normal computer on a single card, that is, the processor, 
memory, input/output(I/0), and other units are integrated on a single card. They are 

designed to be simple, low cost, and low powered devices, and they are preferred to develop 

systems and prototypes for educational studies but are finding a way for menial industrial 

tasks [57]. Many types of single-board embedded computers can be used for vision-based 

projects but the Raspberry Pi seems to have many works performed on it and many support 

packages from other developers like MATLAB from MathWorks. Few works on raspberry 

pi will be discussed briefly in the preceding section.

A Raspberry Pi embedded computer was used for vision processing on a robotic label 

applicator using visual servoing[58]. The work in [59] used a raspberry Pi controller to
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compute a complex vision algorithm that recognizes specified objects and transmits signals 

to an Arduino controller which generates signals to grip the specified object using a grasping 

6DOF robotic arm using Pi-camera. The Raspberry Pi and an Arduino microcontroller 
board were used to implementing vision-based trajectory control for autonomous vehicles 

[32], the Raspberry Pi was used as the embedded computer and was responsible for 
calculating the desired steering angle from the computer vision system and make 

correctional actions based on the differences between the desired and measured steering 

wheel angles. A real-time implementation of a visual servoing algorithm (Position-based 

visual servoing) and fusion of data from a proximity sensor was implemented on an 

embedded platform (Raspberry Pi) for a wheelchair mounter robotic arm using parallel 
tracking and mapping of task objects[60]. The Raspberry Pi II embedded computer board 

was used for vision-based cruise-position-directional control of Differential-Drive Thunder 
Tumbler (DDTT) mobile robot when the author of [61 ] presented work on image processing 

based control of mobile robotics. The Arduino and Raspberry Pi permitted the performances 

of the complicated task at a low cost. Position-Based Visual Servoing (PBVS), Image-Based 

Visual Servoing (IBVS), and the encoder-camera-based speed -directional outer loop were 

implemented on the Raspberry Pi II. Real-time object tracking using Kanade-Lucas-Tomasi 
Feature Tracker algorithm (KLT) and Continuous Adaptive Mean Shift (CAMSHIFT) using 

color histogram for features was implemented in C++ with OpenCV on a Raspberry Pi II 
[62]. The Raspberry Pi was used as an on-board controller of an Unmanned Ariel Vehicle 

(UAV) to run the detection and navigation algorithm running an Ubuntu and ROS platforms. 
The embedded computer ran all the ROS nodes: the main control loop of the system to run 

the whole system, the mavros mode that provide communication between the systems, target 
detection node and image capture node for capturing images from the Raspberry Pi camera

[63].

The authors in [64] presented object detection and Keep on a mobile robot by using a low- 
cost embedded color vision system. A CCD camera with an embedded system to perform 

small tasks with high flexibility, low cost, ease of construction, and energy saving. Their 
mobile robot could detect a ball and its diameter in different positions. The embedded 

camera would send the coordinates of the position of the ball to the STM32F103RBT6 

Microcontroller to control the movement of the mobile robot.

Performance studies of the processors for machine vision have been conducted to guide the 

developers, hobbyists, researchers, academies, and other interested parties. In [65] a
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comparative study of the processor technologies and solution approach to various image 

processing algorithms in the real-time embedded systems were presented for the GPU, 
FPGA, DSP, and general-purpose CPU. The authors brought up issues of accuracy, 
computational efforts, and power requirements as the main issues pointing to the fact that 
technology selection for various applications is a critical task. The general trade-offs were 

given which pointed to the fact that: Application-specific systems deliver high performance 

with little flexibility while general-purpose processors provide flexibility with average 

performance. Analysis and discussion of the processors were done focusing on the issues of 

power consumption, developmental time, parallelism, code translation effort, integration, 
and physical space [65]. The results of power consumption and execution time profiling for 
the software components that can be allocated on different computing platforms were 

presented in [66]. With measurements and analysis being done on power consumption and 

execution time based on various components such as image filtering and object detection 

the overall best choice between GPU, CPU, and FPGA could not be established as one 

platform performed better in other areas.

2.3.3.4 Distributed Control (Multi-processor-based solutions)

Due to some problems faced in visual servoing tasks, the use of multiple processors 

(distributed control) is common, where a processor is completely devoted to its task at hand. 
For instance, one processor dealing with visual data processing, while a separate processor 
takes care of the scheduling of tasks and the global control law [23][67]. The cost of a multi­
processor-based solution is considerably higher compared to a single processor.

In [56] an industrial robot for welding processes was controlled using a standard PC and an 

FPGA -based interface, the FPGA was used to decode the feedback position data 

(computing the control output and communication signals, and transmitting such data to the 

actuators) and the PC interpolated movements, computed kinematics solution and 

transmitted the position reference for each joint while it receives its current position. Robust 
real-time visual servoing control of an inverted pendulum was implemented using DSP and 

FPGA[36]. The FPGA computed the image processing algorithms to meet real-time 

constraints and the control law was implemented on the digital signal processor to enforce 

robustness to model uncertainty and to attenuate the disturbances. A distributed parallel 

image processing for the visual servo control of two 1 DOF linear motor modules over a 

network was presented in [68] to overcome the low sampling rate problem in vision-based
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control systems. The captured image was sent to different nodes for processing to overcome 

the various delays in the process. The authors of [68] presented again a cloud-based 

networked visual servo control in [69]. The framework integrated networked computational 
resources for cloud image processing using real-time transport protocol for transmitting 

large-volume image data on a cloud computing platform which enables high sampling rate 

visual feedback. The performance of the networked visual servo control system was then 

validated on a 14DOF dual-ami robot with superior performance. In [70] a host computer 

was used to monitor the robot on a Graphical User Interface (GUI), a real-time controller 
(Nl-compact RIO) was used to run the actual control loop, which is the core of the control 
system (open-loop and vision-based control algorithms, the inverse kinematics, and the 

motion generator) and an FPGA was used for vision-based real-time position control of a 

semi-automated system for robot-assisted joint fracture surgery. A PC and Arduino -based 

microcontroller were used to control a VICRA robot to perform visual servoing and grasp 

planning[39]. The PC computed the visual servoing algorithms and the Arduino 

microcontroller was responsible for robot control based on the information from the PC. 
The work in [67] used the concept of distributed control to implement an uncalibrated visual 
servo control with a neural network. Two nodes were used, the robot controller DSpace 

DS1102 motion controller board executed joint servo-control algorithms and the image 

processing node acquired the images from the camera, extracts the image features, and 

executes the visual control algorithms. The concept of distributed control mimics the 

function of the human brain where each part of the brain is responsible for certain processes 

and can be used to ease computational requirements from the single processor by adding 

different processors for dedicated processes.

2.3.4 Robotic manipulators

In the context of this discussion and subject matter, the robotic manipulator is that device 

where the visual servoing algorithm will be applied on, either an industrial manipulator, 
autonomous vehicle, vision-based automated system, unmanned aerial vehicle (UAV), etc. 

In general, a robotic manipulator is an electronically controlled mechanism, consisting of 

multiple segments that perform tasks by interacting with the environment. These 

manipulators are composed of rigid links, connected in series by joints, having one end 

fixed(base) and another free to move and perform useful tasks when properly tooled (end- 
effector)^!]. The design of these autonomous systems perform tasks that are dull, dirty,
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dangerous, repetitive, or require skill, speed, strength, or dexterity beyond the capability of 

humans such as manufacturing, excavation, construction, undersea, and planetary 

exploration, toxic waste clean-up, robotic-assisted surgery, etc. [72]. The end-effector at the 

end of the manipulator could be a gripper, a welding torch, an electromagnet, or any other 

tool/device that is required to perform the intended task. The fundamental functional 
requirement of the manipulator is to be able to locate its end-effector in the robot’s working 

space. The robot manipulators are multi-degree-of-freedom position devices[72]. The 

number of degrees of freedom (DOF) of a machine is defined as the number of independent 
variables that are required to completely identify its configuration in space. The robot 
manipulators are classified by motion characteristics, kinematic structure, and the number 
of Degrees of Freedom. There are five types of robotic arms commonly used and these are 

Cartesian, cylindrical, polar, SCARA, and articulated.

2.4.0 Camera Configurations in Visual Servoing

For visual servoing, there are two general camera placements for the end-effector that end 

up with two camera configurations. These configurations have their advantages and 

disadvantages in terms of precision and field of view limit that oppose each other. The 

camera configurations are the eye-in-hand system and the eye-and-hand system.

2.4.1 Eye-in-hand/Camera-in-hand (CiH) configuration

In this configuration, the camera is mounted on the end-effector of the manipulator. This is 

done to measure the target object’s information in the workspace and move the robot’s end- 
effector accurately to obtain the position of the target in the work space thereby realizing 

robot control. This arrangement can decrease the payload of the system since the camera is 

attached to the end-effector. In this configuration, there is a constant relationship between 

the pose of the camera and the pose of the end-effector[24][67]. The fact that the camera is 

located on the end-effector creates a dynamic measurement system and the constant 
relationship between the camera pose and end-effector pose gives a kinematic relationship 

between the target object and camera directly resulting in a more robust and accurate system 

[23]. The eye-in-hand configuration allows the target object or scene to be kept in the field 

of view once the target is captured by the camera but if not captured it can take longer to 

control the robot. Since the camera moves frequently in this configuration active vision 

ability and precise manipulation must be guaranteed.
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2.4.2 Eye-to-Hand / fixed camera configuration

This configuration has the camera fixed in the workspace and does not move with the 

movement of the robot during the working process of the robot. The target in this image is 

independent of the robot’s motion unless the camera is connected to the second 

robot[24][67]. In this configuration, the camera weight does not affect the payload of the 

system since it is not attached to the robot end-effector. The camera is related to the base 

coordinate system of the robot and the target object[24]. This configuration allows the servo 

system to be designed as an endpoint closed-loop system where both the target and the end- 
effector are observed during the execution of the task thereby solving the problem of image 

features escaping the field of view [73] [74]. This configuration was used in [67] with a 

fixed camera within the workspace to provide positional information of the robot’s end- 
effector and the target in the robot’s workspace. The camera observes the target and the 

robot from a distance, creating the extra difficulty that the error to be minimized is 

dependent on the calibration and visual processing to have robust positioning accuracy[23]. 
The transformation between the camera frame and the robot end-effector frame is computed 

at each iteration using the transformations between different frames[25]. The robot is 

controlled by observing the relative positional relationship between the target and the end- 
effector. One of the advantages of this configuration is that the camera angle can be adjusted 

in advance (calibrated) to obtain a wide range of field of view (FOV) [27]. Usually, when 

using this configuration, the robot cannot be collinear with the image sensor and the target 
object since this will result in object occlusion.

2.4.3 Hybrid configurations

These can be constructed where both eye-in-hand and eye-and-hand systems complement 

each other. In multi-arm robotic cells, visual systems are usually equipped with a hybrid 

camera configuration with two or more cameras in which some are in eye-in-hand and others 

are eye-to-hand configurations, with the eye-in-hand configuration guarantying good 

accuracy and ability to explore the target although with limited sight while the eye-to-hand 

configuration ensures a panoramic sight of the workspace but with lower accuracy[75]. The 

use of both configurations at the same time makes visual servoing tasks easier and offers 

flexibility in dynamic scenes. Hybrid configuration is used to solve occlusion problems and 

to exploit all the potentials of the separate configurations. In [75] a hybrid configuration was
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used for position-based visual servoing and a study comparing a hybrid configuration to 

eye-to-hand configuration was done, proving the hybrid configuration to have lower 
estimation error than the eye-to-hand alone. A multi-camera framework for visual servoing 

of a collaborative robot in industrial environments which can be generalized to any number 
of eye-to-hand and eye-in-hand cameras was presented, with 90% of picking success 

according to experimentation. An eye-to-hand approach on eye-in-hand configuration using 

markers was proposed for real-time visual servoing [76] using a robotic manipulator. This 

configuration managed to resolve the drawbacks in separate camera configurations.

Camera calibration and the determination of the intrinsic camera parameters such as focal 
length, pixel, pitch, and the principal point are nearly important for both configurations 

before the visual servoing task is initiated [24][25].

2.5 Visual Servoing Architectures (Basic approaches)

The visual servoing architectures are focused on positioning the end-effector or maintaining 

a constant relationship between the robot and the moving target (tracking) and in both cases, 
visual cues are used to measure the error between the current location of the target object 
and its reference and desired location. The visual cues are used to perform the task in a two- 
dimensional plane which is expressed as image coordinates or to perform tasks in the three- 
dimensional plane which is expressed in the retrieval of pose information of a camera/object 
model about the camera/world/robot coordinate system. The definition of the task function 

in either 2D or 3D plane brings about the visual servoing classification approaches. The 

classification addresses the domain in which the error function will be computed from either 

pose space or image space. The approaches are Image-based Visual Servoing (IBVS)/ 2D 

Visual Servoing and Position-Based Visual Servoing (PBVS)/ 3D Visual Servoing. The 

combination of these two basic approaches gave rise to the hybrid approach/ 2 Vi D visual 

servoing.

2.5.1 Position-Based Visual Servoing (PBVS)/ 3D Visual servoing

Position-based Visual servoing involves features being extracted from the image during an 

iteration of the control loop and evolving an estimate of the target’s pose to the image sensor, 

meaning it uses the image features to estimate the current pose of the target[26]. This is 

indirect control since pose estimation (image interpretation) is done before robot control 
which results in longer processing times. The 3D information about the scene and the
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geometric model of the target is retrieved and used to estimate the position and orientation 

(pose) of the target about the camera/world/robot coordinate system [77], The error function 

is treated as the difference between the current and the desired poses[78] in 3D pose space. 
This approach approximates quantities to parameterize the feedback and is closely related 

to the problem of recovering scene geometry from the camera. The pose of the object is 

estimated relative to the image sensor and this requires the transformation between the robot 
and the camera to be known so that the required motion of the manipulator will be generated

[77]. The position and orientation of the target object is estimated from the object image 

and the prior knowledge it has of the object. Usually objects with well-defined geometric 

shape are usually represented as a wire-frame model in the pose estimation stage and 

servoing task is completed when wire frame model coincide with object model [79]. PBVS 

feedback has no control over the trajectories in the image space [23]. The accuracy of this 

approach depends on the target pose estimation, which depends on the 3D spatial model of 

the object and it is difficult to ensure accuracy in this system if the target is out of the visual 
field [26]. PBVS demands that the camera be finely calibrated (the camera parameters must 
be expressly known) so that the current and desired camera poses will be accurately 

estimated leading to excellent performance and accuracy and avert failure of the visual 
servoing task. The transposition of data from the 2D image plane to 3D Cartesian space 

demands high computational effort which limits the applicability of the algorithm in real 
time systems [79]. 3D visual servoing feedback and estimation are more time consuming 

than 2D visual servoing as the relative pose must be estimated online. PBVS has better 
response to large rotational and translational camera motions than IB VS and does not suffer 
image singularity, local minima and camera retreat which are problems specific to IBVS. 
This approach has no way of regulating features in the image space and is more sensitive to 

camera and object model errors compared to IBVS [80].

The application of 3D visual servoing and its accuracy is dependent on the pose estimation 

problem. Research work on pose estimation has been carried out and solutions which are 

broadly grouped as analytical and least-squares solutions have evolved as witnessed by 

different solutions for coplanar scenes (analytic solution) which do not apply for collinear 

feature points (least square solution). Iterative solutions to refine pose estimation problems 

based on real-time observation have evolved since the least-squares solution to pose 

estimation is a nonlinear optimization problem with no known closed-form solution. For
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example, Extended Kalman filtering (EKF) provides an excellent iterative solution to pose 

estimation problems [81]-[83]. A fast, robust and accurate approach for pose estimation 

problems for robot motion was given which combined the Extended Kalman filter (EKF) 
and the use of multiple cameras [84]. Pose induction and pose alignment are used for 
position-based visual servoing control of a quadcopter [85]. Pose induction inferred the 

desired orientation to the target from the desired pose given about the source, while pose 

alignment approximated the present orientation for the target and control the robot to the 

desired pose. Pose induction did the job of pose estimation by using the deep neural network 

to compute a reconstruction in the camera frame and servoing of the target instance in the 

feedback loop. The induced desired poses through pose alignment generated the velocity 

commands for the robot through the PBVS controller. Pose induction and pose alignment 
are iteratively executed until the PBVS control error reaches the desired tolerance. The 

particle-filter approach was used to estimate the relative camera pose between different 
camera frames [86]. This was made possible by using a Bayesian tracking-based pose 

estimation algorithm which predicted the current pose using velocity control signals which 

were known prior. The approach enabled model-free position-based vision-based control 
through online estimation of 3D pose information needed in the control law design.

The advantage of PBVS is that it is possible to describe tasks in terms of the pose as cartesian 

coordinates and that the camera/robot trajectory is controlled directly in 3D space which 

allows easier trajectory planning and obstacle avoidance. One of the disadvantages of this 

approach is that it is highly calibration-dependent [67].

2.5.2 Image-Based Visual Servoing (IBVS)/ 2D visual servoing

This approach performs control objectives directly from the image without pose estimation 

of the target object meaning visual information is directly used to control robot motion. The 

task function is based on the image characteristics. The error signal in the image plane is 

used to control the end-effector movement to the target position. The feedback is computed 

from the image plane and the error function is treated as the difference between the desired 

feature vector and the current feature vector. For this approach, pose estimation is omitted 

and the control law is directly expressed in the image space [87]. This control architecture 

has reduced processing times for the algorithm and increased sample rates since the 3D 

reconstruction of the target are omitted. The task in this approach is defined in the image 

space (2D) rather than world space [67]. The error function is defined as the difference
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between the and the desired feature position:current

e= r-r (2)

fc and fx are the current and desired feature vector in the image plane. And these image 

features are used in the estimation of the robot’s joint parameters such as position, velocity, 
acceleration, meaning the error signal in the image space is directly mapped to motion 

commands (actuator commands). The result of the error function in the image space is used 

to generate the control signal for the robot in Cartesian space or joint space. IBVS control 
involves the computation of the image Jacobian or the interaction matrix which represents 

the differential relationship between the scene frame and camera frame [78]. The Jacobian 

encodes and decodes the relationship between the velocities in the robot’s workspace and 

image space velocities [88]. The interaction matrix / Jacobian contains the coordinates of 

the end-effector in some parameterized task space and image feature vectors. The image 

Jacobian connects the image parameters T with the velocity of the end effector 4q’ by the 

relationship:

f=y<7' (3)

The estimation of the image Jacobian requires the knowledge of the camera's intrinsic and 

extrinsic parameters as these might present a mapping between the scene and the camera 

frame. Usually, if a monocular vision system is used and the camera used does not provide 

depth information which is used to update the image Jacobian, the Jacobian is lost and this 

has caused many existing systems to rely on a constant Jacobian which is computed for the

desired camera/end-effector pose[77]. There are three cases in which the image Jacobian is 

used in IBVS to ensure the global asymptotic stability of visual servoing system[78] and 

these are:

Estimation/leaming of the image Jacobian during camera/robot motion without 
considering the analytical form. Artificial Neural Networks (ANNs) have been 

used in the estimation of the image Jacobian. In [67] a Kohonen’s self-organizing 

Map (KSOM) image-based visual servoing scheme using neural networks was 

shown to approximate an estimate of the inverse kinematic Jacobian from the 

image space to the joint space. The learned map by ANNs ensured global 

stability and computational efficiency in real-time. Estimation of a composite 

Jacobian using a dynamic recursive least squares algorithm was performed

0

34



B^ST
uoi swWMVUKNM IOWI l M\I RMI\

Orn lFNCF6 TF< HNOI tM iV

during the development and demonstration of an un-calibrated vision-guided 

tracking control [74].

Up-dating the image Jacobian iteratively on the execution of the control law. 
The accuracy of this method is dependent on the knowledge of the depth 

information and is susceptible to inadequate camera motion which might lead to 

possible local minima and singularity problems. The method of updating the 

interaction matrix performed better than the preceding method of using a 

constant interaction matrix [89]. In [79] the image Jacobian was computed based 

on the real values of the image pixels and depth value at each iteration. Though 

this provides the most efficient Jacobian computation updating the Jacobian 

iteratively requires huge computational effort.
Offline determination of a constant image Jacobian obtained using estimation 

of the depth of the point at the desired pose and using the desired value of the 

image features. This approach usually ensures stability in the neighborhood of 

the desired position [78].

ii)

iii)

The image Jacobian and its computation for the IBVS approach depends on the type of 

features used. The image Jacobian has to be decoupled properly otherwise the steady- 
state errors will increase with large commanded relative motion [80]. Pixel coordinates 

of the set of image points are not the only possible choice since they are nothing but the 

camera intrinsic parameters to go from image measurements expressed in pixels to the 

features [73]. IBVS approach does not need geometric modeling of the target and camera 

calibration since the closed-loop is defined in the image space and is robustly 

satisfactory in the presence of calibration error. Despite its robustness, the issues of 

stability and convergence associated with IBVS stem from the image Jacobian 

(singularity error, lost Jacobian, etc.) leading to unstable behavior and local minima and 

local convergences issues [78], IBVS may reduce computational delay, eliminate the 

necessity for image interpretation and errors due to sensor modeling and camera 

calibration[24]. IBVS feedback lacks the design of motion in Cartesian space as it is 

executed directly in the image space [23]. Since this approach does not have direct 
control over robot trajectories induced by the servoing loop in the physical space, the 

possibility of trajectories that might go beyond joint limits or physical constraints is 

abundant[26]. Theoretically, IBVS is suitable only for small displacements but less than 

optimal in terms of 3D motion because of the non-linearity in the relationship between
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the image space and the workspace and the coupling between the degrees of freedom[90] 
[91]. A minimum of three nonlinear points is necessary to compute the control law for 
image-based visual servoing and increasing the number of points increases its 

robustness.

IB VS popularity and usage over PBVS are mainly because of its shortcomings in terms of 

calibration, 3D reconstruction, and errors in task execution. The main advantage of IBVS 

over PBVS is that no camera calibration is needed[67] and it is considered to be more robust 
for camera and robot calibration. Because of the nature of IBVS, which limits its application 

to several features less than the number of degrees of freedom, its systems are often attracted 

to the local minimum far away from the desired configuration, thus in terms of stability, 
only local asymptotic stability is obtained for IBVS [73]. The computation of the image 

Jacobian seems to cause many drawbacks in the use of IBVS, especially the use of constant 
Jacobian in monocular systems have been one of the major drawbacks of IBVS since 

convergence is ensured only around the desired position [77] and adaptive depth estimation, 
use of the stereo system, concatenation of two monocular image Jacobians have been used 

to cater for this problem. A majority of IBVS algorithms employ conventional monocular 
vision systems which are heavily plagued by lack of depth information, a constrained field 

of view, occluded view, and specular highlights [92]. Plenoptic cameras/light field cameras 

have provided potential solutions to some of these issues since these cameras provide depth 

and multiple view information. The application of Light Field cameras in [92] displayed 

superior performances compared to conventional monocular and stereo IBVS though they 

come with a cost of complex calibration procedures compared to other cameras. The LF 

cameras are robust in handling occlusions and specular reflections which can make them 

useful in mineral processing, jewellery identification, and precious stone processing. Recent 
work in [93] proposed a simplified methodology for IBVS without computation of the 

interaction matrix. The method is based on parallelogram features (point error and area error 
of 4 feature points). The parallelogram model was used in the 6-DOF IBVS control since it 

captures the most important features of interest. The method employed parallelism 

invariance and decoupling of the proportional control principles to perform the orientation 

tasks. One drawback of the method is that it does not apply to arbitrarily shaped objects as 

it is limited to objects with 4 interiors/exterior vertices or which have parts that can be 

defined with 4 vertices. The method proved excellent results for pick and place tasks. 
Correspondence-free Image-based visual servoing which can perform control tasks without
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rigorous feature matching with stable camera motion was recently presented in [94]. In this 

method, a stabilizing control technique that solves the correspondence of features and visual 
servoing together was utilized, doing away with feature tracking and image processing 

requirements. The approach is robust for symmetrical and asymmetrical target objects and 

in applications where image feature arrangement is of less importance.

2.5.3 Hybrid based visual servo Control

Combining both methods image-based and position-based visual servoing can result in an 

improved performance as seen by hybrid or portioned approaches. The hybrid control 
scheme avoids the respective drawbacks of 2D and 3D visual control. This approach is 

‘halfway’ between classical PBVS and IBVS approaches which is why it is termed 2 Vi D 

visual servoing and was originally proposed for the eye-in-hand configuration. The error 
function in hybrid visual servoing is computed partly in 2D image space and partly in 3D 

space[95]. This approach allows the decoupling of rotational and translational control loops 

thereby allowing convergence in the entire task space. 2 Vi. D visual servoing is made 

possible by estimating the homography of feature points between the current and desired 

camera poses. And the use of homography does not rely on the 3D geometric model of the 

target as compared to the PBVS alone. Iterative estimation of homography in conjunction 

with the control law makes 2 Zi D visual servoing independent of precise camera calibration. 
The hybrid approach guarantees the convergence of the control law in the whole task space 

as compared to IBVS. The hybrid visual servoing approach affords the capability of utilizing 

both global and local vision to independently determine the pose of the target by allowing 

the controller to automatically switch from either global vision or local vision when either 
fails to recognize the marker[77]. In [96] the visibility constraint problem was solved by 

combining the image-based visual servoing (IBVS) and Pose-based visual servoing (PBVS), 
and a classical balance between these two approaches were established. Only 2D features 

which were vital in keeping the object in a constant field of view (FOV) were used to 

produce a control law with local stability and a global minimum at the PBVS intended pose. 
A hybrid architecture that uses a switching scheme between the traditional image-based 

visual servoing control and neural network reinforcement learning was presented in [97], 

which provided a decoupled control process for the vision-based control task. The error 
between the current image features and the desired image features is calculated and a 

correction in the robot pose for alignment with the desired object is performed using a neural
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network reinforcement learning controller. The image-based control scheme is activated 

when the second desired area is within the area of interest as the first and it included 

estimation of the image Jacobian and error vector. This hybrid switching approach managed 

to solve the visibility constraint issue while maintaining the preferred path of the robot for 
the entire servoing task and it was robust to the changing environmental conditions. The 

main benefits of PBVS and IBVS were harvested using a task composition algorithm for a 

hybrid visual servoing with a dynamic and hierarchical task-priority control framework that 
controlled an aerial vehicle with a robot arm [98].

2.5.4 Enhanced visual servoing techniques

In visual servoing literature, other methods do not fall directly into the categories mentioned 

above. These methods were mainly an improvement or sought to solve some of the 

drawbacks of the original method. These methods include techniques like:

2.5.4.1 Shortest path visual servoing

This was presented by Kyrki and Kragic [99] when they were addressing the problem of the 

target leaving the camera’s field of view and the problem of joints working too close to their 
limits. This approach solved the issue of the uncertainty of the trajectory which occurs in 

several methods. The shortest path approach to position-based visual servoing (PBVS) 
allowed for the shortest cartesian trajectory and guaranteed object visibility was 

demonstrated together with a homograph-based partial pose estimation visual servoing. The 

shortest path visual servoing is viable on 3D visual servoing and hybrid method. This 

improved technique had better performance than PBVS in terms of execution time and 

maximum features excursion [79].

2.S.4.2 Partitioned approach to IBVS control (Corke & Hutchinson Visual servoing) [88]

This addressed the contorted robot trajectories which may be undesirable in the cartesian 

space and the camera retreat problem in IBVS which is experienced for pure rotations 

around the optical axis of the camera. Their methodology separates the control of 

translational and rotational motion over the z-axis from the other degrees of freedom and it 
only focuses on the z-axis since camera retreat and IBVS failure are Z-axis translation and 

Z-axis rotation phenomenon respectively. The performance of this method is depended on 

the relative position of the features in the image to ensure that all the features remain in the 

field of view throughout the robot trajectory. This method performs well for generic motions

38



BlU&ST
BO I SWAN \ IN Tt RNATIONAI. V. Nl\ IRSITY 

OF SCIENCE A. TTOlNOUXiV

than the original IB VS and performed excellently for pure rotations around the optical axis. 
This method does not require much computational effort and has improved task execution 

for tasks that require large z-axis rotations [88].

2.5.4.3 Photometric Visual servoing [100]

This approach is based on IB VS but it uses the luminance of all pixels instead of geometric 

features or homographs to remove the tracking or matching process. The basis of this 

approach was the analytic computation of the interaction matrix which relates the time 

variation of the luminance to the camera motions. This method is robust in approximating 

depths, low textured objects, and partial occlusions.

2.5.4.4 Deguchi Visual servoing [101]

This is an appearance-based visual servoing approach that does not need image processing 

for feature extraction and correspondence search as it removed the assumptions that the 

object images are expressed with simple primitive features (points, lines, conics, etc.) and 

the assumption that the correspondence of the primitive features is always maintained in the 

sequence. This approach sought to apply visual servoing to more complex situations since 

the above assumptions do not always hold. In this technique, the relationship between 

dynamic images and camera motion was presented and its application to visual servoing 

was shown.

2.5.4.5 Marker aided visual servoing:

In an attempt to simplify detection and tracking using visual servoing, artificial points 

(markers) which are easy to detect and localize are common in usage. This approach applies 

to both IBVS and PBVS. Various libraries to track the markers are already in use. AR 

marker which provided 2D image features of four comer points was mounted on a robot, 
the markers were used in the computation of the visual Jacobian of a 6D Image-based Visual 

servoing using a stereo camera [102]. Markers were used to estimate the complete pose of 

the five degrees of freedom manipulator and to provide angular information of the robot’s 

joints and the position coordinates of the system in real-time [103]. The fiducial markers 

(index or point marks used for referencing) were stuck on the links of the manipulator so 

that through visual extraction by an eye-to-hand camera complete spatial configuration and 

the control laws for the manipulator can be computed. The ARTooKit module was used to 

read the markers and estimate the angles of the robot and provide inputs for the computation
■3
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of the Jacobian matrix. 3D markers were used as a passive target to robustify a real-time 

pose detection scheme for a visually servoed underwater vehicle [104]. The markers which 

consist of geometric and symbolic features provided by the ARTag toolkit made it easy to 

perform visual servoing as they allow the robot to communicate visually thereby controlling 

its behavior easily [105]. Mainly the use of markers is a bridge to pose estimation problems 

and an easy fail-proof strategy to visual servoing since some markers are embedded with 

error-correcting mechanisms to improve robustness. Marker-less visual servoing solutions 

are guaranteed as long as the pose estimation challenge is solved and precise knowledge of 

both the end effector and the target object is known. This was demonstrated in [106] where 

an IB VS control was used to maneuver the robot’s end-effector to the desired pose. The 

least-square minimization was formulated to find the volume of the target object using 

stereo vision, 6D pose estimation of the end effector without markers was done by a 

recursive Bayesian filtering technique and nonlinear constrained optimization was 

formulated to compute the desired graspable pose, all this was done to fulfill the pose 

estimation challenge.

2.S.4.6 Structured light assisted visual servoing

The success of a visual servoing task is dependent on the extraction of visual measurements 

and all the visual servoing approaches assume that extraction of visual features is possible 

but it is not so for non-textured objects and in cases where feature extraction is nearly 

impossible and time-consuming [107]. The dynamics of a visual servoing task must be in 

real-time hence time should not be wasted on feature extraction otherwise the effectiveness 

of the servoing task will be compromised. Structured light is a result of controlled 

illumination and it falls under active stereo vision which is aimed at simplifying computer 
vision tasks. Casting structured light on non-textured and complex objects is a viable proven 

solution to the aforementioned challenge. The advantage of using structured light is that 

there are a lot of patterns that can be produced and some of the patterns are robust to the 

object’s appearance. This approach was first experimentally validated in [108] on an IB VS 

technique and it showed good results for positioning a robot to a planar object though it was 

limited to static objects as it showed some problems on moving objects. T. Heitzmann et al 
[109] addressed the use of visual servoing in an unknown environment with un-textured 

objects using structured light on a Position-Based Visual Servoing scheme. As opposed to

m

40



B&ST
BO HAVANA INTERNAIIOWI l \IN I KSITV 

OF SCIENCE & TEOINOIOOY

the work in [107], [108] the target object’s surfaces were assumed to be piecewise and were 

free to move and were subjected to some deformations. The focus was for the method to be 

able to navigate inside the human body with an articulated endoscope and it was designed 

to be robust to partial occlusion. The decoupled nature, performance characteristics, and 

stability properties of structured light-assisted visual servoing were analyzed in [110] and 

better visual features that improve the properties and global asymptotic stability were 

presented. However, the visual features from the projected patterns are not inherent features 

of the object at any given moment and their usefulness can be questionable. The use of 

structured light and structured environments in visual servoing is a way of controlling the 

environment to make it conducive for the application of the technology but it can be one of 

the drawbacks of its utilization as this increases the cost and removes the flexibility that 
visual servoing seeks to bring.

2.5.4.7 Particle filter-based vision-based control[l 11]

Many techniques are evolving and are being employed to solve the problems encountered 

in visual servoing. The particle filter method sought to solve the convergence issues faced 

in servoing techniques as it treats the servoing task as an optimization task. With this 

approach, the task function is solved statistically rather than analytically as done in common 

approaches. The method is based on the statistical estimation of the 2D or 3D relative pose 

parameters of the robot or camera between the current pose and target pose depending on 

the observations or measurements. The approach can be applied independently of the type 

of visual features selected either global or local features. The particle filtering-based method 

is capable of averting the local minima and divergence issues robustly. Depending on the 

chosen parameters (especially the number of particles) the method can be restricted in terms 

of real-time performance due to huge computational effort. Experimental validation of this 

approach on a 6 DOF manipulator showed how this method solved the camera retreat 
problem and how it can curve out suitable trajectories notwithstanding limited precision and 

noisy trajectory near the desired targets when using point features [111]. According to the 

author’s statistical analysis, the Particle filter-based visual servoing performed excellently 

compared to direct visual servoing in terms of the convergence area. Increased perfected 

performance is expected with more particles which entail increased computational power. 

Particle filtering was used in a PBVS scheme for grasping purposes [112], to solve some of 

the problems faced in an industrial environment. The particle filter was incorporated to cater
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to different noises found in uncontrolled unstructured industrial settings. This approach 

enabled the system to reach a 99-100% success rate in overcoming different kinds of noises 

introduced to the system.

2.5.5 Machine learning techniques for visual servoing

The complexity that comes with the visual servoing schemes, the relationship between the 

image features and the required robot/camera motion, and the computation of certain visual 
servoing parameters have inspired researchers to investigate the application of various 

machine learning techniques on vision-based control. Machine learning techniques 

automates interpretation and prediction processes from the given datasets. Various machine 

learning techniques are being applied in the field of computer vision and robotics and object 
detection. Localization and robot position or end effector positioning for the desired object 
can be learned. Various works in literature embody the application of machine learning 

techniques in visual servoing applications. A model-free self-learning robot controller 
which performs positioning tasks without prior knowledge of the camera/robot system 

geometry based on artificial neural networks was presented by Yan-Xi Yang et al [113]. In 

their, work ANNs were used to directly translate input from the monocular eye-in-hand 

vision sensor to joint velocities of a 3DOF robot arm. Simulation results expressed fast 
stable robust results with adaptability. An adaptive artificial neural network was constructed 

to cater to the output nonlinearities and unmodeled dynamics associated with a vision-based 

control of robotic systems [114]. A recurrent artificial neural network was used for the 

kinematic control of a robotic manipulator with a camera in hand system[ 115] for static 

point targets. With the neural network, visual cues were used directly to control the robotic 

manipulator with increased flexibility. This method handled the joint limits easily 

guaranteeing the safety of the manipulator. Simulation results and theoretical analysis 

validated the performance of the proposed technique. An artificial neural network (PDP 

network) which was able to learn the mapping of coordinates of the four visual features 

(input patterns) to joint angle changes of a manipulator (output patterns) was presented 

[116]. The neural network was trained to learn the link between the visual information and 

the needed robot joint angles required for the positioning and orientation of the end-effector 

to the target object. The advantage of this technique is that the visual data is integrated 

directly into the control system without splitting the process into object detection, 

localization, and robot control. Computer simulations on a 6DOF robotic manipulator
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established the effectiveness and validity of this approach. Deep learning techniques 

(Convolutional Neural Networks) are in a recent application to perform visual servoing 

under occlusions, varying lighting conditions, unstructured environments, varying view 

angles, identifying and executing robotic grasping, and performing camera-end-effector 

coordination [ 117] - [ 121 ].

Various libraries, tools, datasets, machine learning frameworks that can train and construct 
learning systems have been developed to fuel research and application of machine learning 

techniques. The main drawback in terms of the application of these techniques is long 

training times, large datasets for training and validation purposes, and the computational 
resources needed.

Generally, from comparison, IB VS is better in terms of camera calibration, hand-eye 

calibration, robot modeling, scene, and target modeling, and also with issues regarding the 

processing time required to compute the sensor signal [87] and it seems to be the most 
versatile method since it requires less information to compute the control law and most of 

its drawbacks and limitations are solved by the partitioned and hybrid approaches. As 

revealed with the developments, research, improvements; more effort and work are being 

done on the IBVS scheme than the PBVS scheme. A comparison of IBVS and PBVS 

servoing techniques running under the same conditions was done and the main advantages 

and disadvantages were pointed in [87]. Another comparison measuring the influence of 

image noise in the performance of the several visual servoing techniques (IBVS, PBVS, 
Hybrid, Shortest path visual servoing, Corke & Hutchinson) and the comparison of generic 

motions around the optical axis, translation along the optical axis, rotation around an axis 

coplanar with target plane was done in [79]. In the comparison of 2D, 2 Vi D, and 3D Visual 
Servoing in [80], it was noted that IBVS and PBVS had nearly the same response speed and 

Hybrid Visual Servoing had a little faster response probably due to the faster estimation 

algorithm.

2.6 Image features for visual servoing

The selection of image features has an impact on the performance of the visual servoing 

closed-loop system and its ability to analyze the system’s dynamics [90]. An image feature 

is any structural feature that can be extracted from an image corresponding to a projection 

of a physical feature of the object onto the camera’s image plane. These are usually
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characterized by a set of parameters that can be calculated from the image such as 

coordinates of points, the distance between two points, the orientation of line connecting 

points, area of projected surfaces, parameters of lines in the image plane[75]. The image 

features are usually classified as global or local features/region-based features. Global 
features are usually exploited in the context of visual servoing to avoid complex image 

processing steps such as feature extraction, matching, and tracking. The use of geometric 

features such as shape descriptors is generally ranked as region-based or contour-based 

descriptors. Contour based descriptors only capture the contour information while region 

based descriptors captures the interior content of the shape thus capturing more information 

[122].

The choice of features used should not suffer control coupling and non-linearity between 

the image space and the 3D space[123] as this can cause unpredictable behavior in the task 

space like divergence or convergence to local minima in some situations. In most cases for 
IB VS image point coordinates are considered but other geometric primitives which can 

solve the decoupling and linearization issues can be used [73]. The image features for pose 

estimation using camera-in-hand configuration usually escapes the Field of View (FOV). 
This is due to the narrow view provided by that configuration and the fact that the control 
law does not incorporate any constraints when it comes to image plane feature coordinates 

[77], this is why the choice of features and ways to keep the features in the field of view is

important.

According to Burlacu. A et al [124], image features for the design of vision-based control 
law are generally categorized as point features (centroids or comers), lines/ellipse features, 

and generic descriptors (image moments which are statistical descriptors of the object in the 

image plane). The usage of general coordinates of points, straight lines, ellipses, or 
parameters describing the configuration of image segments as input to the visual servoing 

control scheme is usually limited because the kinds of objects defined by these will require 

feature matching between initial and desired images as a prerequisite[122], [125].

2.6.1 Image moments as visual features

From a binary or segmented image or a set of extracted points, it is easy to compute image 

moments which are generic visual features. These features can characterize any shape 

complexity irrespective of the geometric entity. Usage of generic visual features (image
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moments) in frame sequences guarantees stability and robust computational process 

compared to the usage of point features since the high-level global matching of the object 
is required and not a precise match of each object point [124]. The use of point features or 

lines in image-based visual servoing applications presents problems due to the extensive 

coupled nature of the interaction matrix but the inclusion of image moments in the feedback 

loop can help to decouple the interaction matrix. The image moments have been employed 

in visual servoing schemes due to their ability to represent object regions and to represent 
objects defined by contours or a set of discrete points [90]. Image moments have provided 

the platform of choosing a minimal number of features to control the whole degrees of 

freedom while achieving control decoupling properties.

In [90] low order “shifted moments invariants” were proposed as new visual features for 
visual servoing as they allowed the definition of a unique combination of visual features to 

control a robotic system independently from the object shape while significantly enlarging 

the convergence domain of the closed-loop system. Low order classical moments include 

using coordinates, area properties, the center of gravity, etc. And these usually minimize the 

impact of measurement noise on the control performance and enable visual servoing task 

on complex object shapes and tasks which are independent of object symmetry.

The use of image moments in IB VS requires the analytical form of the interaction matrix 

for it [125]. Due to their invariant properties image moments can be utilized for pose 

estimation and task sequencing. In using image moments determination of features that will 
not lead to local minima or coupling which leads to unplanned robot trajectory is an 

important aspect as witnessed in [122][90]. Both simulation and experimental work 

presented correct, desired, and stable behavior of the visual servoing system either using 

simple symmetrical objects or planar objects with complex and unknown shapes [90], [122],
[125] . Image moments have solved the problem of the determination of the set of features 

to use in the IBVS control scheme as they offer optimal behavior of the system. An 

advantageous property of the image moments is that a combination of moments that are 

invariant to some transfoimations such as scale, 2D rotation, and 2D translation is possible

[126] . In [127], perspective image moments were computed from coplanar landmarks on 

the level ground to dynamically control an Unmanned Aerial Vehicle (UAV) with a fixed 

downward camera to control its vertical motion and rotation around the roll axis for 

positioning and orientation purposes.
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2.6.3 Part-aware key points as visual features

Part-aware key points were used as visual features to extract only the important needed 

information for instance PBVS control from the global perspective of the image. This 

done to avoid the usage of low-level geometric features which are insufficient in 

generalizing matching of scenes or objects [85]. The convolutional neural network 

(ConvNet) using the hourglass architecture was used to learn the part-aware key points on 

annotated images of cars. The resulting predicted features were used for reconstruction and 

pose estimation to perform excellent position-based visual servoing. The part-aware key- 
points computed by the deep neural network match descriptors of the instances/scenes 

accurately and were robust to illumination and textural variations.

was

2.6.4 Eigcnspaces of the image dataset as visual features

In a bid to avert the problems that come with local features and the image processing tasks 

K Deguchi and T. Noguchi [89] performed image-based visual servoing tasks without image 

feature extraction and correspondence. They presented a general scheme that related 

dynamic image and camera motion and its application to visual servoing. Principal 
Component Analysis (PCA) algorithm and eigenspaces were used to reduce image 

dimension and a dynamic estimation of the interaction matrix from these eigenspaces was 

done to achieve a simple and effective robot control without complex image processing 

procedures. The method experimentally showed better performance though the pose errors 

did not decrease effectively to the desired tolerance level. An upgrade method using the 

reduced image form (eigenspaces) with the reconstruction of the eigenspace was done in 

[101] to enable a more effective robot control. Improved usage of eigenspaces was shown 

by rearranging each eigenspace by relating it to its image position where it was obtained 

around the goal. This improved method was experimentally proven to be useful for the 

control of vision-guided robots.

2.6.5 Luminance as image feature for visual servoing

A method that is not dependent on geometric features or homography but luminance of all 

pixels in the image was proposed in [100], [128]. Usage of luminance as visual features is 

superior to other features in that no feature tracking or feature matching is needed. Using 

luminance of pixels for 2D visual servoing is depended on the analytical computation of the
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interaction matrix that relates the time variation of the luminance to the camera motion. This 

visual servoing method was converted into an optimization/minimization problem to coin a 

control law known as photometric visual servoing which can handle convergence issues 

easily. Lambertian model or Phong model were incorporated into the control law to make it 
robust to complex illumination changes. The approach was experimentally validated for 
positioning and tracking tasks and it proved that only image intensity / pure luminance signal 
can be used to control robot motion with less sensitivity to partial occlusions and coarse 

approximations of the interaction matrix [129].

new

A direct approach independent of feature matching which represents the entire set of pixel 
intensities of the object where it appears instead of local features was presented in [130]. 
This method made use of all the information provided by the image and measured the 

similarities between the patches of intensities to realize the visual servoing task. Using the 

similarity measure between patches robot/camera movements that maximize the mutual 
information between the current and desired were performed. This made it easier for the 

visual servoing problem to be reduced to an optimization problem.

2.6.6 Colour attributes as visual features

Colour attributes were used in the visual servoing control loop in [131] in an approach 

similar to [100], [128], [129] since color contributes to luminance though the color is more 

discriminant. Colour enhanced the use of luminance in visual servoing tasks and it avoided 

complex problems associated with feature extraction and matching. In using color attributes, 
it is vital to select optimal features for the scene being observed since some color parameters 

influence the convergence of the control law and the trajectory of the camera/end-effector. 
Experimental validation of the approach was done and proved that the approach is 

insensitive to partial occlusions and coarse approximations of the depth information 

required to compute the interaction matrix.

In [132] usage of primary color space to perform visual servoing tasks was witnessed. 

MATLAB was the primary controller used for Image processing to perform object detection 

and localization based on primary color space. Pixel count calculated using the Euclidean 

distance was used to determine locations of the colored object from the robot, this pixel 
count is computed to regulate the motor movement of a three-wheeled robotic platform in 

the (x-axis) and (y-axis) to reach the target. Colour in HS V space, edges, and comer features 

used to develop an object detection algorithm using MATLAB, to robustly extract thewere
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coiTect target object and the color features were used in a Pose Based Visual Servoing 

(PBVS) scheme [133] to precisely detect objects and their positions and sizes to make 

possible the sorting and storage operation. RGB color intensity and an online color intensity 

threshold correction using the standard deviation of RGB color distribution were used for 
objection detection and pose estimation approach in PBVS [134]. The planes represented 

by 3 feature points were used to represent objects and scenes. The task was to align the 

object's current plane with the desired plane aiming at minimizing the accumulated error of 

transformation. With this approach, the requirement of prior knowledge about the objects 

and scene is minimized while effectively estimating object pose with different 
characteristics in different lighting conditions.

2.6.7 Image histograms as features

In an attempt to circumvent the bottlenecks that come with feature correspondence, tracking, 
use of geometric features, and rigorous image processing as was done with photometric 

features and image moments, a technique that utilizes histograms as visual features was 

presented [135][136]. A framework that accepts an estimate of the probability distribution 

of image variables such as color, gradient orientation, intensity, etc. as visual features for 
vision-based control was presented [135]. The proposed framework works for a wide range 

of histograms and permitted the formulation of efficient and robust control laws as 

witnessed in [135], [136]. An intensity histogram was used as a visual feature and robot 
control was achieved by minimizing the distance between two computed histograms [135]. 
The intensity histograms were plagued with global illumination variations when the method 

was implemented on 6 degrees of freedom robot. [136] Used histogram of gradient vectors 

to formulate a global feature that is robust against occlusion and photometric 

transformations. Minimization of the Bhattacharya distance of the gradient vectors was the 

basis of the control. The technique included a novel formulation of the interaction matrix 

for this kind of visual features leading to efficient control law and greater positional 
accuracy. Some of the work of Bateux Quentin in [111] analysed various kinds of 

histograms as visual features under different conditions and reached a conclusion that 
histograms are able to compare images and their performance is visual servoing task can 

surpass that of classical direct visual servoing with the benefit of multiple options to choose 

from.
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2.7 Image segmentation

To satisfy the requirements of objective 2 and the demands of visual servoing it is needful 
to explore some of the techniques used in image processing for object detection and 

localization. To automate the identification and localization of gold particles in the gold pan 

and automate the sorting and picking process using a robot manipulator and visual data, 
image segmentation is a vital process. Image segmentation is the process of identifying and 

extracting homogeneous regions from the image domain satisfying a homogeneity criterion 

based on features formulated from spectral components of the image. Extracting and 

understanding information from vision data which can be used for various tasks such as object 
detection, image classification, detect detection, object recognition, etc. is a vital aspect of 

artificial intelligence. Segmentation entails dividing an image into regions of homogeneity 

and this division depends on the challenge at hand. Also, segmentation can be viewed as a 

pixel/region labeling process since homogenous regions/pixels are assigned the same label 
[89][ 137]. Mathematically the complete segmentation procedure partitions an image R into 

a finite number S of regions Ri,Rs.

R = Uf=i Ri and Rt D Rj = 0 where i =£ j #(1) (4)

Segmentation is a psychophysical process and there are a lot of techniques/algorithms 

developed to carry out segmentation because there is no one solution that caters to all 
segmentation problems [138]. Segmentation helps to simplify an image or part of the image 

into something easy to understand, easy to analyze, and easy to work with. The two main 

segmentation domains which many segmentation techniques fall into are unsupervised 

segmentation (fully automatic) and supervised segmentation (manual /semi-automated). 

Techniques under the unsupervised segmentation class are geared towards developing 

algorithms/frameworks that are fully automated in partitioning the chosen image into 

several homogeneous regions based on a given criterion. The techniques in the supervised 

segmentation class depend on the user interaction to initiate or select regions to be 

partitioned. Image segmentation is based on various features in the image such as color 

features, pixel information, geometric features, edges, etc. The various segmentation 

techniques can be done on both color images or monochromatic images (Grayscale images). 

Colour image segmentation is viewed as an extension of monochromatic image 

segmentation though some of the monochromatic image segmentation methods do not apply
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directly to color images [139]. All the segmentation techniques seek to partition the image 

based on similarity (region-based methods) or discontinuity (boundary/edge-based 

methods) or a hybrid of similarity and discontinuity. Edge/boundary-based methods locate 

discontinuities, abrupt changes in intensity values, or sharp contrasts in the image data 

whereas region-based methods are based on continuity and classifies adjacent pixels based 

on similarity or common patterns in intensity values[140], and partition the entire image 

into sub regions based . Fig 2.3 below shows some of the segmentation techniques and 

their classification. Region-based image segmentation methods such as thresholding, region 

growing, clustering, split and merge, and normalized cuts techniques are going to be 

discussed briefly due to their popularity in literature and bearing in this research work 

[ 141 ][ 142].

Image segmentation

Region Based 
methods

boundary based 
methods

Thresholding Soft computing 
Approaches

Edge detection 
methods

Region
Growing Artificial Neural 

networks
Canny

Clustering PrewittGenetic
AlgorithmsNormalized

Cuts Sobel
Fuzzy logic 

basedSplit and 
merge

Optimization
techniques

Figure 2. 3: Segmentation techniques and their classification according to [121][123] 

2.7.1 Region-based image segmentation methods

2.7.1.IThresholding segmentation techniques: This technique partition images by 

defining a range of pixel values in an image and assigning those pixel values as either object
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°r background (bi-level thresholding) [143]. Image regions are classified based on the 

chosen threshold value. Image segmentation by thresholding is simple and straightforward, 
allows rapid segmentation, smaller storage space with less computational efforts [144]. 
Techniques under thresholding segmentation can be bi-level or multi-level depending on 

the number of image segments wanted. Bi-level thresholding outputs the image with two 

parts which are background and foreground or target object and non-target object.

2.7.1.2 Split and merge segmentation techniques; The split technique divides the 

heterogeneous image into segments of homogeneous regions based on a global criterion. 
The split process is terminated when all segments are homogeneous. The merging technique 

iteratively merges similar neighboring regions based on the local criteria and the given 

fusion decision rule. The split and merge techniques partition images based on notions of 

homogeneity and geometrical proximity[138]. The fundamental principle of this technique 

is a region homogeneity test formulated as a hypothesis testing problem. Its output usually 

contains distorted boundaries consisting of vertical and horizontal regions [137]

2.7.1.3 Normalized Cuts segmentation is based on the graph theory and seeks to optimally 

split the image without further merging operation. The normalized cuts represent an image 

as a weighted undirected graph which can be partitioned into subgraphs by modeling 

partitions as minimized cuts. Every pixel represents a vertex of the weighted undirected 

graph and the edges join adjacent pixels. The weights are assigned according to the 

similarity, distance, color, texture, intensity values between the corresponding pixels 

depending on the application. The graph-based normalized cuts can produce good segments 

for a larger number of clusters compared to normal clustering segmentation algorithms 

though its implementation is computationally complex [145].

2.7.1.4 Clustering techniques: Partitioning an image into multiple regions of homogeneity 

is generally employed for image analysis and image understanding for further computer 
vision applications. Clustering algorithms have been applied to divide images into several 

regions with satisfactory results. Clusters based on spatial gradients of image luminance 

are produced using the watershed algorithm [ 137][ 146][ 147] and the clusters based on pixel 
distribution or chromatic information are produced by various clustering approaches such 

as K-means clustering, Fuzzy C clustering, mountain clustering, subtractive clustering, K- 
hyperline clustering, fuzzy local information C-means, etc[148] [149], [150]. Clustering- 
based segmentation algorithms can partition relatively close intensity/pixel values into one
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segment even if they are not geometrically close [145]. A lot of clustering algorithms 

not robust to illumination variations to an extent that identical pixels of the same color with 

different illumination can be clustered into different clusters. The other drawbacks with 

clustering techniques are usually over-segmentation or under-segmentation which rises due 

to the fact of not knowing the number of clusters or watersheds needed [146]. A lot of 

clustering methods are constantly being proposed, improved and some are being combined 

with other techniques to overcome the drawbacks experienced with pure clustering 

segmentation methods [151][149]

are

2.7.1.5 Region growing segmentation techniques: This is an iterative segmentation technique 

that is initiated by selecting a small desired region/pixel/(s) (seed) in an image that grows 

iteratively by assigning other non-selected pixels/regions that meet the required 

homogeneity criterion[152]. The seed can be manually or automatically selected. The 

growing/assigning process continues until no more pixels satisfy the given homogeneity 

criteria [139]. This technique is dependent on a careful determination of the seed pixel, the 

selected homogeneity criterion/ formula, and decision rules to terminate the growing 

process. Region growing segmentation methods can produce multiple regions with less 

noise but can be time-consuming. Poor selection of seed points and choice of homogeneity 

criterion often leads to sub-segmentation or over-segmentation [153]

2.8 Applications of visual servoing

Visual servoing is a relevant technology for nearly all robotic systems that use vision 

information to perform positioning, tracking, and manipulation tasks. This control technique 

can be used for a wide variety of applications and on different robotic platforms including 

industrial manipulators, mobile robots, medical robots, and humanoid robots [154]. The 

most general of applications is in the manipulation of objects which entails alignment, 
grasping, tracking, pick and place. A vast of vision-based control applications are done in 

laboratories, research stations, structured environments, and simulated scenarios mainly to 

check for feasibility but with Opto-mechatronics technological advancements, a lot has 

improved in terms of the technology and its utilization. Visual servoing is generally applied 

in vision-based automated systems or in vision-based service robots which can be found in 

almost every field be it agriculture, medical, manufacturing and processing industry, 

entertainment, security, and surveillance, etc.
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2.8.1 Vision-based automation - these ensure certain accuracy and repeatability for 
certain position or object. Visual servoing has allowed the execution of these tasks under 
variability of positions because of its robust object localization capabilities[23] compared 

to the traditional fixation systems. In vision-based automation visual servoing is used for 
such applications as lane tracking in autonomous driving and navigation systems, vision- 
based welding of thin plates, and manipulation of objects in an assembly line or 
manufacturing platforms.

a

2.8.2 Vision-based service robots- these assist humans in a wide range of tasks that are 

considered dull, dirty, and dangerous. These encapsulate navigation and motion control of 

dynamic systems such as mobile robots, robotic arms, cameras, and virtual systems (virtual 
cameras or virtual robots).

2.8.3 Visual servoing applications in the medical field

Usage of imaging techniques and visual feedback is utilized in the medical field both for the 

automation of medical procedures or by medical robots to either assist the medical personnel 
to increase the accuracy and ease of medical procedures. Due to the sensitiveness of the 

medical field sometimes the human operator is part of the feedback control loop [155] and 

this has made supervised automation of medical robotics receive much attention and its 

utilization be on the rise. There are a lot of imaging procedures in the medical field but 
visual servoing is defined if and only if the visual features are used in closed-loop control, 
for the operation of a robotic system in real-time. Medical robots demand fast real-time 

imaging to avert aliasing in image-based tracking. Various imaging techniques are used for 

visual servoing in the medical field and these include ultrasound imaging, x-ray fluoroscopy, 
magnetic resonance imaging, computed tomography, endoscopic imaging, and direct vision. 
Visual servoing has been used in laparoscopy to position the laparoscopic camera to 

continuously keep the tools or the section of the tissue/part in the field of view or to 

maneuver the movement of the laparoscopic tools. This was witnessed in [156] [157]where 

a reliable and practical image analysis and tracking were used to automate instrument 
localization and scope maneuvering in a robotically assisted laparoscopic surgery. Viky 

robotic scope holder was developed in [158] to assist the surgeon by holding the endoscope. 
The lightweight robot could automatically move the endoscope to the tip of the instrument 

using visual servoing. Visual servoing has been used to automate the alignment of needles 

with the insertion points or control the motion of the laparoscopic tools in a suturing
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procedure [159], Laser pointers were used to specify the stitching points and curved needles 

aligned automatically using visual servoing and a hybrid visual servoing method 

used for the stitching process. Stereo microscopes have enabled the visual servoing of 

micro-robots which are used by surgeons to perform micro-surgeries and delicate 

procedures with increased accuracy [160]—[162]. A thorough review of utilization,
challenges, trends, and future works of visual servoing in medical robots was presented in 

[155]

were was

2.8.4 Visual servoing applications in industry

Visual servoing has brought flexibility to path planning and motion planning of industrial 
robots and has found various applications in these manipulators. A Hybrid visual servoing 

scheme was used in robotic arc welding [163]. PBVS control was used to move the end- 
effector along the weld seam and the IBVS control was used for adjusting the seam tracking 

maneuver. A camera in hand configuration with a laser emitter was utilized to have a good 

real-time stable performance which was insensitive to illumination variation. For increased 

production and manufacturing rates industrial robotic pick and place (sorting and 

packaging) using visual servoing is popular because of its flexibility and increased 

profitability. Object pick and place visual servoing based manipulation system which 

achieved accurate real-time results was designed and tested [164]. An image-based visual 
servoing control scheme was employed and a structured edge detector was used for contour 

extraction and object detection. Visual servoing was used for slaughterhouse automation to 

provide a generic pick and place and object manipulation solution[165]

2.8.5 Visual servoing application in Aerial vehicles

Visual servoing has been used in the control of the highly complex and demanding flying, 
navigation, and landing operations of aerial vehicles. Both demonstrated and actual 
applications of aerial vehicle visual servoing for target tracking, odometry, obstacle 

avoidance, SLAM (Simultaneous Localisation and Mapping) when flying or landing in 

unknown conditions are well document in the literature. Simulation results with good 

performance of vision-based control of a helicopter ship landing on a moving ship deck 

were presented in [166]. Good stability and performance of the landing and descent 
approach maneuver on the moving helipad were guaranteed by an image-based visual 

servoing and Points of Interests (POIs) features were employed. A depth-independent
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interaction matrix IB VS enabled linear parameterization in mapping image errors onto 

actuator space of a small-scale autonomous helicopter was presented [167]. An adaptive 

algorithm was developed to estimate the unknown parameters and coordinates based on the 

online minimization of the error function using the results of the linear parameterization.

Demonstrated application of visual servoing to collision avoidance for an aircraft was 

presented in [168]. IB VS control provided feedback control from the image space without 
range estimation to perform avoidance of point targets in the lateral or vertical plane. 
Simulation results validated the visual servoing controller's ability to avoid static and 

constant velocity targets. The actual design and implementation of vision-based control of 

an autonomous helicopter in urban areas were presented [168]. Position and velocity 

estimation of the features in the image plane using visual sensing was done to generate the 

velocity reference for the flight control.

2.9 Conclusion
A brief review of the gold extraction methods covering the various pre-concentration and 

concentration techniques and the analysis and critique of these techniques was presented. A 

generic overview of vision-based control in terms of tools, techniques, approaches, and 

applications was given. Image segmentation techniques and Image features for visual 
servoing were discussed as they form the basis of stable and robust traditional visual 
servoing performance. Various comparisons between the techniques, configurations, and 

tools were discussed. Recent contributions and techniques were reviewed and discussed as 

they sought to cover some of the gaps and problems suffered by the traditional methods. 
Finally demonstrated applications and implemented applications of the technology in 

various fields were reviewed as a way of showing how the technology is being utilized and 

has revolutionized various fields.
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Chapter 3 

Methodology

3.0 Overview
This chapter outlines the methodology used in the design of an automatic vision-based gold 

panning machine which focuses on technical optimization of the ore washing process and 

hand-picking process. The methodology set up will ensure that the main aim of this research 

project is realized. The approach used will ensure that all the objectives of this research 

project are fully met. The steps to meet each objective will be outlined individually. The 

work done using the selected methodology is outlined in this chapter

3.1 The V model for mechatronics system design methodology (VDI 2206 Guidelines) 
The multidisciplinary nature of visually servoed systems and the complexity of mechatronic
systems require a flexible systematic cross-domain methodology for the design and
development of such systems. The multidisciplinary design approach VDI 2206 guidelines
(V model for mechatronic systems ) [169]was customized to formulate a process model for
the design of the automated vision-based gold panning system. This approach handles the
complexity that comes with the cross-linkage of different engineering disciplines with ease
and supports the cross-domain design of a mechatronic system in a systematic way [169].

This methodology was chosen since its outcome is a reliable concept of a mechatronic 

system that is principally defined. The design approach allows both verification and 

validation to go in parallel, as test plans and test cases are created to verify and validate the 

product according to the requirements at every stage. This process model allows for; 
designing before building, inclusion of modeling, simulation and model analysis in the 

design process, and allows rapid prototyping. The nature of this methodology which split 

up the main functions of the future product into smaller sub-functions leaves no room for 
functions being neglected. Different active principles will be utilized by the sub-functions 

and the optimal solution will be an integration of the gathered solutions. The design 

methodology consists of a tripartite procedure based on three main elements:

a) The general problem-solving cycle on the micro-level

b) The V-model on the macro-level
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c) Predefined process modules for repeated operation steps during the design of 

mechatronic systems.

Product (Automated 
vision-based gold 
panning system)

Requirements 
(automating the gold 

panning process) tRequirement Analysis and clarification (system level design)

Overall system validation 
(Functional and operational 

verification)
System integration 

(mechanical, electrical & 
control)

System requirements 
(functional & procedural) Validation

4
System design 

(Conceptual designs)

Embodiment design phase (Subsystem level designs)
Mechanical system tests and 

module integrations

Electrical system tests and 
module integrations

ValidationMechanical module designs
/4

Electrical module designs t i

Detailed design phase (Domain specific Designs)

Electrical parts Mechanical 
parts tests

//Mechanical 
parts design

Electrical parts 
design

Complete design of mechanical parts (drawings, BOM)

Complete design of electrical parts (Components)

Design of controller, algorithms , flowcharts.
Modelling, model analysis and simulation

Figure 3. 1 :Customized process model for the design of an automated vision-based gold panning system [153] 

3.2 Work done using the V-model for mechatronics system design methodology

tests

:

Fig 3.1 above shows the customized process model for the design of an automated vision- 
based gold panning system [169][170]. The process model was initiated by formulating a 

requirement list for the intended system. Through guided observations, process reviews, and 

document reviews, data was gathered to formulate a requirement list. Both the technical and 

procedural requirements for the automated system to be developed were noted and this data 

was used for problem characterization and solution formulation.

The requirements (what needs to be done/ problems to be solved) were defined and clarified 

the functional level and these were transformed to system requirements that aim at 

establishing a cross-domain solution and also provide a system test plan for verification and 

validation of the product later. A requirement list was used to abstract the product function. 

After the functional and procedural requirements were well defined and clarified at the

on
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system level, abstract and technical concepts that were capable of solving the requirements 

were proposed. From the conceptual design phase, the embodiment step which provides 

technological solutions to the proposed abstract concepts were given. The technological 
solutions are detailed domain-specific designs that conjointly develop the solution concept 
by merging the separate designs from the concerned domains. The solution concept or 
principal solution addresses all the requirements given at the start and demonstrates how the 

developed system will work.

Different components are defined, sized, and designed on the component level to provide 

the necessary drawings, specifications, ratings, and the bill of materials. The left side of the 

model spells out the system design while the right side is system integration. At each level 
and stage verification and validation is done to continuously check if the design progress is 

meeting the requirements of the stage and give assurance of the final product meeting the 

initial requirements. Simulations, modeling, and model analysis of the system 

characteristics are flanked into different phases of the system design to aid and validate the 

design and development process. Validation of the design can be done with the help of a 

virtual prototype, partially real or completely real prototype. By following the stages of the 

V model (VDI 2206 guidelines) the aim and objectives of this research project are 

thoroughly satisfied.

3.3 Conclusion

A fitting methodology for the system being designed was presented and justifications for 
the selection of the chosen methodology were provided in this chapter. Customization and 

adaptation of the methodology to the particular design and how it was applied to the problem 

at hand were outlined together with the work done through the selected methodology.
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CHAPTER 4

CONCEPTUALIZATION, DESIGN, AND MODELING

4.0 Overview
This chapter presents the conceptualization and the design of an automatic vision-based gold 

panning machine. The chapter expounds and expatiates the points mentioned in chapter 3 

under system design and seeks to perform the actual work those points entail. Both 

procedural and functional requirements of the system will be generated in this chapter and 

conceptualization of the solutions that meet the requirements will be laid out in this chapter. 
The outcome of the conceptualization is a concept design that is principally defined together 

with the domain-specific designs that form the final product. The computer-aided drawings 

of the system being designed are presented in this chapter. The design of the gold detection 

and localization framework under the software domain was also performed in this chapter. 
Modeling setup for the mechanical subsystems designed was also presented in this chapter.

4.1 Generating requirement list
As presented in the methodology, the chosen process model is initiated by a clear 
understanding and definition of the system requirements. Under this section, relevant 
information for the design of an automated vision-based gold panning machine and its 

related specifications were obtained. Guided observations and surveys were carried out to 

gather necessary parameters needed in the gold panning process such as the panning 

duration, process sequence, indicators of a successful washing procedure, etc. During these 

observations, the current panning process was analyzed to gather all the necessary 

information needed in the design process. Documents review from the ore milling 

companies was done to gather the time needed for the panning process. In formulating the 

requirement list, it was important to understand the panning process, the involved inputs, 
and outputs. The black box model below depicts the gold panning process.

crushed ore (slime) 
with/out mercury Gold

Panning
Process

^ Gold/amalgam

Human
Gangue and 

waterWater and a
pan

Figure 4.1: Blackbox model of the gold panning process
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Through observations and inquiry, necessary information on the gold panning process from 

the customer’s view was acquired to identify, understand and discover potential needs, 
interests, requirements, and systems functions.

4.1.1 The gold panning process
The gold panning process receives the crushed mineral ore in slime form and water to wash 

the ore to recover gold particles. The purpose of panning is the separation of gold from 

gangue. Mercury is sometimes used to amalgamate the gold to ease the separation process. 
The human operator systematically shakes the pan (dish) containing the crushed ore and 

water to expose the gold particles by taking advantage of the weight of gold particles 

compared to that of the ore (gravimetric separation). Through the systematic shaking more 

of the gangue is ejected out of the panning platform and the gold particles can be seen 

accumulating in different locations in the pan. The appearance of gold sets it apart from the 

rest of the gangue and through tilting the platform or handpicking the gold particles or gold- 
mercury amalgam can be separated from the gangue. This whole process is somewhat 
tedious.
Through the understanding of the process, the requirement list was formulated to have a 

clear design specification list. The requirement list provided functional specifications and 

procedural specifications in the gold panning process. The requirement list also serves as 

the measure against which the final output is assessed. The requirements were derived from 

the function of the human operator during the panning process since it is his operation that 
is being automated. The application of force (centripetal force) to the panning platform 

through systematic shaking and rotation of the pan, supply of the needed energy, control of 

the panning process, gold detection, and recognition, and picking operations are solely 

performed by the human. The panning process is usually accompanied by ergonomics and 

poor safety issues due to the repetitive and straining nature of the process. The table 4.1 

below shows the functions of the human person which were concealed in the black box 

above.

60



BI^ST
BOTSWANA IXTI.RNA I lONAI. I \l\ I KM IT 

OF SI IFN'CE & TFCHXOl (KIY

Table 4.1: Inputs, outputs, and processing in the gold panning process

Inputs Gold panning process 
“Human input”

• Mixes the water and slime.

Outputs

Wet crushed ore 
“slime” with/out 
mercury

Gold particles / gold-
• Systematically and intelligently mercury amalgam 

shakes the pan/dish to create a
force that promotes ejection of 
the lighter gangue particle from 
the pan.

• tilt the dish to remove excess
water to have a better view of the
process.

• Provide support to the pan /dish
• Scans the platform optically to Gangue 

look for the target objects (gold 
particles/ mercury/amalgam)

• Recognition of the gold/ Water
amalgam by appearance.

• Separating the gold/amalgam from 
the gangue(localization) through 
sorting and picking. Hand-eye 
coordination

• Processing (roasting and
smelting)

Water

Panning platform

The above human functions in the gold panning were used for planning and clarification of 

tasks as they were transformed into system requirements. The human operations during the 

gold panning process were reviewed, analyzed, and transformed into verifiable system 

requirements. These requirements were analyzed, elicited, validated, and documented.

4.2 Design requirements 
4.2.1 System requirements 
Narrative requirements

• A system that will mimic the washing process of the crushed ore, automatically 

detect and localize gold/amalgam/mercury in the panning platform using vision 

and separate the wanted materials from the mining waste using visual 

information without polluting the environment and harming the miner.
The narrative requirements were analyzed and formulated to become abstract, 

unambiguous, verifiable, and traceable so that they can fit well into the V model design 

process.

sensors
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Characteristics:

• The system will have a mechanical structure acting as a chassis to provide support 
for the washing system and separating system.

• Vision sensors will be used to detect the contents of the panning platform
• Easy to operate (plug and play system)

• Efficiently mimic the current panning process and mitigate human involvement in 

the process.

• Heed to environmental and water pollution. (Avoid mercury emissions and mercury 

pollution)

• Ease of maintenance (usage of modules/subsystems to allow for ease of retrieval for 
maintenance schedules and repair)

• Minimum work envelope

4.2.2 Initial requirements setup
The human operations in the panning process formed the initial requirements of the system.
Table 4.2 below summarizes the initial requirements for the automated system.
Table 4. 2: Initial requirements for the vision-based automated gold panning system

Requirements

Controlled delivery of slime and water to the panning platform, mechanically 

perform the washing process (systematic shaking of the panning platform). 

Capture the image of the gold panning scene, extract the necessary features 

from the visual information, perform image processing to detect and localize 

the target objects.
Extract coordinates of the target objects from the processed image. 

Communicate a signal that will servo the tool piece in the working area to the 

extracted x-y-z coordinates, to remove the target objects from the panning 

platform.
Minimum energy consumption and minimum time in servoing and positioning 

of the tool piece from the home configuration to the target position and 

orientation.
Modular designs for ease of maintenance and quick troubleshooting 

Ease of communication between the controller and image processor using 

serial communication or USB 

Minimum human involvement.

Abbr.

R1

R2

R3

R4

- -
R5

:

R6

R7

R8
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Bottom-up building approach with chassis providing support to all the 

involved sub-systems

Utilization of locally available or processed materials (Import only when 

necessary)

Minimum work envelope based on the area of the panning platform, 
(preferably » 600mm * 600 mm)

Manually load or fix the end effector tool piece with hard-wired tool 
compensation.

Minimum achievable image resolution from the vision sensor.
Usage of artificial illumination to ease image processing efforts.

Make use of prismatic joints.
Minimize pollution /avoid mercury emission to the water bodies nor 
atmosphere

R9

RIO

Rll

R12

R13
R14
R15
R16

Knowledge-rich requirement checklists were used in the formulation of requirements to 

eliminate personal preferences and bias during this stage. The Pahl and Beitz requirement 
checklist [171] was used together with the initial requirements to formulate the design 

specifications of the system.
4.2.3 Part of Pahl and Beitz requirement checklist [171]
Table 4. 3: Part of Pahl and Beitz requirement checklist

ExamplesabbrAxioms
Size, height, breadth, length, diameter, space requirements,
number, arrangement, 
connections, extension
Type of motion, direction, velocity, acceleration
The direction of force, the magnitude of force, frequency 
weight, load, deformation, stiffness,
elasticity, stability, resonance______________________
Output, efficiency, loss, friction, ventilation state, pressure, 
temperature, heating,
cooling, supply, storage, capacity, conversion
Physical and chemical properties of the initial and final 
product, auxiliary materials,
prescribed materials (food regulations etc.)____________
Inputs and outputs, form, display, control equipment
Direct safety principles, protective systems, operational,
operator, and environment
safety________________________________________

Ci1. Geometry

Ci2. Kinematics
C3

3. Forces

C4
4. Energy

C5
5. Material

C66. Signals
C7

7. Safety
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C8 Man, machine relationship, type of operation, clearness of 
layout, lighting, aesthetics
Factory limitations, maximum possible dimensions, preferred 
production methods,
means of production, achievable quality, and tolerances.
Possibilities of testing and measuring, application of special 
regulations and standards.
Speed regulations, installations, siting, foundations
Limitations due to lifting gear, clearance, means of transport 
(height and weight), nature, and conditions of dispatch
Quietness, wear, special uses, marketing, and destinations 
(e.g. sulfurous atmosphere, tropical conditions.)
Servicing intervals (if any), inspections, exchange and repair, 
painting, cleaning, planned, preventive, reactive, hybrid

8. Ergonomics

C9
9. Production

10. Quality 
control

Cio

11. Assembly Cn
Cl2

12. Transport

C1313. Operation

C|414. Maintenance
15. Recycling C,5 Reuse, reprocessing, waste disposal, storage,

Cl6 Maximum permissible manufacturing costs, cost of tooling, 
investment, and depreciation16. Costs
End date of development, project planning, and schedules, 
delivery date (« 24 months)______________________

Cn17. Schedules

An incidence matrix was used to check for correspondence and identify the interaction
between the Pahl and Beitz requirement checklist and the initial requirements to make sure 

that all the requirements are well categorized and none is neglected in the design 

specification process [172].

4.2.4 Incidence matrix representing the interaction between the requirement 
checklist and the initial requirement 
Table 4. 4: Incident matrix

RIS RI6R8 R9 RIO Rll R12 RI3 R14R5 R6 R7R2 R3 R4Rl

ClFunction eieiei eiei ei
Czkinematics e2
CsForce e3
C4Energy e4
C 5Material es es es
C6Signals e6e6C6

C7Safety e7e7
CsErgonomics

C9Production
CioQuality

control
eio eio

Cn cuAssembly eu

Cl2Transport

Cl3Operation ei3ei3

Cl4Maintenance ei4
CisRecycling
Cl6Cost ei6ei6 ei6
Ci7Schedules
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Where ei is the entity concept that depicts the attribute of the initial requirement which 

corresponds to the main heading of the requirement checklist. The design specification list 

was derived from the selected entity concepts of the incidence matrix.

4.2.5 Design specification list for the automated gold panning system 

Table 4. 5: Design specification table for the automated gold panning system

Date Design specification sheet (Automated gold panning system)
Functional Performance

• Washing - Systematic shaking of the panning platform (circular 
motion)

• Controlled introduction of the inputs to the panning platform.
• Image capturing and image processing.
• Gold/mercury/amalgam detection and localization
• Image coordinates extraction and servoing of the tool-piece to 

remove the targets from the platform
Constraints
Geometry

• Length < 750mm
• Width < 750mm
• Height < 1200mm
• Panning platform diameter < 500mm

Workpiece envelope (work stroke) 
500mm * 500mm

Kinematics
• only x, y, and z-axis translations for positioning of the end-effector 

tool piece
• the systematic circular motion of the washing/separation system -

single-axis horizontal. _
Energy

• efficient energy use (electrical energy, mains voltage)
• artificial lighting 

Signals
• 0-5V for control signals
• 4-20 Ma
• Serial communication and USB.
• Industrial standards _______

Assembly
• Use of subsystems, modules, plug-and-play systems, top-down 

approach.
• Simple sensor configuration without an obstructed field of view.

Safety
• No leakages of mercury to the water bodies and environment

Maintenance
• Simplify maintenance and troubleshooting.

'
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The validation of the established requirements and the design specifications is an iterative 

process that is confirmed and verified by the generation of functional and physical models. 
Through modeling, model analysis, and simulations the performance of the generated 

models will be tested and the design specification can be endorsed or updated till the design 

specifications are well-formed and established.

4.3 CONCEPT GENERATION
Following the V-model guidelines, having established the requirements and specifications, 
concept generation follows. The automation of the gold panning system calls for a definition 

of a wide range and selection of parameters. To provide full coverage of all the requirements 

and specifications, a decision analysis tool is required to ease the process. And to do this 

morphological analysis was used to explore the possible solutions from a pool of available 

technologies and techniques. The morphological analysis will be used to assist in the 

exploration of design options amid uncertain and vast parameters. The morphological 
analysis procedure will be accomplished through the following steps:

a) Identification of the sub-systems from the basic functions of the automated system 

being designed.
b) Formation of all possible solution elements/working principles/variants lists
c) Evaluation and identification of possible combinations for the optimal solution 

concept

4.3.1 Functional Analysis system Technique for the automated system 

The human operations during the gold panning process mentioned above were translated to 

functions of the system being developed. The expressed requirements were converted and 

decomposed to functions, sub-functions, technical and elementary functions using the 

Functional Analysis System Technique (FAST). The functional analysis of the system 

designed guarantees that all the needed functions were considered, as the automated gold 

panning system will be accomplished through a series of interacting sub-functions. Through 

the Functional Analysis System Technique (FAST) diagrams, the complex gold panning 

process was decomposed to gain clarity on how the automated panning process will come 

about from the interaction of separate functions/tasks. The functional analysis through 

functional decomposition aided in the production of the functional architecture, functional 

block diagram, product tree, and connection matrix which suits the desired functional 

requirements.
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Sub (unction 1 
Introduce crushed ore 

* and water to the pan
^ Wash the crushed ore v

Main function 
Autonomously separate gold 

particles from the gangue 
material in the pan

Technical function I 
Input Feeding mechanism

Technical function 2
♦ Eject lighter particles by generating 

______forces on the particles

Technical (unction 3 
♦ Feed visual data of the panning 

scene to the system
Sub function 2 

Capture the visual scene 
of the panning platform

Technical function 4 
* Condition the imaging environment 

for noise free data[ Sub function 3 
Object detection & 
localization of the target 

V object___________
Technical function 5

♦ Image segmentation and feature 
^ extraction of detected objects

f Sub function 4 
Remove the target 
objects (gold particles) 

V from the pan___________

Technical (unction 6 
♦ Move the target object from the pan 

to the next process

Figure 4. 2: Function Analysis System Technique (FAST) diagram of the automated gold panning system 

4.3.2 Morphology Analysis
Having established the basic functions and the required subsystems to meet these functions, 

an extensive search for new and existing ideas for achieving the required functions 

excellently was gathered and processed through morphological analysis. In this work, the 

morphology analysis was used not only as a decision-making tool but was applied 

creatively, adapted, and modified as a methodology to meet the requirements and solve the 

design issue at hand. Through this methodology, a systematic review of existing ideas and 

systems was done. Integration of suitable working principles or solution elements was done 

to determine different sets of theoretical solutions which will be analyzed and filtered 

according to the functional requirements and design specifications to come up with an 

optimal solution concept ready for development. A morphological chart consists of tabular 

representations of potential solutions to different individual sub-functions of the overall 

product. The morphological chart table 4.6 below consists of the critical sub-functions

across the first column, the cells of the chart are populated based on existing ideas, solutions, 

brainstorming activities, and expertise, this activity is based on the participants’

interpretation of the design assignment.
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4.3.4 Evaluation of variants lists
Table 4. 8: Selection of solution concepts from variants lists

Alternatives/ solution conceptsCRITERIAFUNC. Gantry systemCartesianSCARAArticulated
robotic arm

Handling
manipulator 5533Ease of customization

5313Stroke/reach
5425Payload
5543versatility
3353Speed
5533Ease of use
28251720Total Points

243Rank
Eccentric rotating
shaker

Electro-dynamic

shaker
Cam based
shaker

Cyclic shakerWashing
System

4353Effectiveness
4144Cost
3253Ease of control
1161410Points scored
243Rank
GPSOCFPGAPCImage

Processor 3543Cost
5453Application specific
4543Customization
4542
3433Power Consumption 

Points scored 192320
I24Rank Direct

Drive
Ball screwRack and

pinion
pneumaticLcadscrcw/

power screw
beltDrive mechanism

555344Accuracy
555233Integration
455343performance
353353Efficiency 443243Size 553343Smooth motion
555344Precision 544342Rigidity 363833223225Point scored 22645Rank hybridCamera and handCamera in handImage sensor 

configuration
253Ease of computation 553Fixed field of view 255Cost 243Ease of integration

1914Points scored 3I2Rank Light field camerasCCD CameraC-MOS cameraImage sensor 
type 335cost 235Power consumption 145Higher integration 345High-speed application

91420Points scored 32Irank Tilting mechanismSuction nozzle 
(vacuum / negative 
pressure)

scoopsGripperEnd-effector
tooling/handling
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FUNC. CRITERIA Alternatives/ solution concepts
Ability to handle small
particles

2 5 4 4
Ease of control 4 5 4 3
Mounting requirements 3 5 2 3
Minimum weight 3 5 3 3
Maximum rigidity 3 5 2 2
Minimum size 2 5 4 2
Ease of design 3 5 3 3
Points 20 35 22 20
grade I3 2 3

lighting fluorescent incandescent Quartz halogen lasers LED
Light output 5 5 5 5 3
Lumens per watt 4 4 5 5 4
Surface brightness 5 5 5 5 4
Life span 3 1 3 3 5
Dimmability 2 3 3 5 5
Size and design
flexibility

4 2 3 3 5
Energy saving 4 2 2 1 5
Cost 3 4 1 1 5
Minimum additional
equipment

2 3 2 2 4
Points 32 29 29 30 40
grades 2 4 4 3

To evaluate among the solution concepts and select the optimal working principle or 
solution concept, the initial requirements, requirements checklist, constraints were used 

together with design questions. These provided an evaluation criterion, measures, and basis 

for the elimination or selection of components/concepts/working solutions. Much emphasis 

was placed on the functional aspect to check for the feasibility of the technique and 

approach. From the morphological chart, different alternatives can be merged to realize the 

needed function. From the populated morphological matrix, the possible number of
approximatedbecombinations can using

(5):

c = n"=i rrij (5)

Where C is the number of combinations, m is the number of possible alternatives for each 

function n. For this work the number of possible combinations was approximated to be 

above:
C= Ilj= 4*4*3*3*2*4*4*5*3*4*3*4*3*5

= 49766400
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To select the optimal concepts or working solutions, the alternatives or solution variants 

were evaluated against different criterions such as technical, economic, etc. The provided 

evaluation criteria for a function or sub-function provided the measure and basis for 
elimination or selection of components/concepts/altemative as shown in Table 4.8 above. 
Technical design attributes such as maintainability, reliability, compatibility, scalability, 
repeatability, speed, payload, stroke/reach, power consumption, etc. were used to select the 

optimal solution for a given function. The evaluation criteria were different for each function 

and some attributes had different weights compared to others. Table 4.9 below shows a 

selection of optimal solution variants for the design of an automated vision-based gold 

panning system after the evaluation process.

4.3.5 Principle working solution
From the selected working principles that satisfied the requirements and constraints, the 

working structure was established. Fig 4.3 shows the block diagram for the principal 
solution. All the sub-systems are connected to the main controller. The washing system 

consists of a pan that is attached to motors. The motors cause the pan to rotate systematically 

to generate forces on the particles and eject lighter gangue particles out of the pan and cause 

the heavier gold particles to accumulate in close positions in the pan. The imaging system 

consists of artificial lighting, an image sensor, and an image processor which capture noise- 
free images used in the detection and localization of target objects. The main controller 
receives the coordinates of the detected objects from the image processor and sends signals 

to the handling system (gantry manipulator), to move the end-effector (suction nozzle) to 

the gold particles to transfer them from the pan to the next process. All the components of 

the sub-systems derive energy from the power supply. The controller also controls the 

delivery of the inputs (crushed ore and water) through the feeding system and controls the 

movements of the washing system.
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Motor
driver

Drive
mechanism

End
effector

+1 motor

T
(handling system) gantry manipulator

Artificial lighting
Main

controller
Motor
driver motor

4 T*
Image

processor
Image
sensor A Panning

platform
linkage

A
(imaging system) 

objection detection 
and localization 

module

” (mechanizedPower supply
washing
system

module)

Figure 4. 3 : Principal solution functional block diagram

4.4 Domain-Specific Designs

Having the functional structure layout and preliminary decisions about the overall
mechanical properties, sensor configurations, choice of materials, functional sequences,
procedural sequences, and parameters needed for a successful design from the requirements,
specifications, and morphological analysis the domain-specific designs were initiated. The
development of the gold detection program was conducted first since the success of the

whole design is hinged on the ability to detect gold particles in the image

4.4.1 Gold detection and localization framework (software domain)
This section is in line with objective 2 which focuses on the application of machine vision
principles to detect and localize gold using visual information. With so many segmentation

techniques and algorithms available, this presents the challenge of choosing the best and
most appropriate technique for the problem at hand. No segmentation technique or object
detection framework for the gold panning platform images has been developed to date,

hence this section seeks to apply some of the known techniques to segment gold panning
platform images to detect and localize the gold particles in the images. Three thresholding
techniques are first explored for this problem as they are widely applied and they are

computationally less complex and easy to implement and they are user friendly [140].

Equation (6) will be used to segment images using the threshold technique, this will apply

both on monochrome images and color images.
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Kx,y) ^ T'mini 
^min ^ ^X,y) ^ Tmax* 

> T’max

0,
°(*.y) = (6)

0,

Where Tmin and Tmax are lower threshold and upper threshold values respectively, I (x, y) 
is the intensity value of the input image and O (x, y) is the output binary image. From (6) 
four categories of thresholding can be defined depending on the side of the clip 

level/threshold considered and these are threshold above, the threshold below, threshold 

inside, and threshold outside. To find the thresholds that will enable us to detect gold three 

techniques were used.

4.4.1.1 Otsu’s global thresholding on gold panning platform images (Algorithm 1)

Global thresholding based on automatic threshold level selection by Otsu was considered 

first because of its popularity and competence. Otsu’s automatic thresholding was 

considered as it seeks to automatically choose the optimal threshold that minimizes the 

intraclass variance. Otsu’s method was used to learn a clip level that can maximize the 

between-class variance. Otsu’s segmentation was done on the grayscale images so the 

images were first converted from RGB image to grayscale image. After the conversion of 

the image to a grayscale image the histogram of that image was computed and normalized 

[173]. Equation (7) was used to normalize the grayscale histogram which was used as the 

probability distribution.

■ 5>-Pi - U% • (7)Pi >0
£=1

71* represent the number of pixels at level i of L gray levels and p* is the probability 

distribution. For bi-level thresholding which results in two classes Co and Ci corresponding 

to background class and foreground class, the probabilities of class occurrence and mean 

class levels according to Otsu [173] are denoted by (8), (9), (10), and (11) as :
k

w0 = P(Co) = ^ Pi = w(fc)
t = l

L

=pccj) = y pt = i - w(fc)

(8) m

(9)
i=fc+i

M
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And

YiIi = Kk)/
Zj w0 / w(fc)
i=l u

(10)Ho =

K *)//1 - w(/c) (11)Hi
Wi

Here ^(/c) = £f=1 ipt and co(/c) = Z?=iPi and pT = j/(L) = £[=i ipt and <o0 and 

o>i are the probabilities of class occurrence for Co and Ci respectively, p0 an<i Hiare the 

mean class levels, pT is the total mean level of the whole image. The class variances are 

computed using the mean and probability distributions above using (12) and (13):

i(i “ Ho)2 Pi
0o = (12)

CO0

Z[=/c+i(i-Hi)2Piol = (13)
COi

These variances are used to calculate the 'good’ class separability parameters which are 

used in the discriminant analysis of the threshold. The most commonly used separability 

measure is the within-class variance (n|) which is computed using (14):

[^r Oj(fc) - ft(fc)]2
(14)oj(fc) = co(/c)[ 1 - <u(/c)]

And k is the optimal threshold that maximizes the interclass variance (<r|). So, Otsu’s 

method is an optimization problem that automatically finds the threshold/intensity level that 

maximizes the interclass variance formulated by (15):

]{k) = maxaj (/c), 0 < k < L - 1 (15)

Where J(k) is the objective function and k is the intensity level being calculated. The 

automatically determined threshold was used to segment the images. Below are the steps 

followed using Otsu’s global segmentation technique.
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Steps for Otsu’s thresholding-based segmentation

1. Read image data
2. Convert the image from RGB image to grayscale image (equation 3).
3. Compute image histogram
4. Normalize the image histogram (equation 4)
5. Compute good class separability parameters (equation 5-11).
6. Define the threshold value that matches the computed good class separability measure 

(equation 12).
7. Assign pixels to either background or foreground using the “above threshold” criteria.
8. Perform post segmentation processing
9. Perform feature extraction.

Fig 4.4 below shows these steps using a flow diagram for Otsu’s threshold method and 

its application on one of the gold panning platform images. The results and analysis of this 

approach are presented in the preceding chapter.

Compute image histogram, 
compute good separability 
measure and automatically 
select threshold level

Convert to 
gray scale 

image

Bi-level
image

segmentation
Read image ♦

data

I
!

.

MO

Figure 4.4: Otsu's thresholding segmentation flowchart and application example on a gold panning platform image

4.4.1.2 Grayscale image variable thresholding of gold panning platform scenes (Algorithm 2)

From the histogram analysis of grayscale images of the gold panning platform images the thresholds 

obtained and were used in the segmentation process. The monochrome images contain a 

grayscale data matrix representing the intensity values of the image. The intensity of a pixel is 

represented with a range of values from 0 to 255, where 0 represents black and 255 represents white, 
and any other value between represents varying shades of gray. From the panning images captured

were
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in the primary color system, the YIQ conversion was performed to have the intensity value using 
the following equation:

Y = 0.2909R + 0.507G + 0.11405 

Wliere Y is the luminance value of the output grayscale image obtained by the weighted 

sum of the red, green, and blue components of the input image. Having converted the image 

to a grayscale image the thresholding procedure was done to obtain the segmented image 

using the values obtained from the histogram analysis. The following rule was used for 

segmentation:

(16)

1 Cgold) if Yl < Yg < Yh 

0 (Background) else{ (17)*6 =

Where Yb is the binary image after thresholding, Yi and Yh are the two threshold values 

that determine the intensity range of values for the target object corresponding to the 

minimum and maximum threshold values respectively. From the analysis, it was realized that 

the amount of gold in the image is usually far less in amount compared to the platform background 

and the gangue material. Also, the gold particles have higher intensity values compared to the gangue 

material for most of the crushed ores. The main reason for considering grayscale image segmentation 

is that grayscale images require less computational time and resources compared to color images 

[174], which can influence the cost and affordability of innovations adaptable to developing 

countries. From histogram analysis and experimentation, the lower clip-level was chosen to be 130 

and the upper clip-level was chosen to be 250. Inside thresholding was chosen over above 

thresholding to avoid specular reflections and bright pixels from some of the gangue material. The 

thresholds were applied to the image and the resulting binary image was produced. The binary image 

produced had noise so it was cleaned using morphological operators. The following steps were 

used for variable thresholding of grayscale images.

Algorithm 1: thresholding based on monochromatic images

1. Capture the image of the gold panning platform
2. Read the image dataset I (i, j).
3. Convert the image from RGB to grayscale image using equation (3):

Y = 0.29095 + 0.507G + 0.11405
4. Perform the thresholding procedure with the minimum intensity value Yi=130 and 

maximum intensity value Yh = 250
5. Assign 1 (white/object) to all the pixels in the range (130 -250) and 0 (Background) to all 

the pixels outside the range.
6. Perform morphological operations to clean and filter out unwanted noises.
7. Extract the wanted statistical information of the objects using region properties ____
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Binary morphological operations

For step 6 above the morphological operations were used to clean up the segmented image. 
Morphological operations are non-linear image processing activities performed on the 

detected features. The operations depend on the relative structuring of pixel values rather 
than their numerical values, which make them applicable to binary or grayscale images. The 

structuring element is used to probe the image by comparing it to all possible image 

neighboring pixels. The probing tests whether the element fits in the neighboring pixels or 
whether it intersects the neighborhood and based on the result the binary image is altered.

After the thresholding rule was applied to the image and the pixels of the gold panning 

platform were assigned as either gold particles (target object) or background material 
(gangue) to form a binary image, the binary morphological operations were carried out to 

‘clean up’ the segmented image by removing some unwanted specs. This was a necessary 

step in easing and speeding the future processes of robot control. The small spots in the 

background were wiped out by setting the smallest acceptable size of the gold particles 

discernible in the further application. Any gold particle blob less than the acceptable size 

was wiped out. Also, the holes or gaps inside the detected object were filled. Binary 

morphological erosion and dilation operations were used during the post-segmentation 

process to clean up the image.

Binary morphological Dilation

This operation was responsible for expanding the regions, that is, it sets to the maximum 

value the output pixels of all the pixels in the input pixel neighborhood. This operation is 

performed by the structuring element. The dilation operation is denoted by the following 

equation:
(18)B © S — U beB$b

Where B is the segmented binary image to be cleaned and Sb is the structuring element. S 

is shifted to B such that when S touches a bright pixel (1) of B it expands that region.

Binary morphological erosion

This operation is responsible for shrinking regions, that is, it sets to minimum value the 

output pixels of all the pixels in the input pixel neighborhood. This is denoted by the
equation:following

B QS= {b\b + s EB, Vse 5} (19)
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In the erosion operation as S sweeps over B, any region where S is completely contained in 

B shrinks the region by outputting a 1 (bright pixel) on the origin of that region.

Opening and Closing operation

The sequence of these two morphological operations can perform the opening and closing 

of regions on a binary or gray image. Morphological dilation followed by morphological 
erosion operation performs the flood-filling operation (closing operation) on the background 

pixels of the segmented binary image. It fills the holes and gaps in background pixels that 
cannot be reached by filling in the background from the edge of the image. Usually, holes 

are sets of dark pixels surrounded by light pixels. The closing operation is denoted
by:

(20)B • 5 = (B®5)05

Erosion followed by morphological dilation eliminates the small projections, regions, and 

objects (Opens the region). This operation smoothens the border of large objects. The
denoted by the following equation: 

B0S = (B 0 5) ® 5
operation isopening

(21)

After the cleaning process feature extraction of the detected gold particles was performed 

to extract features that will be necessary for further control processes. Fig 4.5 shows the 

flowchart for the variable thresholding segmentation process of grayscale gold-panning 

platform images and its application on the sample images. The results and analysis of this 

approach and feature extraction results are presented in the preceding chapter.

f

l l
Apply Morphologies 

I operations 
(improve 

image) quality

Classify image 
data using the 

threshold 
criterion

Transform 
image to 
grayscale 

image

threshold Feature
extraction

Read image criterion to 
the image 

dataset
data

Figure 4. 5: Variable thresholding and application on grayscale images
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This thresholding method was extended to segment color images since it performed well on 

grayscale images compared to Otsu’s automatic global thresholding method.

4.4.1.3 Colour image thresholding-based segmentation of gold panning 
platform images (Algorithm 3)
Colour is the only attribute that the miners use to detect gold from the gangue material in 

the panning platform. There are many color models used to represent color images. For 
color-based segmentation, color histograms of the separate channels of the RGB color space, 
HSV color space, and the CIELAB color space were first analyzed and the appropriate color 
space for the required application was chosen. Figure 4.6 shows an example of the histogram 

analysis of the channels of the 3 color spaces of the captured images.

Histogram of rod channoloriginal image 5

<3 i 
§(£ <»'---- no too

rod value
Histogram of groan channol

ia: ° too ir-o 200 ?M1no
green value

Histogram of blue channelI.r*o« ' 
af « aso200co too ICOo

V value

Histogram of L channel Histogram of HUE channel• IQ-1

•AO ,

I m n rwfTTrUfVfi,nji ri0£0 0.2 0 3 0.4 OS 00 0./ 08 09
Hue value

Histogram of saturation channel_____

BO 0 0110 20
L value

Histogram of A channels./js:
o2

q5
X £<>(T 01-*- 

-IS 01 0.2 03 04 OS 06 or 08 09
S value

Histogram of Intensity channel

io10 1550•10 -5
A value

Histogram of B channel
I JF" <3,
s1 § Xd:° or 08 09
^ ° 20 -10

0 2 0.3 OS 06040 160*0 503020100 V valueB value

Figure 4. 6: Histogram analysis of an image in 3 color space model

As witnessed in the analysis of the color histograms, color images bear a lot of information 

that can help in various ways to define the target objects during image segmentation. The 

goal in color image segmentation is the extraction of one or more connected regions meeting 

the homogeneity criterion based on the spectral components of the chosen color space 

model. The thresholding color segmentation is a modification and extension of the 

monochromatic thresholding algorithm above as each pixel in the color image is a result of 

the 3 channel components [143]. Colour image thresholding was done to filter out gold
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particles from the gangue materials by taking advantage of the distinct color difference of 

the materials. Using histogram analysis and different plots of the different channels of the 

reference images containing gold particles and gangue material. The effect of the different 
channels on gold detection was studied and channel thresholds were established. For the 

task at hand, thresholding was used to determine the channel values belonging to gold 

particles and pixels/intensities belonging to non-gold particles. The pixel was detected as 

gold if its spectral components are found between the chosen thresholds values otherwise it 
was detected as the non-gold particle. The segmentation results were obtained using the 

rule:

r 1 (gold) if....
(mini < channell < max 1) n 

0(xy) = ( mm2 < channell < maxi) n
(mini < channell < maxi) 

l 0 (background) else

0(Xty) is the resulting binary image, mini, min2, min3, maxi, max2, and max3 represent the

lower and upper thresholds respectively for each channel. The thresholds from separate
channels are fused using the intersection rule (AND logical operator) to have the spectral
components fitting for gold detection. All pixels defined within the three selected ranges
are assigned as gold and the remaining pixels which are out of the desired ranges are

assigned as background.

(22)

After several experimental verifications, the L*a*b color space was chosen as it is wide and 

contains more color fields compared to the RGB. The lab color space was the best choice 

for the application as it expressed colors that can be perceived by the human eye and even 

those outside human perceptions. For gold detection, the lab color space was advantageous 

as it contained yellow and other colors natively which are secondary colors in the additive 

RGB color model. To realize the L*a*b color space from the native RGB images the 

following conversion equations were used. From the three channels of the RGB color model 

and their range of values (0 - 255)

Vs(7J - 16 ; Y/v > 0.008856
' zn

903.3 (y/yJ ; otherwise
116

(23)L * =

a* = 500 [/ (%J - (7rn)] (24)
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»■- 200MK/r„)-(z/zJ] (25)

Where
IX 0.412453 0.357800 0.180423] [R 
Y = 0.212671 0.715160 0.072169 G 

.0.019334 0.119193 0.950227J IB.
(26)

Z.

And
tV3 ; t > 0.08856 

7.787t + ; otherwise
m = (27)

Where L component is the lightness of the color, a* component is a position between 

red/magenta and green, b* component is the position between yellow and blue, f is the 

calibration function, X, Xn, Y, Yn, Z, Zn are coordinates of the CIEXYZ color model.

After the conversion to the lab color space, the different channels were separated and the 

thresholding values are applied to each channel according to the equation (22). The results 

of the thresholding process under different channels are combined using the AND logical 

operator to produce the segmented binary image which is further processed using the 

morphological operations.

Algorithm 3: thresholding based on color images

1. Capture the image of the gold panning platform
2. Read the image dataset I (x, y, i).
3. Convert the image from RGB color space to CIELAB color space using the equations
4. Separate the channels of the Lab color space.
5. Apply thresholds to the individual channels of the colour space:

4.0 < L* channel < 99.3 
-6.7 < a* channel < 23.2 
39.7 < b* channel < 65.4

6. Combine the channel thresholds using logical AND operator.
7. Assign 1 (white/object) to all the pixels that satisfy the homogeneity criterion above (steps 

5 and 6) and 0 (Background) to all the pixels outside the range to create a binary image.
8. Perform morphological operations to clean and filter out the unwanted noises- closing and 

opening operations.
9. Extract statistical information of the objects using region properties

84



BlU&ST
BOIW.WA IVH R\ M lOWI l \l\ I RSITY 

Or MfMT rf. TFO l\OI (X.Y

The channel thresholds were established through experimentation and analysis of 
channel histograms of several gold panning scenes captured under different imaging 
conditions. Table 4.10 below shows the thresholds that were used:

Table 4.10:*CIELAB Threshold values

CIELAB channel Threshold used
Lower threshold Upper threshold

L*-channel 
A*- channel 
B*- channel

4.0 99.3
— 6.7 23.2
39.7 65.4

The results of this approach and analysis and comparisons with the other approaches above are 

presented in chapter 5. Image segmentation was done to understand the image data clearly and it led 

to gold detection. After the detection features which aid in localization were extracted.

4.5 Mechanical sub-system
The mechanical part is the basis and skeleton of the automated vision-based gold panning 

system. The other domains are there to monitor, control, and provide information on the 

state of the process. The mechanical design of the system considered all the physical aspects 

of the system in full detail to satisfy the requirements and this included the structure, 
mechanisms, properties, and parameters. Sensor and actuator configuration and positioning 

together with their hardware integration matters were considered during this design phase. 
2D and 3D models of the automated vision-based gold panning system were designed and 

validated using computer-aided design (CAD) and computer-aided engineering (CAE) tools 

before physical prototyping. To convey the details of the mechanical design of the 

automated gold panning system a series of working drawings were produced. Fig 4.7 shows 

the drawing of the entire assembly and how all the sub-assemblies of the system interact. 
The complete details of the entire working drawings, geometries, back-of-envelope 

calculations of the design are presented in Appendix A. The mechanized ore washing system 

and the gold handling system in the form of a gantry manipulator formed the mechanical 

component of the system

The entire assembly consists of the handling system in a gantry configuration which also 

provided a structure for the imaging system. The fixed ‘camera and hand’ configuration was 

assembled for the imaging system. The x-y-z translations of the end-effector are made 

possible by the lead screw drive mechanism of the gantry manipulator. The suction nozzle
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end-effector is connected to the suction mechanism that is energized when the nozzle is 

above the detected gold particles to suck them out of the pan.

The designed 3D CAD mechanical model was used to study the performance of the 

mechanisms, components, and assemblies under different conditions to refine the design. 
Through the designed mechanical subsystem, the interactions of various parts and 

assemblies
of the model were studied and refined. Mechanical stimulation of the model was used to 

test the kinematic, static, and dynamic behavior. Motion analysis study was done to analyze 

the motion of various parts of the design and to probe if they were providing the needed 

motion.
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4.6 Modelling, model analysis, and simulation of the mechanized gold-washing 
system.

As per the requirement of the design methodology (VDI 2206), modeling and model 
analysis was done for the designed gold washer concept. The finite element method (FEM) 
which is a computational technique used to approximate solutions to boundary value 

problems (field problems) was used to analyze the designed washer. Boundary value 

problems are numerical problems in which one or more dependent variables must satisfy a 

differential equation everywhere in a known domain of independent variables and satisfy 

the provided conditions on the boundary. This analysis is significant in exploring and 

understanding the design functionality and fidelity and improving the design at an early 

design phase.

This section focuses on the study of the designed washer assembly and its components, and 

identify the problems which might be faced while performing the gold washing process, and 

provide solutions before physical prototyping is committed. The finite element method was 

chosen for analysis as it can precisely calculate material stress and predict the behavior of 

components and assembly under given boundary conditions and loading in a quasi-real 
scenario. The finite element method was chosen as it can model, simulate and evaluate near 
real-world situations without non-linear characteristics limitations arising from contacts, 
material behavior, and geometry of the design easily. The Finite element analysis of the 

washer concept aided in providing reliable insight and foresight about the mechanical 

integrity of the assembly.

4.6.1 Numerical modeling and analysis of the gold washer system

Comprehensive finite element analysis of the washer was conducted and the deformation, 
strain, stress, strain energy, elastic strain, stress concentration, contact status of the 

components were analyzed under the applied load and boundary conditions. Three- 
dimensional numerical analysis was developed and established in ANSYS (Analysis 

system) 2019 R3 commercial software. The main goal of finite element analysis of the gold 

washer concepts was to evaluate how the assembly structure responds to loading under the 

given boundary conditions. To capture the behavior of the assembly under the provided load 

with time, a transient structural analysis was performed. The following procedure which
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included pre-processing steps, processing steps, and post-processing steps was performed 

to carry out the analysis.

1) Pre-processing

The 3D model of the gold-washer designed in SolidWorks in section 4.5 was 

converted into an Initial Graphics Exchange file format (IGES) and imported into 

the ANSYS analysis environment. Each component of the imported file was 

assigned to the corresponding material selection and its stiffness behavior was 

defined. Only the pulley transmission belt was modeled as flexible material made of 

nylon rubber. Having assigned materials and defined their behavior the contacts and 

joints between the various components were established. Bonded contacts or fixed 

joints were preferred between components that have no relative motion between 

them. The frictional contact with a co-efficient of 0.2 was established between the 

belt and the two pulleys. Re volute joints with their torsional stiffness were provided 

for the connection between the supporting structure and both the motor rotor and the 

shaft that connects the larger pulley to the pan-holder.

Having defined the materials and the contacts between the components of the 

assembly discretization of the assembly were performed. Default mesh was first 
applied to the whole assembly and then refined mesh was used on components and 

areas which bear greater loading conditions. Non-uniform meshing was preferred 

since meshing has a strong influence on the reliability and accuracy of the results as 

well as the computational time of the solution. Coarse/low-density mesh was 

applied on non-critical areas while fine/high-density mesh was employed on critical 

paths to speed up the solver time and reduce computational cost while maintaining 

the accuracy of the results. The meshing procedure of the designed gold-washer 
outputted a finite element model with 35499 elements connected by 65679 nodes.

The final step in pre-processing was the application of the boundary conditions and 

loads to the model being analyzed. The boundary conditions entail how the model 

interacts with its environment and define the loading and constraints applied to the 

model. The main structure was fixed to the ground to restrict the rigid motion of the 

whole assembly and the revolute joints were restricted to axial rotation along the z-
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axis without any translational motion. The pulley belt was constrained by the 

frictional contact with the pulley to always be in the pulley groove.
2) Processing

This is where the finite element analysis procedure calculates/solves the model based 

on the provided boundary conditions and loads. It is a computational solution 

procedure that is heavily dependent on the lengthy numerical calculations required 

for the analysis based on the number of elements and nodes. An incremental iterative 

solving technique was used to solve the non-linear problem and ensure its 

convergence. The total revolute joint load was divided into smaller loads which were 

applied incrementally and iterative cycles were performed to obtain a converging 

solution that corresponds to the stage of the loading. The time steps (sub-steps) over 
which to apply the incremental loads were specified for the solver to compute several 
equilibrium iterations which lead to a converged solution. Force convergence, 
displacement convergence, line search, and moment convergence criteria were used 

to check for the convergence of the non-linear solution. After removing the 

unnecessary features of the model, it took 179 minutes to solve for stress analysis, 
strain analysis, deformation analysis, and contact status analysis of the gold-washer 
analysis on a 10-processor core i5 computer, operating on a normal license.

3) Post-processing
This was the main goal of the finite element analysis procedure as it enables the user 
to visualize the results of the analysis. The results in the form of deformed 

geometries, stress-strain curves, stress/strain/deformation distribution maps were 

produced. These helped to analyze the design by identifying failure-prone areas, hot 
spots, and contact status graphically. The results of this finite element analysis are 

presented in the next chapter.

4.7 Modelling and simulation of the handling system, control, motion planning, and analysis.

The modeling and simulation of the handling system were done as one of the validations 

and verification ways in the mechatronic design approach (VDI2206 process model). 

Much work on this section was done to address the technical optimization of the gold 

picking process (sorting process). This process involves the coordination of the imaging 

system and the suction nozzle (end-effector) movement. Vision-based control was utilized 

in this section. To fulfill this task, the following steps were followed:
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• Kinematic modeling and analysis of the handling system - representation of the 

kinematic link, computation of forward and inverse kinematics, computation of the 

Denavit Hartenberg parameters, and workspace analysis

• Physical modeling and simulation of the handling system based on the kinematic 

modeling and analysis above.

• Controller design of the handling system

• Motion planning and analysis - path planning, trajectory generation, trajectory 

following task space and joint space trajectories and their comparisons

• Vision-based control of the handling system - task planning operations; combining 

of the image processing, trajectory generation, trajectory following, and control of 

the handling system.

Model setup of the handling system and its analysis was performed in MATLAB Simscape 

add-in and the control elements were implemented in MATLAB Simulink. The above steps 

together with their setup’s and their results are presented in the result section in the next 
chapter for coherence’s sake.

4.8 Conclusion

Following the design process model presented in chapter 3 both functional and procedural 
requirements for the automated gold panning machine were generated with the help of the 

Pahl and Beitz Requirement checklist. Conceptualization was performed using the FAST 

technique and morphology analysis which resulted in an optimal concept design that is 

principally defined. The domain-specific designs were carried out in this chapter resulting 

in computer-aided drawings for the mechanical subsystem and a gold detection and 

localization framework for the software domain. The modeling setup for the mechanical 

subsystems and control elements was laid out at the closing of the chapter.
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CHAPTER 5

RESULTS, ANALYSIS, AND EVALUATION

5.0 OVERVIEW
This section presents the results, analysis, and discussion of this design work. The results of 

the developed gold detection framework are presented in this chapter. Modeling, model 
analysis, and simulation of the system designed were presented in this chapter. This was 

done to explore the design of the mechanical subsystem and control elements. Physical 
modeling was done to facilitate the simulations' efforts and extraction of results. The 

subsystems will be modeled separately and after the modeling process, the control elements 

will be included. Comparisons and discussions of the results, modeling, and simulations are 

also presented. Lastly, the design work is evaluated based on the work done and the results 

of the modeling and simulation.

5.1 Results and comparative study of the image segmentation
Figure 5.1 below shows the sample results of image segmentation work presented in section
4.4.1. of Otsu’s segmentation, variable thresholding in gray-scale images, and the variable 

thresholding in color images. As witnessed on the analysis of several gold panning platform 

images, the automatically selected thresholds computed by Otsu’s method (Algorithm I) are 

image dependent and could not segment the gold panning platform images in such a way 

that would detect the gold particles from the panning platform and the gangue. This is 

mainly because the global thresholding by Otsu’s method works well for bi-modal image 

histograms and when classes are equal or nearly equal. Many of the gold panning images 

contain complex data that cannot be bi-modal unless all the gangue material is thoroughly 

washed to leave only the gold and the pan. The method could not handle the non-uniform 

backgrounds associated with some of the gold panning scenes. Automatic global 
thresholding could not handle the background non-uniformities and class inequality 

prevalent in gold panning images.

Algorithm 2 performed better than algorithm I in the segmentation of gold particles though 

it had some false detections and produced noisy results and could not handle illumination 

variations well in some images. Algorithm 1 is best suited for gold detection in darker ores 

where the contrast between the gold particles and the gangue material is high. Algorithm 3 

outclassed the other two techniques and was robust to illumination variations and could
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differentiate between bright speckles and gold particles. Algorithm 3 could segment all the 

gold particles even under various shades.

W(c)<b><a)

Figure 5. 1: Sample results of the segmentation process: (a) original image, (b) segmented mask for an algorithm I, (c) 
segmented mask for algorithm II, (d) segmented mask for algorithm III

From the segmented images, it was witnessed that algorithm 3 would detect gold better than 

the other two algorithms. So, through qualitative analysis of the segmented images, color- 
based thresholding in the CIELAB color space was proposed as the front-end technique for 
automated gold detection and localization in the automation of the gold panning process. 
Features were extracted from the segmented images from the color thresholding algorithm. 
These features were used for object localization and extracting other statistical information 

about the detected regions. Figure 5.2 below shows the images with regions that 
detected and located as gold using the color thresholding algorithm. The objects detected 

are surrounded by a bounding box and their positions will be used to control the end-effector 

of the handling system.

were
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Figure 5. 2: Feature extraction and localization of detected gold particles

5.2 Gold- washer finite element analysis results and discussion
The results below show the color-graded distribution maps of the gold-washer stress
analysis, strain analysis, deformation analysis, and contact analysis under the provided
transient load. The color distribution map for the equivalent stress (Von mises). Figure 5.3
below shows a stable and uniform stress distribution. It is important to note the high stress
and strain in the transmission belt. The stress and strain in the transmission belt are uneven
as the belt is moving and high stress is experienced at the contact points between the tight
side of the belt and the pulley. The maximum stress experienced in the belt is far less
compared to the tensile strength of the nylon rubber which makes up the belt. The belt
geometry and mechanical properties suited the proposed design and will be able to perform

its function of driving the bigger pulley and the pan based on motor rotation.

------ --------------------- - -—------ .

A: Transient Structural
Figure
Type: Equivalent^M^I 
Unit: Pa 
Times 20
26/t 0/2020 :
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Figure 5.3: Stress distribution of the gold-washer

The strain distribution in the assembly follows the same pattern as was depicted by the stress 

distribution as the materials respected the stress-strain relationship. Figure 5.4 below shows the
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elastic strain analysis result. As expected, the areas of high stresses exhibited high strain and it was 

domiciled in the belt. The deformation results were also analyzed as shown in figure 5.5, the 

deformation pattern shows the flexible nature of the belt since it is flexible. The total deformation 

predicted in the belt is within the elongation percentage range of the nylon rubber used for the belt 
and shows that the belt will always engage the pulley groove and will not fall out. From the 

deformation results, it was noticed that high deformation is experienced at the slack side of the belt 
compared to the tight side which is dependent on the direction of rotation of the drive pulley. As can 

be seen on the graph in figure 5.6 and the map distribution in fig 5.5, the total deformation of the 

whole structure and other components is zero except for the belt. The deformation of the belt on the 

slack side is negative and greater than that on the tight side which is positive since the direction of 

of the belt seems to be opposite from both sides.the movement
Ti'fln*len» Structural

F'is'.irc
Typei Equlvalen^^u|j£j|^^^^

rr>/rr> -
"'■irrir: 20 v

10/2020 z i = . '2 *
0.10092
0.000706 *■>
0.078493 ;
O OO72t3^S0
0.0^6Q^H
O.I.

"

Figure 5.4: Equivalent elastic strain of the gold-washer

Figure 5.5: Total deformation for the gold-washer
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Figure 5. 6 : Maximum total deformation {green}, average total deformation [blue], minimum total deformation [red]

The dynamic behavior of the assembly under the provided load and boundary conditions were also 

evaluated. Figure 5.7, 5.8 and 5.9 below shows the velocity and acceleration results. As expected, 
the angular velocity and acceleration increase as the radial distance from the axis of rotation 

increases. It was noticed that the velocity of the belt is uniform.

3.0711 e-S ; 17.5 20.15.12.510.7.55.2.5O.
1*3

Figure 5. 8: Minimum total velocity(blue), Maximum total velocity (Green), and average total velocity (red)
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Figure 5. 9: Total acceleration results of the gold-washer

To investigate how the various moving components of the assembly were interacting with each 

other, the contact tool was used. The contact tool helped to evaluate the movement of the mating 

parts relative to each other. Fig 5.10 below shows the contact status of the assembly, as can be 

witnessed none of the parts were sticking together. Of note was the contact status between the belt 
and the pulley, the belt was not sticking which is important in the transmission of motion.

A: Tranrlcnt Structural ANSYS
2019 R3

Figure
pe: StatusTV 

Time: 20 
26/10/2020 21:30

s WHi 'M| | Over Constrained
EH Far 
| | Near 
I | Sliding 

Sticking

0.100

Figure 5.10: Contact status of the gold-washer assembly

The contact tool also showed the amount of penetration between the components. Figure 5.11 shows
was nothe penetration details of the gold-washer design. As shown in the map distribution there 

penetration between the components, the average penetration is approximately zero, and the 

penetration of 0.000080405m which is insignificant as represented on the graph of figuremaximum
5.12. Figure 5.13 present the results of the sliding distance mainly concerned with the belt-pulley 

connection. The slack side of the belt slides as it engages with the pullies while there is no sliding

on the other side.
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Figure 5.11: Penetration information of the gold washer
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Figure 5. 12 : Maximum penetration {green}, average penetration [blue], minimum penetration[red]
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■' mmFigure 5. 13 : Maximum sliding distance {green}, average sliding distance [blue], minimum sliding distance[red]

Finally, the safety factor of the designed assembly was investigated as shown in figure 5.14 below. 
As can be seen, the majority of the assembly has a safety factor above one, meaning much of the 

assembly has stress in the permissible range which is safe for the operator. Only the belt has some
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sections of it having a safety factor less than 1 and that means it's prone to failure according to 

analysis. The contact between the pan and the pan-holder has some patches with the safety factor 
of less than 1 meaning that contact may face abrupt change (breaking or sliding) when operating and 

this is due to the different stiffness co-efficient of the materials of the pan and the pan-holder. The 

map distribution of the safety factor shows that the half-side of the supporting structure has lower 
values compared to the motor side and this is mainly because the pan side bears greater load 

compared to the motor side.
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Figure 5. 14: Safety factor analysis of the washer concept

5.3 Modelling and simulation of the handling system

At the most mundane level, a model of a system describes or represents how the system 

behaves either in words, graphs, diagrams, equations, etc. depending on the context. To 

optimize the gold picking process or transference of the washed gold from the pan to the 

next process the handling system was designed as was shown in the previous chapter. The 

modeling and simulation were performed to carry out prior investigations and tests before 

efforts were committed to physical prototyping. The modeling and simulation step provides 

step towards design, manufacturing, and inspection of the system in less time, low cost 

and allows for better design exploration and improvement compared to physical prototypes 

and real-world setups. This step assisted in the verification and validation of requirements 

and specifications through evaluation and prediction of the system behavior.

5.3.1 kinematic modeling and analysis of the handling system

a
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The handling system was fashioned in the form of a gantry robotic manipulator in a 2X-Y- 
Z configuration. The handling system consists of 3 prismatic joints actuated by servo motors 

powering the leadscrew drive mechanism which activates axial motions. The chosen 

configuration had the advantage of a large workspace, better positioning accuracy, and 

lesser complexity concerning motion programming[175]. The handling system performs 

transverse motion across the horizontal plane (x-y - plane) and vertical motion in the z- 
direction based on the position and orientation of the detected gold particles.

5.3.1.1 Direct kinematics of the handling system

Kinematic modeling and analysis of the handling system sought to study the motion of the 

links apropos a fixed reference coordinate system that makes up the handling system without 
considering the forces that caused the motion. Kinematic modeling was done to give the 

geometric description of the handling system which helps in the control and programming 

of the handling system. Kinematic analysis of the handling system with a fixed base and 3 

orthogonal linear axes (PPP) and an end effector mounted at the end of the chain is 

simplified by the following kinematic chain diagram fig 5.15.

Joint 3
prismatic

Y0
/K

toWu End effector

Joint 1 
prismatic

Joint 2 
prismaticdi

Figure 5. 15: kinematic chain for the handling system

The analytical relationship between the joint positions and the end-effector in the above 

kinematic chain and the frame assignment was established using the Denavit-Hartenberg 

(DH) convention. The table below shows the D-H parameters of the handling system, these 

four parameters are adequate in establishing the relationship between consecutive frames.
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Table 5.1:D-H parameters for the handling system

The frame (n)__ an Q„ (radians) Ian (radians) dn
1 0 71 /2 di k /2
2 0 -Till d 2 Till
3 0 0 d3 0

The above parameters are a representation of the relationship between the cartesian 

coordinate system and the joint coordinate system of the handling system which help in the 

formulation of the position and orientation of the end-effector regarding the base frame. The 

z-axes (joint axis) represent vectors that indicate link displacement of link (n) in relation to 

link (n-1). As shown in the table above the transformation of the end-effector frame relative
to the base frame is described using four parameters: 0n, dn. an. and an. The perpendicular 
distance along the x-direction between the joint axes of link (n) and link (n-1) denotes the 

link length (an). The link offset (d) describes the distance between two links (link lengths) 
along a joint axis (z-direction) while the joint angle (0n) is the rotation from the link (n-1) 
to the link (n) following the right-hand screw rule about the common axes. an is the rotation 

about the xn axis that matches the current and previous z-axis. From the established D-H 

parameters the homogeneous transformation matrix between the frames was calculated 

using the 4-parameter transformation matrix below:
-C0„ -s6ncan s6nsan rnc6n- 
s6n c6ncan -cGnsan rns6nn-1 (28)AT = 

n 0 dncansan
0 100

cOn ,sQn , san and can are shorthands for cosOn , sinOn, sin an and cosan respectively.

By substituting the DH parameters into equation 28, we obtain the reference frames for each 

link as follows. Accordingly, the transform for link 1 is given by (29):

0 0 1 0 ‘
10 0 0
0 10 dx
.0 0 0 1.

(29)\T =

Link 2 is given by
ro 0-10' 

0 0 0 
-1 0 d2

L0 0 0 1.
fr- J (30)

101



B&ST
IH11SWAMI Ml HX VIIONA! VMM KM 1Y

or mum Firm ixoi ck ;v
Link 3 is given by

10 0 O'
0 10 0
0 0 1 d3 
.0 0 0 1.

The overall handling system transformation matrix that relates the base frame to the end- 
effector frame is the matrix product of each homogeneous transformation matrix, that is

\T = (31)

St = °j* \t* \t ... nSt (32)

Therefore, the overall transformation matrix that describes the suction nozzle (end-effector) 
position relative to the handling system’s base frame is:

r0 -10 d2 '
0 -1 
0 0 dx

L0 0 0

“^3oT _ 03t- 1 (33)

1

From equation 33 it can be witnessed that since the handling system is void of revolute 

joints the rotational matrix does not contain rotational variables and only the variable link 

parameters for the prismatic joint are involved in the translation vector. This implies that 
the velocity of the end-effector relative to the base frame is defined by the variable link 

parameters as:

V$ = d2i - d3j + dtk (34)

End-effector acceleration is also a derivative of the end-effector velocity, with gravity effect 

(g) along the yo-axis. The following equation represents the acceleration of the end-effector 

relative to the base frame:

a° = d2i - (d3 + g)j + djfc (35)

The forward kinematics and the computed parameters were validated using the MATLAB 

robotics toolbox and the possible workspace was analyzed. The workspace encompassed 

the overall reachable space the end-effector tip could reach. The workspace provided by the 

handling system is a cuboid in nature with dimensions of 600*600*350 millimeters. Figure 

5.16 shows some of the forward kinematics configurations of the handling system and its 

workspace.
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Figure 5. 16: top left is the workspace, top right is the handling system configuration for end-effector point (800 500 
400), bottom left configuration for end-effector point (200, 1000,100), and bottom right (1000,1000,700).

5.3.1.1 Inverse kinematics of the handling system
The handling system inverse kinematics solves for joint parameters given the required end- 
effector position (gold particle position in the washing platform). This computation is vital 
since the control of the handling system is based on the reception of the desired locations of 

the gold particles in the washing platform from the imaging system. In inverse kinematics, 
the joint variable determination is reduced to finding a set of coupled algebraic equations 

which are mainly nonlinear either using analytical or numerical methods. This formulation 

assists in the positioning and orientation of the end-effector during the transfer of gold 

particles from the washing platform to the next process.

For a manipulator with revolute joints, the problem of multiple solutions is prevalent but for 
the designed gantry the problem of multiple solutions is done away with by the prismatic 

joints. For the designed handling system, the analytic solution of inverse kinematics based 

on the kinematic diagram (fig 5.15) was carried out. In the positioning part of the inverse 

kinematics, the formulation of equations that relate the joint variables as inputs to the spatial 
location (x, y, z coordinates) of the end-effector was carried out. For the designed handling 

system, the inverse kinematics formulation determines the joint extension (dv d2,d3) that 

gets the end-effector to the location of the gold particles in the washing platform as a 

function of the end-effector frame relative to the base frame.

d\ — Z3 (36)
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^2 — ^3 (37)

d3 = - Y3°
(36), (37), and (38) relate the joint variables to the base and end-effector frame and will be 

incorporated in the handling system control algorithm to control the three leadscrew joints 

which position the end-effector nozzle on any desired position in the work-envelope. (36) 
shows that the Z position of the end-effector apropos the base frame is dependent on the 

first joint, (37) shows that X position of the end effector apropos the base frame is solely 

driven by joint two, and (38) shows that the Y position of the end effector apropos the base 

frame is depended on joint 3 movement which is opposite to the Y-axis of the base frame.

(38)

5.3.2 physical modeling and analysis of the handling system
The handling system CAD model designed in Solidworks was exported to SimScape (a 

MATLAB add-in package) as a physical modeling XML file. The SimScape physical 
network model which represented the mechanical system was used for simulation in 

MATLAB. This physical network of the mechanical system is a set of rigid bodies 

connected through joints and bound by kinematic constraints. SimScape provided the main 

simulation environment for the handling system as it provided forces, torques, or motion 

inputs to actuate the various rigid bodies and a means of including the control elements. The 

rigid bodies of the physical network provided the solid properties of the parts/assembly/sub- 
assemblies and all the geometry, inertia, and axial information that encode positional and 

orientational details of the model. All these physical properties were imported from the 

CAD/CAM environment (Solidworks).

The multibody system block diagram below (fig 5.17) shows the SimScape model of the 

handling system. The five rigid blocks representing the base, link 1, link 2, the end effector 

(link3), and end-effector nozzle. The rigid bodies are translated and rotated by the rigid 

transform block to their proper positions and orientations. The mechanism configuration 

defines the gravitational constant in the model and the inertial reference frame of the model 
is provided by the world frame. The solver configuration block provides the SimScape local 

solvers needed to compute complex mathematical relations needed in the simulation. The 

prismatic joints actuate the model by applying a force or torque to the associated links/rigid 

bodies.
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Figure 5. 17: SimScape multibody physical model of the handling system 

5.3.2.1 Handling system controller design
The above physical model of the handling system manipulator exhibits unstable behavior 
without a controller. MATLAB Simulink was used to design the controller for each joint of 

the handling system manipulator. The joint controllers designed in Simulink were coupled 

with the SimScape multibody model. This was done to infer on controller effect on the 

displacements, velocity, acceleration, actuator force, and torques for the various key points 

of the mechanisms. Each joint was controlled by an individual PID controller, this 

configuration was chosen to reduce the deviation between the desired and actual motion for 
each joint. Fig 5.18. shows the physical model of the handling system with the control 
elements. The controllers were tuned automatically using the PID tuner in MATLAB and 

the desired performance characteristics were established. The gain values for the joints were 

different due to the difference in link geometries. The gain values for the joints were 

different due to the difference in each link’s geometry, damping, and co-efficient of friction. 

Table 5.2 below presents the controller parameters and performance characteristics for each 

joint. Fig 5.19 shows the reference tracking of the block response and the tuned response of 

the joint controllers for joint 1 and joint 2.
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Table 5. 2: Joint controller parameters and performance characteristics

Joint 1 controller Joint 2 controller Joint 3 controller \Controller Parameter
Proportional gain (kp) 
Integral gain (ki) 
Derivative gain (kd)
Filter co-efficient (N)
Performance Characteristic
Rise time
Settling time
Overshoot
Peak
Closed-loop stability

0.2114
229.0326

0.32736
259.3216

0.43296
326.8962
00 0
100100 100

0.00683s
0.0125s

0.00517s
0.00947s

0.00735 s 
0.0128s

0%0%0%
0.999
stable

0.999
stable

1
stable

workspace — 
joint3 cmnd 1L

End-effector link*
Discrete PID Controllers

1

>0
i L

workspace >
!Prismatic jnt2joint2 cmnd Discrete PID Controlled Joint Displ
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i»
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jointl cmnd
LINK1 AS$M_RIGID
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sTransform < f(x) = 0 BASE_1_RIGIDi

Figure 5. 18: SimScape multibody model of the handling system with joint controllers.
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Figure 5. 19: Step plot for block response and tuned response for joint controllers
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The graphs below (figure 5.20 a and b) show the controller effect on joint motion behavior 
in the simulation environment as the end-effector traverse from (a) home position (0, 0, 0) 
to (0.45, 0.55, 0.25) to (b) (0.25, 0.1, 0.35) and the corresponding joint link velocity. The 

dashed lines present the target position to be reached and the solid line presents the actual 
position in time. The difference in joint velocity profile is due to the difference in the 

displacements being traversed for the same duration.

(a)

0 0.05 0.1 0.15 0.2 0.25
Time (s)

Figure 5. 20: Joint position and joint velocity under the controller effect

5.3.2.2 Dynamic model study - Motion Planning for the handling system

Time(s)

In the simulation of the dynamic model of the handling system, motion planning was a vital 

step. This was done and tested through trajectory generation and trajectory following by 

the end-effector nozzle of the handling system. To perform these operations, path planning 

performed by creating a possible geometric path in the workspace. This was 

accomplished by defining a set of connected waypoints. Having defined possible paths, 
trajectory planning was done by generating time schedules on how to follow the established 

geometrical paths under joint position, velocity, and acceleration constraints.

Trajectory planning
Under this section, efforts were devoted to formulating a dynamic law that governs the 

motion of the handling system when its end-effector is moving along a geometric path under

was
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given constraints. In the formulation, the geometric path to be followed, the kinematic and 

dynamic constraints of the handling system are the inputs, and the time sequence of the 

manipulator’s joints/end-effector position, velocity, and acceleration are the outputs. The 

resulting trajectories (time sequences of position, velocity, and acceleration) of the joints or 
end-effector are based on the chosen interpolation functions that satisfy the provided 

constraints kinematically and dynamically. Trapezoidal and cubic interpolation functions 

were tested under the same constraints to choose the best function for the task at hand. 
Figure 5.21 below shows some of the trajectories following results under these functions.

Figure 5.21: simulation capture of the handling system executing (a) cubic trajectory (b) trapezoidal trajectory

The above figure 5.21 presents a capture of simulation results of the handling system when 

following a set of points, this was done to check the behavior of the model in trajectory 

following. Column (a) demonstrates trajectory following in following a 3 points geometric 

path and a 7 points geometric path using cubic polynomial interpolating function and (b) 
demonstrates trajectory following of the identical geometrical paths using trapezoidal 
function. The cubic polynomial interpolating function offers a non-zero velocity trajectory 

following as depicted by the curved trajectory while trapezoidal interpolating functions 

guarantees trajectories with zero velocities at the waypoints which might be an important 
characteristic in pick and place operations. The generated trajectories must satisfy the 

torque requirements and must be void of mechanical resonances. This 

requirement was made to reduce the wear of the robot structure that is accompanied by
maximum
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induced vibrations that damage the actuators. Stable trajectories are needed in performing 

accurate operations.

Execution of trajectory following was done in joint space. This was preferred to task space 

execution since joint space execution acts directly on the joints which allow smooth actuator 
motion. Joint space execution makes it easy to modify trajectories according to the design 

requirements and specifications and allows for the avoidance of kinematic singularities. The 

chosen gantry configuration helped in removing the non-linearities which usually arise 

when converting joint trajectories into end-effector trajectories. Figure 5.22 below shows 

the block diagram used to simulate the dynamics of the handling system.

q1 —;—► (—i
sjm:fv1 meas

—
Joint signals Joint Displacement

points in space

□Selector

KB
► TrVec TForm > Pose End Effector 

PositionForward kinematics• C

VCoordinate Transform Con
[o o o i rr^i—

IK Weights
Gold Picker model and controller Subsystem

SIInfoInitialGuess 
EE:end_effector

lteratk>ns>
Worldr „

Inverse Kinematics block

§]> c

Figure 5. 22:Dynamic modeling and simulation of the handling system

As shown in figure 5.22 above the geometric path is established first and kinematic 

inversion of the path is performed to generate the handling system’s joint configurations 

that are utilized by direct kinematics to position and orientate the end effector in the work­
space. Figures 5.23 below present some of the resulting time schedules of the joint’s and 

end-effector’s position, velocity, and acceleration when following the given geometric path.

109



BfesT
1*01 MV \Y\INTF-RNAI ION.M. IM\ I R'l IT

or v ifxcf tfci i\oi oov

— -Task Space Trajectory
------- Joint Space Trajectory

Trajectory for End-effector in Y
i i i i

iii i
i iii

ii

Joint-space trajectory for Joint 1
Trajectory for End-effector in Z ii0.8 i ii

ic I

II
II

I II I

10 12 14 16864
iiii
iiii

W:I

II
Ili XI

0 2 4 6 8 10 12 14 168 10 12 14 160 2 4 6
c 0.1 i iiii S 0.05■ So ii i

22 iii 0ia) 0 Li ii i
0) i'i i«u lo I < 0.05I jI 1<-0.1 II 1

10 12 14 16 0 2 4 6 8 10 12 14 160 2 4 6 8
TimeTime

110



B&ST
OOlMVVVMVriRWIIONAI l MMMh 

OF SC IFM'I: n ITCHNOI.OOY

Joint-space trajectory for Joint 3Joint-space Trajectory for Joint 2 0.30.4 l 1 Il !
I o
1 f 0-2
i o

1 i i i
i i i ii% 0.2

l ic i
I Ii

i I0.10 J
0 2 4 6 0 28 10 12 14 4 8 8 10 12 14 1616

0.05- 0 05 / 1 J
l i l

£ i i i• 8 o 
/ 2

, / -0 05
i i i> i i i

-0.05 I j

0 ? 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

.§ 0 05 i

H S I!__r-K I IruB i i
o 0 
8
< -0.05

I i

r_~ ^—i_fI I
I I I

J < -o.i 
16 o

I I

0 2 64 8 10 12 14 6 8 10 12 14 16
Time

Figure 5. 23: Time sequences for trajectory following of the handling system

The first graph shows the capture of the simulation window and the following figure beside 

the first graph presents the analysis of the trajectory following and the comparison between 

task-space execution and joint space execution. The rest of the remaining graphs presents 

the time schedules of the trajectories in the joint space and end-effector space. The motion 

of the end-effector was witnessed to be smooth in all directions as indicated by the position 

of the end-effector trajectory profile and zero velocities at the goal points were achieved to 

allow for picking operations. The velocity profile linearly increases to the maximum 

possible value apropos the positions of the consecutive tasks as it leaves the previous task 

point and linearly decreases as it approaches the next task point in the schedule. Joint space 

trajectories for the task were also analyzed to see their feasibility and if they are not violating 

the joint limits and design requirements. The execution space comparison witnessed 

coherence between the joint space and task space trajectory with a little deviation and delay 

in task space behavior. The actuator performance characteristics responsible for the above 

trajectories were analyzed. Figure 5.24 below shows the actuator force and torque 

responsible for the trajectories.

2 4
Time
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Figure 5. 24: Actuator force and Torque for trajectory following

From the joint torque and actuator force graphs, it can be noticed that effort is required to 

take the joint from the previous task to the next and a counter reluctance is witnessed as we 

approach the next task to stop the joint motion. Joint 1 experienced greater force followed 

by joint 2 and lastly joint 3, this is because joint 1 carries and supports the other 2 joints and 

their links, and joint 2 and carries the last joint and its links. The negative actuator force in 

joint 3 is to counter the gravitational force since their line of action is along the same axis. 
The same narrative goes for the joint torques. The smaller joint torques experienced by joint 
3 are due to the smaller force and short strokes it performs compared to the XY joints.

5.4 Vision-based control of the handling system (Task planning)

Having established the kinematic model, physical model, and simulated trajectory following of the 

handling system over a geometric path, vision-based control simulations were initiated and tested 

on captured images. The captured images of the gold panning scenes were segmented to 

detect the gold particles using the gold detection framework developed in section 4.4.1. The 

detected blobs and their spatial information are decoded by the control program into the 

target pose of the end-effector of the handling system. The vision-based control algorithm
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minimizes the difference between the current pose of the handling system and the target 
pose derived from the detected blobs. Based on the computed difference the control 
algorithm uses inverse kinematics to provide joints configurations that will position and 

orientate the end-effector nozzle above the detected gold particles. The suction operation is 

activated when the end effector nozzle hovers over the detected gold particles to transfer the 

gold particles from the pan to the next stage in the process. To have better control of the 

tasks and operations involved in combining image processing, trajectory planning, 
trajectory following, kinematic inversion, and suction operation, State machines and 

flowcharts were used for decision making and control logic.

5.4.1 Decision making and control logic of the designed system
State machines and flowcharts were developed in State-flow ® modeling environment
together with Simulink to model and simulate the control logic and decision making when
interfacing the various components involved in vision-based control. State-flow ®
environment made it possible to interface the instantaneous changes involved in the suction
operation and the continuous changes in the dynamic system modeled in Simulink. The
handling system’s kinematics and dynamics were modeled in Simulink and SimScape as
presented in the previous section but the various operations involved in task manipulation

were accomplished in State-flow.

Various modes of operation of the system such as manipulator motion, gold detection, 
suction operation, etc. were handled and modeled by state machines of the State-flow. The 

conditions and combinatorial behavior of the system such as transitioning from one 

operation to the other or which modes to combine were handled and managed by the 

flowcharts. Figure 5.25 below shows the state-flow chart that was developed to interface the 

gold detection framework which was written as a MATLAB function and the rigid body 

tree of the handling system to maneuver the end-effector through the workspace and perform 

the suction operation.
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Figure 5. 25: Part of the Stateflow chart for the handling system's control.
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Figure 5.26: Vision-based control block diagram

Figure 5.26 shows the block diagram with the added elements which was used to model and 

simulate vision-based control operation. The above state-flow chart is cascaded in the image 

processing, detection, and control logic block. The visual information from image data was 

used to generate the pose and orientation of the end-effector nozzle so that the picking
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operation can be performed. The image data of the detected gold particles is transformed 

into a geometric path for the end-effector to follow. The current pose of the end-effector 
and the target pose needed for the suction operation were computed and their difference was 

kinematically inverted to produce joint commands needed for suction operation. The 

computation of the desired configuration and measured configuration is iteratively 

performed to produce a continuous torque needed to perform the trajectory following. 
Suction operation is activated while the end-effector is moving over the detected particles. 
The results of this simulation are presented in figure 5.27 below. The first image (a) is the 

original image containing mineral wastes material and gold particles followed by (b) the 

segmented image with the boundaries that will be converted into a geometrical path during 

path planning. Figure (c) presents the simulation capture of the end effector following the 

boundaries and figure (d) presents the end-effector trajectory in the 3D workspace from the 

manipulator’s home configuration to the last detected point.

(b)(a)

Y-POS [m]

(d)
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Figure 5.27: Vision-based control simulation results

The x-y plot of the path followed by the end-effector is presented in figure 5.27(e) and the 

joint torques required to perform the trajectory are presented in figure 5.27(f). The joint 
velocity and joint position are also presented in (g) and (h).

5.5 Design evaluation
The design concept presented for an automated vision-based gold panning machine if 

implemented can mitigate the mercury pollution and mercury poisoning problem while 

increasing the effectiveness of the gold panning procedure. The mechanized gold washing 

system will ensure that no human effort will be needed to carry out the repetitive gold
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panning process hence ruling out the possibility of heavy metal poisoning usually associated 

with the pulverization process. The mechanized washer can leverage the gravitational and 

hydrodynamic forces for the separation of the gold particles and gangue without human 

expert needed.

Usage of vision sensors and vision data enables automated detection and localization of 

visual gold particles in the panning platform which will allow for automated optical sorting 

and picking of the gold particles by the handling system. The usage of the robotic 

manipulator allows for the handling of small gold particles which are difficult and tedious 

to handle manually. Automated sorting and handling of the gold particles eliminated the 

need for mercury usage which is employed to amalgamate the gold for easing extraction.

From the developed front-end technique for gold detection and localization, it was witnessed 

that it is feasible to automatically detect and localize gold particles in the panning platform 

using visual data. From the modeling and simulation of the handling system, the possibility 

of moving the suction nozzle over the detection gold particle to transfer the gold particles 

from the panning platform to the next stage was demonstrated. Finite element analysis was 

used to evaluate the designed washing system in terms of its safety, deformation, and limits 

of stress it can bear. Motion transmission, motion analysis, and engagement of the 

components were evaluated and the designed concept satisfied the requirements and chosen 

specification.

The issues of the throughput and efficiency of the designed concept will be evaluated in 

real-time tests since they are ore-dependent. This will be done when the implementation of 

the design is performed and real-time tests, fine-tuning, and comparisons with other methods 

will be performed.

5.6 Conclusion

The results, analysis, and evaluation of the various subsystems of the design were presented 

in the chapter. Binary masks and bounding boxes were used to present the results of the gold 

detection and localization. 2D and 3D computer-aided drawings were used to present the 

results of the design work. Color distribution maps were used to show the stresses, 

deformations, contact status, and safety factor analysis for the finite element procedure. 
Trajectory schedules, workspace analysis graphs, force, and torque curves, and model block 

diagrams were used to present the modeling and results of the handling system’s simulation.

117



B&ST
W > INU \\A IN IIRN M iOYM l \l\ I Rs| IA 

OFM IFN<T & Tn.'lINOI IK'.V

CHAPTER 6
CONCLUSION

6.0 Overview
This chapter outlines the summary of the design of a vision-based automatic gold panning 

system by concluding the work that was accomplished and presenting recommendations on 

this area of study. Comments and remarks on objectives and design requirements are also 

detailed in this chapter. Future works on the presented work are also outlined in this chapter.

6.1 Conclusion
From the activities done in methodology, the automated gold panning system was designed 

successfully using the mechatronic design approach (VDI 2206). The system was designed 

and validated in a modular way to ensure the functionality of the involved subsystems. The 

color thresholding technique in the CIELAB color space was used for image segmentation 

as a front-end technique for gold detection. Gold detection and localization were performed 

successfully through image segmentation and extraction of the spatial information of the 

detected gold blobs. Finite element analysis of the designed washer concept was performed 

to analyze the behavior of the designed concept under loading. Simulation and modeling 

were done to validate the functionality of the designed system. The results of the modeling 

and simulation of the handling sub-system from the mechanical design view, controller 
design, trajectory planning, trajectory following, and vision-based control showed that the 

designed handling system is achievable, efficient, and feasible in terms of speed, dexterity, 

manipulation, and control.

6.2 Future work
Future work will focus on the implementation of the designed system on real hardware and 

performing real-time tests. Machine learning techniques will be considered for the gold 

detection front-end technique. Cascaded control for the joints will be considered instead of 

the individual joint control which was done in this system since each joint activity affect the 

other. Further improvement on the overall algorithm for task planning can address product 
functionality that is typically solved at the assembly level rather than component level. For 

future work, the granular separation process will be modeled and simulated using the 

discrete element method and computational fluid dynamics (DEM-CFD) coupling to 

visualize particle behavior under the operation of the mechanized washer system.
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