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Chapter 1

Context and contributions

Nowadays, nanotechnology is becoming more prominent in the world of sciences. It is expected to play an important role in the coming years with a wide range of applications in the fields of manufacturing, information technology, electronics, and healthcare. Due to the latest advances in nanotechnology, nanorobotics and multi-physics nanocharacterization have gained a significant research interest. They have shown a considerable progress in the recent years, as it became possible to develop novel nanoscale devices and systems with increasing efficiency. The consequence of this growth is an increase in the need for developing reliable and state of the art techniques for nanomanipulation and characterization. Various works that are performed in these areas show a great progress; however, most of them are still isolated operations. This work aims to capitalize on the recent surge in nanorobotics and robust control strategies for manipulation and try to apply them to this problem. The work performed during this thesis is mostly concentrated or revolved around two themes: vision using SEM towards material characterization and automatic manipulation, and visual servoing for precise nanopositioning. This work (using SEM vision) is a first of its kind that is performed in the department of AS2M (automation and micromechatronics systems). It has been performed in the context of ANR P2N NANOROBUST project that is briefly presented below.

Context 1.NANOROBUST project

The term NANOROBUST is the abbreviated form of the French national project entitled "multi-physics characterization and robotic manipulation of nano-objects under SEM". It was started on November 28, 2011 with a duration of 48 months. The overall work is divided among the four partners of the project: FEMTO-ST (Besançon), ISIR (Paris), IRISA (Rennes) and LPN (Marcoussis). The main objective of this project is to perform fundamental research in the field of nanoscale characterization and manipulation.

The two typical applications that are studied as a part of this project are the in situ characterization of nanostructures for optical NEMS (nanoelectromechanical systems) such as quantum dots, nanowires and nanomembranes, and manipulation of nano-objects under SEM (scanning electron microscope) for observation with TEM (transmission electron microscope). Two types of characterization are considered. The first one aims to determine the physical properties (mechanical, thermal, electrical) of the nanostructures. The initial step in this process is the extraction and placement of these nanostructures on the characterization support. Then the robotic systems can move the sensors along a predefined path for property analysis of the positioned structure. These sensors can be either passive such as a simple AFM (atomic force microscope) tip whose deformation is measured from images or active such as a tuning fork that operates on the frequency drift to evaluate the stiffness of nano-objects.

The second type of characterization is aimed to determine the structural properties of the nanostructures for visual observation with TEM. Analysis of these objects requires precise positioning on a grid that is used inside TEM. A typical example is quantum dots where the nano-objects measure a few nanometers up to a few tens of nanometers in diameter. Standard preparation techniques become unsuitable for observing such nano-objects mostly because of the size and also very time consuming because of their low density. A solution could be by etching the micron sized walls on a semiconductor where the quantum dots will lie on top of these walls. The walls will then be displaced by a controlled nanomanipulation and placed on the TEM observation grid (see figure 1.1). 

Project organization and structure

The overall project can be described in the following steps

• Preparing the nano-objects (preparation)

• Handle, transport and placement of nano-objects (manipulation)

• Performing characterization The overall structure of the project is comprised of six tasks (see figure 1.3) that are briefly presented below.

Task-1: Coordination

This task aims for efficient coordination of different stakeholders. All the partners are responsible for this task.

Task-2: Strategies for micro / nano-handling and characterization

The main role of this task is to:

• Define gripping strategies that are adapted to the range of objects with different shape and size (e.g. handling / gripping objects like nanoballs or nanowires that may be embedded in a substrate).

• Define techniques for physical characterization of the objects.

ISIR and FEMTO-ST are responsible for this task. 

Task-3: Robust control for precise handling and characterization

The main objective of this task is to:

• Study and model the working conditions in a SEM, particularly noise and perturbations.

• Develop robust control laws for the control of micro / nanorobots.

• Increase the accuracy of micro / nanorobots by using refined control methods.

FEMTO-ST and ISIR are responsible for this task.

Task-4: SEM imaging and vision

This task aims to perform:

• Evaluation and compensation of noise and drift in real-time.

• Modelling and calibration of distortion and projection.

FEMTO-ST and IRISA are responsible for this task.

Task-5: Visual servoing with SEM This task aims to achieve the manipulation of objects by visual servoing approaches. It includes:

• Definition of visual features from the images.

• Computing the interaction matrices.

• Calculation of the control laws.

IRISA and FEMTO-ST are responsible for this task.

Task-6: Integration and validation This is the final task to integrate all the other tasks and to validate the performance of manipulation techniques in SEM for characterization of nanoscale objects. LPN is responsible for this task.

Thesis outline -author's contributions

The work performed during this thesis is included in the tasks 4 (chapter 3) and 5 (chapters 4 and 5) of the project. The remainder of this document showing the author's contributions towards vision and visual servoing for nanomanipulation and nanocharacterization is organized as follows:

Chapter 2 presents the existing state of the art in the field of nanorobotics and nanomanipulation. It provides a comprehensive study and a comparison of various microscopic systems available for imaging at nanoscale. Different nanomanipulation systems that are used in other works are analyzed along with their corresponding applications. Apart from this, an overall description of SEM imaging system along with the used hardware set-up is detailed at the end.

Chapter 3 provides solution for two major problems with SEM imaging: noise and drift. It is a well-known fact that SEM imaging is mostly affected by the non-linearities and instabilities present in the electron column along with the addition of huge amount of noise with high scan rates. This chapter starts with a detailed description towards the noise in SEM imaging. Different techniques and methods that are available for quantifying the level of noise are studied. A simple and real-time method that has been developed for quantifying the noise level and monitoring the image quality is presented.

For the problem of drift, an image registration-based method is presented for correcting the drift in real-time. It has been compared with the well-known correlation-based method. Drift compensation is performed at high magnifications (10k × -30k×) using a gold on carbon sample.

Chapter 4 presents the work performed using SEM image focus i.e. autofocus, depth estimation from focus for nanomanipulation and shape reconstruction from focus. It mainly highlights the importance of focus with SEM imaging. While performing an automated vision-based manipulation task, it is important to provide sharp images in order to gain full advantage of the visual measurements as well as to accomplish the task with a good precision. To solve this, a visual servoing-based method to perform efficient autofocusing has been developed. The developed method is robust and fast in comparison to the traditional search-based techniques. Besides, acquiring inter-object depth information to use it for nanomanipulation is a crucial and difficult task with SEM, since it possess a single imaging sensor. This problem is solved by performing region-based autofocusing. Apart from these, a focus-based method to reconstruct the 3D shape of the objects being viewed is presented. It helps in gaining the knowledge of imaging scene.

Chapter 5 presents the vision-based automatic nanopositioning under SEM. It starts with an overview of the key topics in nanopositioning and state of the art in visual servoing. The nanopositioning studied in this chapter is to perform characterization of microstructures by probing to measure the structure stiffness and to perform in situ manipulation of micro-nanostructures. Because of the presence of high amount of imaging noise and distortions, it is difficult to rely on any feature tracking-based methods.

Considering this problem, two visual servoing-based approaches are presented that do not require any tracking and instead, they use the complete image information. The first one is the intensity-based method that has been implemented using the idea of photometric visual servoing approach. This method uses the overall pixel intensities as visual measurements. The second one is a Fourier domain method. With this method, the 2D motion between the images is considered as visual measurement. For a task of positioning silicon micro-objects using both methods, the control strategies are designed to minimize the positioning error by controlling the platform movement.

Chapter 6 is dedicated to the software development during the thesis. In fact, this thesis is started from the scratch and it is our primary objective to set-up and program different modules for synchronous operation. Out of all, the most important and primary task performed is the development of software libraries for continuous image acquisition and SEM parameter control. A software user interface application has been developed in order to reduce the operational complexity and process monitoring.
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Introduction to nanomanipulation and SEM imaging

In this chapter, various background details regarding the nanoscale manipulation are presented. Starting from the basic topics related to the nanorobotics and nanomanipulation, we approach and highlight the role of the imaging sensors in assisting the manipulation of objects at nanoscale. Apart from this, a complete description of a SEM system along with the system hardware set-up used for this thesis are presented.

Chapter 2

Background

With a rapid development in micro-nanoscale technology in the last couple of decades, handling nanometric objects for building complex NEMS-based products has gained a significant research interest. Since the human handling is not a feasible option (almost impossible) at this particular scale, nanorobotics has been emerged as a new field to tackle this critical issue. In general, Nanorobotics deals with the study, design and application of robotic devices close to nanoscale. Specifically, it is concerned with manipulation and assembly of nano-objects using micro or macro devices and programming of robots with overall dimensions at nanoscale [START_REF] Aristides | Nanorobots, nems, and nanoassembly[END_REF]. It integrates together various disciplines including nanofabrication processes that are used to produce nanoactuators, nanosensors etc., nanorobotic assembly, self-assembly, nanomaterial synthesis, nanocharacterization and nanobiotechnology [START_REF] Dong | Tutorial-robotics in the small part ii: nanorobotics[END_REF].

Being a new field, nanorobotics has been mainly classified into two research areas [START_REF] Aristides | Nanorobots, nems, and nanoassembly[END_REF][START_REF] Sitti | Microscale and nanoscale robotics systems [grand challenges of robotics[END_REF]. The primary area concerns developing new methods for nanomanipulation and assembly of micro-nanometric objects of interest. Here, the main idea is to design and control large micro-nanorobotic systems that are able to handle nanometric objects with good precision [START_REF] Fatikow | Nanohandling automation: trends and current developments[END_REF][START_REF] Bartenwerfer | Nanorobot-based handling and transfer of individual silicon nanowires[END_REF]. These approaches are called as top-down methods that use well-known processes from semiconductor industry to fabricate small structures with optical lithography. On the other hand, the second area i.e. the bottomup approach is dedicated to manufacture new mobile robotic systems with various capabilities whose overall size is in the range of few micrometers. The bottom-up strategies are generally assembly-based techniques and include techniques such as self-assembly, directed self-assembly etc. For developing these systems, the overall size is a major constraint that makes it challenging to integrate different devices like actuators, sensors etc. altogether. Even though the size miniaturization has been progressed recently using microfabrication techniques, there exist a lot of difficulties in achieving further miniaturizations. Due to this problem, not much work related to nanomanipulation has been performed in this area. In the meanwhile, the former approach has turned out to be one of the possible solutions for handling nano-objects.

In general, nanorobotic manipulation can be defined as the manipulation of nanoscale objects where, contact and surface forces dominate the volume related properties affecting: handling (pick, place, release etc.) and positioning (accuracy, rotation, orientation etc.) operations. So far, considerable research has been performed towards the development of these systems [START_REF] Sitti | Survey of nanomanipulation systems[END_REF]. A basic nanomanipulation system consists of nanomanipulators (figure 2.1(a)) and platform stages for positioning, microscopes for task space perception, handling devices such as microgrippers (see figure 2.1(b)), microprobes for object grasping and different sensors that are integrated with gripper fingers to assist the manipulation process. Apart from these, it also contains a programmed interface for synchronous operation of all the system components. Basically, all these components are mounted on a vibration isolation system to reduce the effect of external environmental disturbances. Most of the time, the manipulation tasks are performed in high vacuum conditions to prevent the sample contamination. The schematic diagram of a basic nanomanipulation system is shown in the figure 2.2. 

Nanoscale imaging

In 1878, Ernst Abbe proved that the resolution of the optical microscope is limited by the wavelength of light and the smallest detail that can be resolved is of the order of few micrometers [START_REF] Martin | Origin of the electron microscope[END_REF]. With the two famous discoveries: the moving electron wave properties by de Broglie in 1924 and the effect of magnetic coil on an electron beam by Busch in 1926-27, many researchers started to work on imaging extremely small objects with electron beam. In 1931, Max Knoll and Ernst Ruska from Technical University of Berlin, Germany successfully built and demonstrated the first electron microscope (figure 2.3).

Apart from electron microscopy that includes TEM and SEM, nanoscale imaging can also be carried out using SPM (scanning probe microscope) technique that includes AFM, STM (scanning tunneling microscope) and NSOM (near-field scanning optical microscope). Except SEM that has been explained in the next section, the rest of the imaging techniques are briefly explained below. A comparison of all these devices is provided in the table 2.1. 

Transmission electron microscope

Belonging to the family of electron microscopes, a TEM (figure 2.4) uses high energy electrons for imaging. It was built by James Hillier and Albert Prebus at the University of Toronto in 1938. It operates at high voltages ranging from 50-1000 kV and provides a resolution up to 0.1 nm. With TEM, a beam of electrons are produced and transmitted through an ultra-thin sample. Later, the unscattered electrons that are transmitted through the sample hit a fluorescent screen at the bottom of the microscope producing the image. By adjusting the voltage of the gun, the speed of the electrons can be modified which inturn modifies the image. Generally, the images produced by TEM are gray scale and can be interpreted as follows: the lighter areas represent the higher number of electrons transmitted and the darker areas represent lower number and dense areas on the sample. To use with TEM, samples need to be sliced thin enough for electrons to transmit.

Scanning tunneling microscope

STM (figure 2.5) is the first type of SPM that was invented by Binnig and Rohrer in 1982. The STM is comprised of a piezoelectric linear stage and an extremely fine conducting probe that is held close to the sample surface. The probe tip is extremely sharp formed by a single atom. This atomic sized tip is moved across the sample surface in a raster pattern during which the electrons tunnel between the surface and probe generating an electric signal. In order to maintain a constant signal, the probe is raised and lowered during the scanning process. The current used to keep the signal constant is used in generating the images. Similar to TEM, a STM is also capable of providing atomic resolution. However, STM can be used only with conducting sample surfaces and provides only surface topographical information. 

Atomic force microscope

The AFM (figure 2.6) was invented by Binnig, Quate, and Gerber in 1986 to overcome the conductivity requirement associated with STM. Similar to STM, an AFM uses a cantilever (made of silicon or silicon nitride) with a sharp tip (radius of few nanometers) to scan the sample surface. When the tip is placed near the sample surface, the forces between the surface and tip deform the cantilever according to Hooke's law [START_REF] Binnig | Atomic force microscope[END_REF]. In a typical system, this deflection is monitored by reflecting a laser from the top of the cantilever on to an array of photodiodes. Based on the type of application, different imaging modes (contact, non-contact, lateral force, phase imaging etc.) can be used with AFM. The main advantage of AFM is that it can image any kind of surfaces. The lateral resolution provided by an AFM is 1 nm. 

Laser source Photodiode

Microcantilever

Nanomanipulation systems

The existing nanomanipulation systems can be broadly classified into different types based on the starting point, manipulator-object interaction, utilized nanomanipulator interaction and the technique used for overall system operation as shown in figure 2.7 [START_REF] Sitti | Survey of nanomanipulation systems[END_REF]. The first works on nanomanipulation are known to be performed in 1990 by Eigler and Schweizer [START_REF] Donald | Positioning single atoms with a scanning tunnelling microscope[END_REF], who managed to position individual Xenon atoms in the shape of IBM logo on a single-crystal nickel surface at low temperatures using STM(figure 2.8). Since then, many research groups started working on nanomanipulation using AFM [SRPA95, HKS + 98, VSZ04]. The main advantage of using the AFM as a micro-nanomanipulator is its use of single sensor to sense force and 3D topography. Many research groups have showed 2D precise positioning of nanoparticles or CNTs (carbon nanotubes) on surfaces using contact pushing following a look and move control scheme. However, the main difficulty comes in imaging and manipulating the object simultaneously in real time. To solve this, many works have used AFM probes with SEM as it is capable of scanning at near real-time [START_REF] Ermakov | A novel afm/stm/sem system[END_REF][START_REF] Fahlbusch | Afm-based micro force sensor and haptic interface for a nanohandling robot[END_REF][START_REF] Mick | Robotic workstation for afmbased nanomanipulation inside an sem[END_REF]. Apart from using AFM tips, many systems have used piezoelectric actuators for accurate nanopositioning during nanomanipulation as they are capable of providing smaller displacements. These devices are operated by varying voltage across the piezoelectric element. However, these actuators suffer from a major problem of non-linear hysteresis.

For the first time, micro-nanomanipulation using a SEM has been reported and performed by Hatamura and Morishita [START_REF] Hatamura | Direct coupling system between nanometer world and human world[END_REF] and Sato et al. [START_REF] Sato | Hand-eye system in nano manipulation world[END_REF]. Their manipulation system consists of two micromanipulators to manipulate micro-objects smaller than 100 µm. In their work, to achieve high positioning accuracy, piezoelectric actuators and parallel plate structures are used. Yu et al. have presented a nanomanipulation system to perform 3D manipulation and characterization of CNTs [YDS + 99]. The manipulation is performed in open-loop under slow-scan mode. Fukuda et al. has presented a 16 degrees of freedom nanomanipulation system positioned inside a SEM chamber for the assembly of nanodevices with multiwalled carbon nanotubes [START_REF] Fukuda | Assembly of nanodevices with carbon nanotubes through nanorobotic manipulations[END_REF]. Using this system, they have performed the connections between nanotubes using EBID (electron beam induced decomposition) and mechanochemical bonding. Thereafter, many research groups have reported manipulation of CNTs under SEM [START_REF] Nakayama | Nanoengineering of carbon nanotubes for nanotools[END_REF][START_REF] Molhave | Towards pick-and-place assembly of nanostructures[END_REF]. In their work, Molhave et al. have used microfabricated, electrostatically actuated tweezers for handling the 

Applications of nanomanipulation

So far in the literature, nanomanipulation systems are widely used in many fields for various applications. Some of them are listed below.

Biotechnology:

The development of new nanomanipulation techniques has given researchers the ability to manipulate single biomolecules and to record mechanical events of biomolecules at the single molecule level [START_REF] Ishii | Single molecule nanomanipulation of biomolecules[END_REF]. It is also used for controlled manipulation of biological cells, molecules and tissues, DNA (deoxyribonucleic acid), proteins, adenovirus etc. [GMN + 99, GFM + 00]. Besides, it is also used for measuring the twisting and bending compliance of DNA [START_REF] Washizu | Dna manipulation in electrostatic fields[END_REF].

Material science:

Nanomanipulation plays an important role in building new materials and for analyzing the material properties such as friction, adhesion, electrical, optical etc. As mentioned earlier, many research groups have been working on manipulating and assembling of CNTs. The recent research investigations on CNTs report many suitable properties to use them in nanoscale electronics, mechanics etc. Apart from property analysis, nanomanipulation is also used in preparing samples such as TEM lamella (figure 2.9), nanowires etc. Figure 2.9: TEM sample lift-out using an extraction needle [START_REF]Fib tem sample preparation[END_REF].

Apart from the above mentioned applications, nanomanipulation has also its applications in computer technology for data storage [BDD + 99, JJJ + 09].

SEM Imaging

The SEM is a most widely used instrument of all the available electron microscopes. One of the most important aspects of SEM is its ability in producing the images of threedimensional specimens at high magnifications and high resolution (better than 1 nm). Unlike optical microscopes, a SEM produces images of a sample by raster scanning the sample surface with a focused beam of high energy electrons. In this section, various details regarding the SEM instrumentation and its operating principle are explained.

SEM components

The basic architecture along with the major components present inside a SEM electron column is shown in the figure 2.10. All these components perform different roles in generating the electron micrographs. The main components are described below and more details can be found in [GNJ + 03]. 

Vacuum system

A vacuum system is one of the mandatory requirements when working with electron beam. It is mainly responsible to avoid collisions between electrons and the extraneous gas molecules and protecting the filament from oxidation. Without adequate vacuum inside the SEM column, an electron beam can neither be created nor controlled. Typically, most of the available SEMs operate at vacuum of 10 -4 to 10 -6 Torr. In order to achieve this pressure, two types of pumps are used: low vacuum pump or roughing pump and oil diffusion pump. Roughing pump is a type of mechanical pump that provides pressure down to 10 -3 Torr and thereafter high vacuum is achieved by oil diffusion pump.

The electron gun

An electron gun (see figure 2.11) is comprised of an electron emitter, a Wehnelt cylinder and an anode. Available electron guns with present day SEMs are conventional electron guns using Tungsten (W) hair-pin, or lanthanum hexaboride (LaB6) tips and field emission guns (FEG) . With the conventional guns, a stable number of electrons are emitted by supplying the necessary filament heating current. On the other hand, FEG (cold emission source) uses the difference in the potential between cathode and anode to excite the electrons. The Wehnelt cylin-der that encloses the filament acts as a cathode. It contains a small hole in the center through which the generated electrons are centered and exited. Finally, a positively charged anode that is rested under the Wehnelt cap is used to accelerate the electrons. The portion of the electrons that passes through the anode is called as beam current. In general, the acceleration voltage that is supplied to anode varies from less than 1kV to 30kV . A high value for acceleration voltage reduces the beam diameter and increases the resolution. But a too high value leads in charging up and damaging the specimen. 

Electromagnetic lenses

The two sets of electromagnetic lenses that are available in an electron column are the condenser lenses and the objective lenses. Condenser lenses lying above the aperture strip are mainly responsible for controlling the electron concentration and the diameter of the beam. Objectives lenses that are present under the aperture converges the incoming beam and focus it on the sample surface.

Objective aperture

It is a metal rod holding a thin metallic strip (aperture strip) containing small holes (apertures) of different diameters. It is mainly responsible to filter the low energy and non-directional electrons. The aperture size is selected based on the type of the work. For low magnifications a larger aperture can be used and for high resolution imaging a small aperture is required. However, a smaller aperture leads in dark images as the count of the electrons interacting with sample surface is less.

Scan coils

The two sets of scan coils that are available in the electron column are used to raster the electron beam in both horizontal and vertical directions on the sample surface. The first pair deflects the beam off the optical axis and the second pair bends the beam back on to the axis at the pivot point of the scan (see figure 2.12). Apart from scan generation, they are also used in controlling the magnification of the instrument. 

Positioning platform

A movable positioning platform is placed in the lower part of the SEM electron column and is used to load the specimen. It can be controlled using a joystick and contains translational (X, Y , Z), rotational (around Z) and tilt (horizontal) movements. It is mainly responsible for better positioning the sample such that it is well exposed to the electron beam.

Operation principle

Before dealing with the actual image acquisition process, it is important to know the electron beam interaction with the specimen surface and the emission of various signals that are resulted during this process.

Beam -sample interaction

When a focused beam of electrons hits the sample surface, they penetrates into it for some distance (about 1µm) before hitting another particle. These incident electrons are greatly scattered resulting in elastic and inelastic scattering inside the sample forming a region called as interaction volume1 . Elastic scattering results in BSEs (back scattered electrons) where as inelastic scattering produces SEs (secondary electrons), Auger electrons and X-rays. Back scattered electrons: These are the original beam of electrons that are escaped after the beam-sample interaction. These electrons have approximately the same energy as that of the primary ones and are easy to record. The images formed using the BSEs provide compositional differences, specimen topography, crystal orientation and grain boundaries. Figure 2.15(b) shows the BSE image of a fractured aluminium alloy.

Secondary electrons: These electrons are produced when an incident electron excites a weekly bonded outer shell electron (in conductors) or a valence electron (in semi-conductors and insulators). During this process the electrons from the specimen receive kinetic energy from the incident electrons and start moving towards the surface. Mostly, the SEs are emitted by the atoms near the specimen surface. Moreover, the number of SEs is greater than the incident electrons due to the multiple scattering events which subsequently increase the signal level. So with SE mode, the spatial resolution in an image is high. The images formed using the SEs provide surface topography and morphology. 

Image acquisition

The image acquisition process starts with the beam generation. Initially, an accelerating voltage is supplied to the electron gun to produce the electrons. These electrons that are redirected by the anode traverse the electron column vertically. The series of electromagnetic lenses and apertures present in the electron column control the beam diameter and focus it on to the sample surface. Finally, to acquire an image, a region on the sample surface has to be scanned by the electron beam in both horizontal and vertical directions with a great speed. This is then performed by the scan coils (one for each direction) by varying the current passing through them as a function of time. As a result of the beam interaction with sample surface, different signals are emitted. The resulted electrons are recorded at their respective detectors and then the gathered information is amplified, digitized and recorded as an image. As the electrons wavelength is much smaller than visible light, no color image can be produced using a SEM. Here an interesting fact about SEM is, unlike optical systems no lens is directly involved in image acquisition. Figure 2.16 shows the image formation process in SEM. In SEM, each pixel is captured individually in a quick succession. The intensity value of a pixel depends mainly on the interaction position of the beam on the sample surface. For a scan length N on the sample surface, the generation of one raster line R is given by equation (2.1).

R n = N i=1 I(x n , y i ) (2.1)
where, n = 1 to M lines, x and y are the row and column indices of the interaction point. The total time taken (t n ) to produce one raster line is given by equation (2.2).

t n = N t p n + (n -1)t ld (2.2)
where, t p is the time to produce one pixel given by t D + t d , t D is the dwell time 2 , t d is the time delay between the pixels and t ld is the line delay between two raster lines.

At n = M , t n becomes the time to produce one single scan image. Besides, the size of a pixel depends on the size of the beam (spot size or probe size) hitting the sample surface. It can be controlled by changing the current passing through the condenser lens. Spot size mostly affects the image resolution. Higher is the spot size, lower is the image resolution. Typically, higher spot sizes are used for low magnification imaging.

The magnification in a SEM can be changed by changing the excitation voltage through the scan coils and it is defined as the ratio of the length of the scan on the monitor to the length of the scan on the sample surface.

Figure 2.17: Experimental environment showing the hardware set-up.

Experimental hardware set-up

The hardware set-up architecture used for this thesis is shown in the figure 2.17. It consists of a JEOL JSM 820 SEM, an image acquisition system along with a SEM control computer and a work computer. The JEOL JSM 820 is a state-of-the-art tungsten source SEM. Its electron column is equipped with all the elements explained in previous section and its objective aperture strip contains 4 apertures of diameters 100 µm, 70 µm, 50 µm and 30 µm respectively. The accelerating voltage for the SEM varies from 0.3 kV to 30 kV and the achievable resolution at 30 kV is 4.5 nm. The magnification of the SEM varies from 10× to 100, 000× and the maximum allowable electronic working distance is 50 mm. The SEM chamber is equipped with a mobile platform that can be controlled externally using joystick. For this work, a new piezo positioning platform, TRITOR 100 (from piezosystemjena [START_REF]Piezosystemjena. Piezo actuators & nano stages, positioning equipment[END_REF]) having 3 degrees of freedom (X, Y and Z) has been mounted on the already available platform (see figure 2.13). It is vacuum compatible and is capable of producing motion up to 100 µm on all the three available axes with a resolution of 0.2 nm in open loop. Different axes of this piezo positioning stage are controlled by the NV 40/3 piezo voltage amplifier (from piezosystemjena [START_REF]Piezosystemjena. Piezo actuators & nano stages, positioning equipment[END_REF]). It also provides the facility to control the stage axes from remote work computer via serial port interface. Apart from these, a 3 degrees of freedom robot manipulator (Kleindeik MM3A) system is planned to fix inside the SEM vacuum chamber. The end effector of the manipulator will be equipped with a FT G-32 force sensing microgripper (from Femto tools [Fem11]). The maximum opening between the fingers of the gripper is 30 µm and their movement can be controlled by varying the actuation voltage. The incoming readings from the force sensors are recorded using a National Instruments data acquisition device (NI 6008 USB). Both the manipulator controller and gripper controllers are interfaced with the work computer.

The SEM control computer is solely responsible for controlling the microscope. It is connected to the image scanning system (DISS5) via USB and SEM electronics. The image scanning system provides an interface that runs from the SEM computer. It enables different functionalities for beam control (acceleration voltage, spot size, focus, magnification etc.) and manual image acquisition with a chosen dwell time. The maximum possible resolution of an image is 16, 384 × 16, 384 pixels and the maximum achievable acquisition speed is 3.1 frames per second using a dwell time of 360 ns. A software application to perform automatic image acquisition and control has been designed and is explained in the chapter 6. On the other side, work computer is purely dedicated for performing the control operations using the images acquired from SEM computer.

Conclusion

Now, we have gained sufficient knowledge related to the concepts of nanorobotics, nanomanipulation systems and imaging at nano scale. Since manual control is a difficult and tiresome task at this particular scale, using vision information seems to be a feasible solution. Up on comparing all the available imaging systems, SEM is proved to be more appropriate tool for performing real time manipulation tasks due to its high working range and the capability of providing near real time image feedback with high depth of field, high magnification and high resolution. However, it possess some major limitations and the most important one is the image quality that depends on the scale and speed of imaging and type of the material used. Added to this, time varying distortion (explained in the next chapter) that is usually observed at high magnifications is another critical problem. So, in order to overcome some of these problems associated with SEM to use it for nanomanipulation, we propose some methods and solutions that are detailed in the next chapters.

Chapter 3

Image analysis and time-varying distortion calibration in SEM

As a vision sensor, SEM performs a vital role in autonomous micro-nanomanipulation applications. Unlike optical microscopes, a SEM produces images of a sample by raster scanning the sample surface with a focused beam of electrons. When it comes to the sub micrometer range and at high scanning speeds, the images produced by the SEM are noisy and need to be corrected or evaluated before using them. Moreover, SEM image acquisition is mostly affected by the time varying motion of pixel positions in the consecutive images, a phenomenon called drift. In order to perform accurate measurements, it is necessary to compensate this distortion (drift) in advance. In this chapter, we present the methods to evaluate the SEM imaging quality along with the time varying distortion compensation. Various experiments have been performed at different operating conditions and the results are presented.

Chapter 3

Image quality estimation and monitoring

As mentioned in the previous chapter, the images produced by SEM are the result of the electron beam interaction with a sample surface. These images are capable of providing minute details of the scanning surface. However, with fast scanning rates, the images are too noisy and need to be evaluated or corrected before using them. This section provides the information of noise in SEM imaging along with various noise estimation methods and discusses the quality evaluation at different operating conditions.

Noise in SEM imaging

In most of the cases, SEM image acquisition is said to be affected by the addition of noise during beam production, its interaction with the specimen surface and also due to the presence of instabilities in the electron column [START_REF] Reimer | [END_REF]. The primary source of noise present in a SEM image is due to the number of electrons interacted with the specimen surface and the number of emitted electrons recorded at the detector. This type of noise is characterized as shot noise and grow in proportion to the useful signal. It is added due to the fluctuations in the count of emitted primary beam electrons. This type of noise follows Poisson distribution. For SEMs with thermionic guns, this shot noise is more [START_REF] Sim | Effect of shot noise and secondary emission noise in scanning electron microscope images[END_REF]. Timischl et al., [TN + 12] have described five sources of noise in a SEM: primary emission, secondary emission, scintillator, photocathode, and photomultiplier. They have showed every noise correspond to quantum fluctuations and can be modeled by Poisson statistics. However, in most of the cases the noise added by the detection system is considered to be highly negligible [GNJ + 03]. Mulapudi and Joy [START_REF] Satya | Is sem noise gaussian[END_REF] have showed empirically that in a thermionic gun SEM, final image noise follows Gaussian statistics but not Poisson statistics. In order to generate virtual SEM images, Cizmar et al. [START_REF] Cizmar | Simulated sem images for resolution measurement[END_REF] have considered that the final image noise is an addition of a Poisson distribution representing primary emission and a Gaussian distribution representing the others types of noise in the SEM (secondary emission and electronics). Since these previous investigations create ambiguity in selecting the type of noise, in this work, we first study the final image noise. Apart from the above mentioned noises, noise also arises due to the charge-up of specimen surface, alignment variation of electron beam or sample. This type of noise mainly results in gray level fluctuations in the images [START_REF] Reimer | [END_REF]. Noise is also added due to the external disturbances such as stray magnetic field, mechanical vibrations etc. These types of noises can be seen as image artefacts. Figure 3.1 shows the effect of a short mechanical impulse to the SEM electron column on imaging process.

Practically, noise variation can be determined by acquiring images with varying dwell time. If the dwell time increases, the level of noise decreases as the beam will spend more time at the particular location. However, with the increase in dwell time, the time to capture one frame increases which is not an acceptable constraint for high speed visual tracking applications. Also, if a sample surface is scanned for a long time by electron beam, the surface may get contaminated and unusable [START_REF] Vladar | Electron beam-induced sample contamination in the sem[END_REF]. The plot shown in figure 3.2 details the relation between acquisition time and dwell time. 

Study of final image noise

As mentioned, noise sources are numerous in SEM imaging and each contribute independently towards the final image formation. At the first hand, there are random statistical fluctuations in the primary and secondary electron emissions which produce shot noises independent from one pixel to another and depends on the material being used for imaging. Generally this type of noise satisfies the Poisson statistics: where, λ the number of occurrences of the events and µ is the mean signal level. However, if the mean number of events is large enough (µ >10), the Gaussian distribution is a good approximation for the Poisson distribution. On the other hand, we have also noise added by the detection and recording system. Apart from this, noise is also added by the photomultipliers where they emit some signal even in the absence of original signal. This noise is due to the thermal fluctuations in the photocathode. Upon considering all these noises, the final image noise n(x, y) at the pixel (x, y) is a result of superposition of all these partial noises. Under the central limit theorem this final noise can be approximated with Gaussian statistics [START_REF] Bovik | Handbook of image and video processing[END_REF].

f (λ) = µ λ λ! e -µ (3.1)
In order to find out the distribution followed by the final image noise, we have conducted the initial tests by imaging the microscale calibration rig (gold on silicon) shown in figure 4.9 at two different scan times (180 and 360 ns/pixel). It is performed by computing the noise distribution with in a single image region. Two plain image regions are selected for each image where, one region contains only gold and the other contains only silicon. After analyzing the obtained results, it is clear that any of the two distribution curves (Poisson and Gaussian) do not fit correctly with the real pixel intensity distributions. However, Gaussian distribution seems to provide better fit than Poisson distribution which can be clearly seen with the intensity histograms especially with silicon regions.

Noise estimation and SNR quantification methods

To assess the quality of acquired frames, image signal-to-noise ratio (SNR) has been selected as an evaluation parameter in this work. SNR is a commonly used term in the field of signal processing to differentiate or estimate the level of noise present in a recorded signal [START_REF] Bose | Digital signal and image processing[END_REF]. In general terms, it is defined as the ratio of desired signal over background noise. Following the industry standards, SNR can be computed as in

equation (3.2). SN R 10log 10 variance(Signal) variance(noise) (3.2)
And if a signal S is known to be bounded, S min ≤ S ≤ S max , then the SNR can be computed using equation (3.3).

SN R 20log 10 S max -S min std(noise)

(3.3)
In general, for high quality images this ratio is often very high (> 25 dB). Operationally, high SNR values can be achieved by increasing probe current or by decreasing Chapter 3 scanning frequency. In order to compute the SNR using above formulae, it is mainly required to estimate the level of noise added during the final image formation. The other possibility can be by using the auto-correlation technique.

So far in the literature, many research works have proposed various methods using two scan images for the computation of SNR using auto-correlation technique1 [Era82, LFSK06, SLLT09, SNT11]. These methods require two images that are needed to be perfectly aligned and are obtained by scanning the same specimen area. In addition, they require long processing time and are complex to integrate and use with real time systems. Sim et al. [START_REF] Sim | Robust image signal-to-noise ratio estimation using mixed lagrange time delay estimation autoregressive model[END_REF] have proposed a mixed Lagrange time delay estimation autoregressive (MLTDEAR) model for estimating the SNR using a single image. Apart from the correlation-based methods, noise in the images can be reduced by performing the frame averaging or by applying filters. Tai et al. [START_REF] Tai | A fast method for image noise estimation using laplacian operator and adaptive edge detection[END_REF] have proposed a method to estimate the noise in digital images using a first-order gradient-based edge detection algorithm and a Laplacian operator. A method to estimate and minimize the noise by adding external hardware circuits or electronics to the detectors inside SEM is proposed in [START_REF] Ko Jung | Scanning electron microscope image enhancement using spread spectrum through dither signal imposition[END_REF] and the methods for image denoising using the total variation algorithms are explained in [START_REF] Vogel | Iterative methods for total variation denoising[END_REF][START_REF] Ouarti | High quality real-time video with scanning electron microscope using total variation algorithm on a graphics processing unit[END_REF]. A thorough evaluation and comparison of various noise estimation methods has been provided by Olsen [START_REF] Si Olsen | Estimation of noise in images: An evaluation[END_REF]. In his work, Olsen has used six different techniques that are later categorized into two methods: filter-based methods and block-based methods for estimating the standard deviation of the image noise. He concluded that the filter-based methods, especially the one using median filter provide better results than the block-based methods. Many other researchers have come up with different approaches for noise variance estimation; and most of them are based on the filter-based technique [Imm96, RLU99, PTWZ10]. Different noise reduction techniques along with the SNR computation methods that are most widely used are explained below.

Frame averaging

Frame averaging is one of the most simple and commonly used noise reduction techniques with digital imaging. Most of the modern days SEMs comes with a hardware unit to perform frame averaging before an image is displayed on a monitor. It produces better quality images by averaging N number of frames from which the noise is averaged among the frames and the final image f (x, y) displayed is an outcome of this process. Theoretically, the process can be described as in equation (3.4).

f (x, y) = 1 N K f i (x, y) (3.4)
However, the main disadvantage associated with this technique is that the final image is produced after averaging previously acquired frames henceforth increasing the overall image acquisition time.

Image filtering

Apart from averaging the acquired frames, noise can also be reduced by convoluting an image with a spatial filter mask. These methods are software dependent and the overall processing time depends on the size of the applied filter mask. The idea behind these methods is straight forward i.e. good quality images are produced by substituting the intensity value of each pixel by a value determined by the filter mask. These methods are further classified into linear filtering and nonlinear filtering based on the behavior of the applied mask. Linear filters perform noise reduction by averaging the pixels present in the filter neighbourhood. The output response R of a filter w(k, l) of size P × Q on the image f (x, y) is given by equation (3.5).

R = P k=1 Q l=1 w(k, l)f (x -k, y -l) (3.5)
However, they also eliminate important image feature details like edges that are vital for object tracking. On the other hand, nonlinear kernels provide noise reduction with considerably less smoothing than linear kernels and preserve important image details. The best known nonlinear filter is the median filter for its ability in filtering the random noise and preserving the image details [GW08, CCR08, PTWZ10].

The median filter was initially introduced in signal processing by Tukey [START_REF] Jw Tukey | Nonlinear (nonsuperposable) methods for smoothing data[END_REF]. Statistically, a median for a given vector of values is the middle value after sorting. In image processing, median filtering is performed by selecting a neighborhood size for the mask and moving this mask through all the pixels present in the image. The filtering is provided within a local kernel neighborhood by sorting the pixels according to their intensity values and by replacing the corresponding pixel with a median value. Figure 3.5 shows the concept of median filtering in image processing. 

SNR estimation using auto-correlation function (ACF)

As mentioned earlier, one of the traditional ways to estimate the SNR is by using crosscorrelation of two microscopic images acquired by scanning the same specimen area. From this, the correlation coefficient ρ 12 can be computed using equation (3.6).

ρ 12 = φ 12 (0) -µ 1 µ2 σ 1 σ 2 (3.6)
where, φ 12 (0) is the correlation peak value of the two perfectly aligned images and µ 1 , µ2, σ 1 , σ 2 are the mean and variance values of the two images, respectively. Then the SNR is formulated as in equation (3.7).

SN R = ρ 12 1 -ρ 12 (3.7)
Considering the main drawback of acquiring two perfectly aligned images, Thong et al. [START_REF] Thong | Single-image signal-to-noise ratio estimation[END_REF] proposed a method to compute the SNR using single image assuming the noise in the image is additive white noise. The noisy image of gold on carbon sample shown in figure 3.6(b) formed by adding white noise of 20 dB to figure 3.6(a) is used for the demonstration. The ACF values of the noisy image are plotted on a three-dimensional grid and are shown in figure 3.7(a). Now the objective is to estimate the noise-free peak in order to differentiate the noise from noise free image. This can be performed by using polynomial approximation [START_REF] Smyth | Polynomial approximation[END_REF]. Other available estimation techniques are piecewise cubic interpolation [START_REF] Kahaner | Numerical methods and software[END_REF], spline interpolation [START_REF] Sky | Cubic spline interpolation[END_REF] and autoregressive moving average (ARMA) model [START_REF] Brockwell | Time Series: Theory and Methods[END_REF]. Estimated noise and noise-free peaks are shown in figure 3.7(b). Once the noise-free peak is estimated the SNR can be computed using equation (3.8).

SN R =

noise free peak -mean(pixels) 2 noise peak -noise free peak (3.8)

Although this method provides good results, the accuracy of the method is highly dependent on the noise free peak estimation and the nature of the images. Apart from that, the overall processing time is more which makes it difficult to use it with real time applications.

In order to overcome the drawbacks associated with auto-correlation methods, we develop a simple and robust filter-based method using median filter to estimate the amount of noise and to compute the SNR using a single image. The developed method is explained in the next section.

Proposed method of SNR estimation

Presentation of the method

From the previous study, we assume that the acquired image g(x, y) of silicon microparts sample shown in figure 3.3(a) is formed by the addition of spatially uncorrelated additive noise n(x, y) to the original image f (x, y) and is given by equation (3.9).

g(x, y) = f (x, y) + n(x, y) (3.9)
The primary step is to adjust the contrast of the image which can be performed by using histogram equalization. This is optional as most of the present day microscopes come with an integrated module to perform this task during image acquisition. Next, the median filter mask of appropriate size is selected based on the total amount of processing time and the amount of blurring. The amount of blurring has been computed by calculating the mean squared error (MSE) between the original image and the filtered image f (x, y) using equation (3.10). In order to accelerate the overall process, a fast sorting algorithm is used in developing the median filter. Table 3.2 shows the total processing time for an image of size 512 × 512 pixels using different kernel sizes (implemented in C++). Now, the goal is to filter g(x, y) by applying the median filter to find a closest estimate f (x, y) of the original signal image f (x, y). Thus f (x, y) = median {g(s, t)} (3.11) where (s, t) are the local filter neighborhood pixel coordinates and (s, t) ∈ g(x, y). For this work a filter of size 5 × 5 pixels has been used. Figure 3.10(a) shows the filtered image f (x, y) of figure 3.3(a). In-turn this filtered image is subtracted from the original image to produce a noise image n(x, y) given by (3.12) as shown in figure 3.10(b).

M SE = 1 M N M x=1 N y=1 (f (x, y) -f (x, y)) 2 ( 
n(x, y) = g(x, y) -f (x, y) (3.12)
Using the estimated noise free image f (x, y) and noise image n(x, y) the SNR is computed following the industrial standards as in (3.13). 

SN R 20 log

10 std( f (x, y)) std(n(x, y)) (3.13)

Precision testing of the developed approach

The precision of the developed method is tested by using a noise free image and by corrupting it with a known amount of noise. Later the SNR values of the corrupted images are computed using the proposed method and are compared with the known values. The noise free image has been generated using Artimagen library. 3.3 summarizes the computed values along with the percent error and MSE computed between the filtered image and the original image. From Tables 3.1 and 3.2, it can be seen that filter size of 5 × 5 establishes a good compromise between accuracy and time of SNR computation with the current setup. With another experimental setup, the choice may vary. Upon testing the precision of the developed method in estimating the original SNR, the mean variation of the error is comparatively less for 5 × 5 filter (Table 3.3) and the percent error is less than 10 in most of the cases (with a filter size of 5 × 5). However, with high amount of noise in the image (especially for SNR < 12 dB) the percent error is more than 10. This is mainly due to the inability of median filtering in the presence of high amount of noise. In fact, a median filter is able to remove noise in the images only if the noise pixels are less than one half of its neighborhood. This is the reason why a 3x3 filter provides poor error and a 7 × 7 filter provides better error than a 5 × 5 filter (for some conditions). However, from the performed experiments with our system, it has been found that the SNR level is more than 14 dB in all cases.

Image quality evaluation in SEM at different operating conditions

This section presents the evaluation results of the SEM image quality variation at different operating conditions. For most of the experiments conducted, the images are acquired from JEOL JSM 820 SEM and for all tests, the method explained above has been used for SNR estimation. From the obtained results, it is clear that the image quality increases with increase in the dwell time. This phenomenon can be explained as that the increase in dwell time reduces the overall raster rate and increases the amount of time the beam spends at a particular location. Because of this, the electron count recorded at the detector increases subsequently improving the image quality.

Quality evaluation of two different SEMs

Various experiments have been performed to evaluate the image quality of two different SEMs at varying times. Along with the images from our JEOL SEM (tungsten filament), the images acquired from a Carl Zeiss SEM (FEG) have been used for this test. The specimen used for imaging is a standard resolution gold on carbon sample. Selected image size is 512 × 512 pixels. These images are acquired using an accelerating voltage of 10 kV for the magnification ranging from 10k× to 100k× with a step of 5k. For each magnification, 20 images are acquired with a sampling time of 30 seconds for each image. The image quality is then evaluated off-line with respect to the time. The plots shown in figures 3.14(a) and 3.14(b) depict the comparison of SNR evolution of the two instruments with respect to the time at 40, 000× magnification and figures 3.15(a) and 3.15(b) show the comparison results at 70, 000× magnification. The obtained results show that the level of noise reduces with increase in time thus, increasing the overall quality of images. This phenomenon is a result of increase in the filament temperature and the count of electrons produced by the electron gun over time. Moreover, it is clear that the level of SNR with FEG SEM is higher than the tungsten filament gun SEM.

Quality evaluation with respect to magnification

This test has been performed to monitor the SNR evolution with a change in the magnification. For this test, two samples are used: gold on carbon and gold on silicon calibration rig. Using gold on carbon sample, 20 images are acquired, one for each magnification ranging from 10k× to 30k× (step = 1000) and with calibration pattern, the images are acquired for the magnification ranging from 250× to 1000× (step = 10). The From the obtained results, the evolution of the SNR with respect to magnification is a nonuniform decreasing function for both samples. With an increase in the magnification, since the size of the monitor (image) is fixed, the size of the scan area is narrowed and the surface corresponding to scan a pixel reduces. Therefore, the area of the gold region that actively participates in generating the dominant quantity of original signal reduces due to which the SNR reduces. This phenomenon mostly depends on the material of the sample used for imaging. 

Quality evaluation in real time

In this test, the SNR quantification and image quality estimation is performed directly during the time of image acquisition. This mode mainly allows observing the variation in noise and thus image quality with increase in the instrument operational time. For this test, the sample used is a silicon wafer containing the micro-parts of dimensions 6 µm × 6 µm × 2.5 µm (see figure 3.3(b)) and the image size is 512 × 512 pixels.

Initially, an acceleration voltage of 10kV and a magnification suitable for the application (in our case 5000×) are selected using the SEM software interface running in work PC. Both server and image acquisition process are started immediately after supplying the accelerating voltage to the filament and the secondary electron detector is turned on. The total operational time selected is ∼ 55 minutes. As the overall operating time is more, the specimen surface is connected to the mounting plate using a copper conductive tape to remove the accumulated charge on the sample surface. Total time taken to acquire, transfer and process a single image is about 400 milliseconds, thanks to fast image acquisition and quick sorting algorithms.

The obtained SNR values are plotted and shown in the figure 3.17(a). The initial output raw data contains multiple peaks that are fitted using polynomial fitting to see the actual response. Fitted data is shown in the figure 3.17(b). After a keen observation of the data, initially the SNR values started to increase for a specific time and then decreases. From then it increases and becomes stable at a point of time. It is the time taken by the filament to reach a specific temperature to produce the stable number of electrons. This time is called as settling time or waiting time, t s (see figure 3.17(b)).

The same experiment is conducted on a different day to observe the consistency of SNR variation. 

Quality evaluation with a change in the focus

The evolution of the image quality has been monitored with a change in the focus in this test. More details regarding the focusing process in SEM are explained in the chapter 4. The sample used for this test is a microscale calibration pattern containing chessboard patterns (see figure 4.9) designed and fabricated at FEMTO-ST. The tests are conducted using an aperture size of 50 µm, 10 kV accelerating voltage at 1000× magnification. For measuring the sharpness, image variance has been used as the sharpness function given by equation (3.14).

S N V = 1 M N 1 µ M N (I(u, v) -µ) 2 (3.14)
where, M and N are the width and height of the image respectively, µ is the image mean intensity and is given by:

µ = 1 M N M N I(u, v) (3.15)
Figures 3.19(a) and 3.19(b) show the variation of the sharpness with a change in the electronic working distance. The obtained results show that the SNR level varies simultaneously with image sharpness. Here we can make two conclusions. The primary one is, with a change in the focus step (working distance), the size of beam interacting with the sample surface varies; thus, varying the beam current. At the point of in-focus, the current density is high resulting in more signal from the sample improving the SNR. The second one is, with a change in the focus, the level of original signal details present in the image varies. At the point out-of-focus, noise level is predominantly more than that of the signal level, for e.g. at the initial steps of the sharpness curve, the images are completely dark containing no image details other than noise. 

Drift calibration

Image Distortions in Scanning Electron Microscopy

As mentioned earlier, unlike optical systems, SEM images are acquired by recording one pixel at a time. Despite of the imaging technique used, SEM images also suffer from different types of aberrations and distortions. The aberrations that are mostly observed with SEM imaging are: diffraction effects caused by small aperture diameters, spherical aberration due to the geometrical construction of electromagnetic lenses, chromatic aberration due to the electron energy differences, and astigmatism. Apart from the aberrations, SEM image acquisition is known to be affected by two types of distortions, time-varying (drift) and spatially-varying distortions. Bearing these points of distortion in mind, the complete imaging model in a SEM can be functionalized as in equation

(3.16). m = δ d {δ s (P M )} (3.16)
where, m is the image pixel corresponding to the 3-D scene point M , δ d is the timevarying distortion, δ s is the spatially-varying distortion and P is the projection matrix at a given magnification. According to Cornille [START_REF] Cornille | Accurate 3D shape and displacement measurement using a scanning electron microscope[END_REF] and Kratochvil [START_REF] Bradley | Visual tracking for nanorobotic manipulation and 3d reconstruction in an electron microscope[END_REF], for low magnification, a perspective model of projection can be used and for magnification more than 1000× the model of projection switches to parallel. Hence, in order to recover a 3D point of the scanned scene, the corresponding pixel point has to be corrected initially for drift followed by the spatial distortion. The spatial distortion is constant in time and can be calibrated using many methods [Tsa87, WCH92, Bou99, Zha00]. Kratochvil has mentioned in his work that the spatial distortion is relatively very small across the image (less than 0.5 pixels) and can be easily neglected. However, the drift distortion on the other hand has got much importance and need to be compensated beforehand. Generally, drift in the SEM imaging can be characterized as the evolution of pixel positions from time to time. It is usually observed with consecutive scans even though there is no change in the device parameters. Most significantly, it affects the images at high magnification. Potential causes of this drift can be mechanical instability of the column or the sample support, thermal expansion and contraction of the microscope components, accumulation of the charges in the column, mechanical disturbances etc. Figure 3.20(a)-(d) shows four images of a gold on carbon sample acquired at different times at 25, 000× magnification, without changing any system parameters. By observing the bright spot (pointed inside the circle) in all the images, it is clear that the spot location has been changed from image to image. This is the physical idea of the drift in x and y planes of the sample surface. Even though there exists the drift in z direction, it has a little impact on the image focus.

In the literature, several methods have been proposed to estimate and compensate the drift. According to Cornille [START_REF] Cornille | Accurate 3D shape and displacement measurement using a scanning electron microscope[END_REF] and Sutton et al. [SLG + 07, SLJ + 07], the pixel drift is estimated by the disparity between pairs of points and is fitted by B-splines with respect to time. This model is used to estimate the drift and to remove it in real time. Mokaberi et al. [START_REF] Mokaberi | Drift compensation for automatic nanomanipulation with scanning probe microscopes[END_REF] has introduced a Kalman filter-based estimator for compensating the drift in AFMs. Many works have used a frequency domain phase correlation method for estimating and compensating the translation produced by the drift in the images [YJB05,YJB08,CVP10,Sne10,MDP + 12a]. In his thesis, Cornille has proposed that the drift between pixels or between lines of an image is negligible; instead, the drift between the two images can be considered as a whole.

In general, two approaches are possible for drift compensation. The first one is based on estimating the drift directly from the current image by comparing it with a reference image and correcting the current image in real time [CVP10, MDP + 12a]. The second approach is based on developing an empirical model of the drift that is then used to estimate and compensate the drift in real time [START_REF] Cornille | Accurate 3D shape and displacement measurement using a scanning electron microscope[END_REF]. This approach is limited by the difficulty in computing a generic model. Due to these limitations, we considered to use the first approach where, the problem of drift compensation has been treated as a registration problem between the images. As majority of the existing drift compensation techniques have been developed using image correlation technique, the achieved results are also compared with the phase correlation method.

Image registration and homography

In image processing, image registration is the determination of geometrical transformation to align two different images of a same view. There are many methods available in order to perform image registration. A complete survey about all the available methods is provided by Brown [START_REF] Brown | A survey of image registration techniques[END_REF], Zitova et al. [START_REF] Zitova | Image registration methods: a survey[END_REF] and Wyawahare et al. [START_REF] Medha V Wyawahare | Image registration techniques: an overview[END_REF].

According to them, the most commonly used image registration technique is by using image point features. One such method has been implemented in this work. Normally for image registration, the images can be acquired by a single sensor at multiple times or by multiple sensors viewing the same scene. For the problem of drift in SEM, as the pixel points evolve with time, it can be viewed as a same scene and the correction can be performed on the current scan by computing the transformation with a reference scan. This transformation can be computed by selecting some points or features that are same in both the images. Each image that has been used for registration will be assigned to a coordinate system that defines the space for that image.

Let I 0 and I t are two SE images of a sample acquired at two different times t 0 and t 1 respectively. Here, I t has an unwanted motion (drift) with respect to I 0 and need to be compensated. Suppose, p 1 (x, y) ∈ I 0 and p 2 ( ẋ, ẏ) ∈ I t are two pixel points, one from each image, the motion between them can be visually reflected by a homography H between both images and is given by (3.17).

p 2 Hp 1 (3.17)
where, H is a 3×3 full rank matrix whose elements represent various degrees of freedom. By considering the scaling factor, ω, equation (3.17) is rewritten as in equation (3.18).

ω   ẋ ẏ 1   =   H 11 H 12 H 13 H 21 H 22 H 23 H 31 H 32 1     x y 1   (3.18)
The Now, obtaining the corrected image Î, corresponds to the registration of I t with respect to I 0 . This can be performed in two ways: forward mapping and inverse mapping. Using forward mapping, for each pixel p 2 ∈ I t , the corrected pixel p ∈ Î is obtained directly by copying p 2 using H as given by (3.20).

p = H -1 p 2 (3.20)
In this case, some pixels in the corrected image might not get assigned, and would have to be interpolated. This problem could be solved using the second approach, inverse mapping given by equation (3.21).

p 2 = Hp (3.21)
Using this technique, the position of each corrected pixel p is given and the mapping is performed by sampling the correct pixel p 2 from the current image.

Keypoints detection-based drift estimation method

Keypoints detection and matching algorithms form the basis for many computer vision problems like image stitching, data fusion, object recognition etc. The underlying idea with this technique is to extract distinctive features from each image, to match these features for global correspondence and to estimate the motion from the images. The overall task of drift compensation using this method is decomposed into four subtasks that are described below.

Keypoint detection

In this step, keypoints are identified from both reference and current images such that the computed points should be same in both images. An interest point detector like Harris detector [START_REF] Harris | A combined corner and edge detector[END_REF], Scale-invariant feature transform (SIFT) [START_REF] David G Lowe | Distinctive image features from scale-invariant keypoints[END_REF] can be employed for this purpose or alternatively local features like corners, edges etc. can be used. A comprehensive evaluation of the available feature detectors has been provided in [SMB00, MS04, GHT11, MM12]. One main consideration with SEM imaging is, as the brightness and contrast levels are not constant, the detected points should be invariant to the geometry and intensity transformations. For this work of drift estimation, we have tried with three feature point detectors: speeded up robust features (SURF) [START_REF] Bay | Speededup robust features (surf)[END_REF], features from accelerated segment test (FAST) [START_REF] Rosten | Fusing points and lines for high performance tracking[END_REF] and orient FAST and rotated BRIEF features (ORB) [START_REF] Rublee | Orb: an efficient alternative to sift or surf[END_REF]. Based on the performance evaluation tests, ORB detector has been selected for the final method. Performance evaluation results are discussed in the results section. 

Keypoint description

In this step, all the regions around the detected keypoints from the previous step are converted into compact and stable (invariant) descriptors that can be matched against other descriptors. These descriptors contain information that can be used out of their respective regions. The output of this step is a feature vector that will be used for matching. For this work, two keypoint descriptors, SURF and ORB are used.

SURF descriptor This descriptor is used only with the keypoints identified using SURF detector. After identifying the keypoints, the detector assigns an orientation vector to each point. The descriptor is then constructed using this orientation vector and by dividing the region around each keypoint into subregions. For all these subregions, wavelet responses are computed and the sum of the horizontal and vertical responses produces the descriptor vector.

ORB descriptor ORB descriptor is an extension technique of binary robust independent elementary features (BRIEF) descriptor. For the detected keypoints, assuming that the corner's intensity has an offset from its center location, an orientation vector is computed from the corner's center to the centroid. This vector is then assigned to the keypoint and used in producing the descriptor.

Keypoint matching

Once the descriptors are computed, the next step is to extract the correspondences between them. One way is by computing the Euclidean distance d between the feature vectors u i and v i in the feature space given by (3.22).

d = i (u i -v i ) 2 (3.22)
Having the Euclidean distance, matching is accomplished by setting a threshold and by returning all the matches less than this value in the images. However, using a large value for the threshold may result in false matches. The other way that has been used in this thesis is to simply match the nearest neighbors (smallest d) in the images. This eliminates the problem associated with the previous method. Figure 3.23 shows the matched keypoints using nearest neighbor approach where all matches are shown in figure 3.23(a) and figure 3.23(b) shows the good matches. 

Transformation estimation

The final step is to estimate the drift using the obtained keypoint correspondences. Suppose we get K keypoint correspondent pairs (x i , y i ) and ( ẋi , ẏi ) that are related by an unknown homography H. One way to solve for H is by using the least squares estimate that is obtained by taking the 2K × 9 data matrix Ψ and by finding the eigenvector of Ψ T Ψ having the least eigenvalue shown in equation (3.23). Since H is having 8 DOF, atleast 4 points are required to determine the homography. 
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Alternatively, the homography can be estimated using an iterative method that has been used in this work, random sample consensus (RANSAC) [START_REF] Hartley | Multiple view geometry in computer vision[END_REF]. The method is briefly summarized in the steps below.

1. Choose four random keypoint correspondences from the available ones and check for co-linearity. If they are collinear, chose another four points.

2. Compute homography that maps the four points exactly to their corresponding points.

3. Find a consensus set for the computed homography by calculating the inliers i.e. find other keypoint correspondences such that their distances from the current model are small.

4. Repeat the step 3 for certain iterations fixed by a threshold and choose the homography (H) with largest consensus set (set of inliers).

5. Finally, recompute H using all the keypoints in the consensus set.

Phase correlation method for drift computation

This is the most common approach for estimating the drift in SEM images. It assumes the drift in images as relative translation. In this work, we use this method for comparing the results obtained from the feature-based methods. The underlying idea behind this method is quite simple and is based on the Fourier shift property. It states that the shift in the coordinate frames of two images in the spatial domain can be realized as the linear phase differences in the Fourier domain. By computing the correlation between the Fourier spectrums, it is possible to estimate the relative shift between the images. The method and the process to derive the shift are explained in detail in chapter 5. The final outcome after phase correlation is the global drift (∆x, ∆y). Again, the correction is performed using homography. In this case, the matrix H only contains the translation information and is given by (3.24).

H =   1 0 ∆x 0 1 ∆y 0 0 1   (3.24)
This method of computing the drift has a remarkable advantage over the traditional cross-correlation techniques; that is its accuracy in finding the peak of correlation at the point of registration. However, this technique can be used only if the motion between two images is a pure translation. In case of rotation, phase correlation produces multiple peaks.

Experiments with the system

The experiments with the system are carried out using a standard gold on carbon sample. The acceleration voltage used to produce the beam is 15 kV for and the electronic working distance is set to 6.2 mm in order to keep the sample surface in focus. All tests are performed using SE images with a size of 512 × 512 pixels. The t D is set to 360 ns to get an image acquisition speed of 2.1 frames per second. This speed could be increased up to 3.4 frames per second, but at high scan rates, noise levels in the images are very high.

Chapter 3

Evaluation of the methods

Initial tests have been performed to evaluate the different methods that are explained above along with the comparison of the keypoint detectors. Gold on carbon sample images acquired after 900 seconds from the reference image at 10, 000× and 20, 000× magnification are used for the evaluation process. Figures 3.24(a) and 3.24(c) show the reference images acquired at 10, 000× and 20, 000× magnification respectively. The drift compensation has been carried out using both keypoint-based method and phase correlation method. Figures 3.24(b) and 3.24(d) show the corrected images at both magnifications. The images shown are corrected using ORB detector. The black region observed in the borders of the corrected images is due to the compensated drift. Tables 3.4 and 3.5 show the computed homography parameters using all methods at 10, 000× and 20, 000× magnification respectively. The first four columns (H 11 , H 12 , H 21 , H 22 ) provide the rotation information and the last two columns (H 13 , H 23 ) provide translation.

The region of interest (ROI) within the black square shown in every image is used for computing the accuracy of drift correction i.e. to measure how close the corrected image is with the reference image. This is performed by calculating the MSE given by (3.25) between the reference and corrected ROIs. The dimensions of the ROI are updated automatically based on the correction limits and in any case ROI occupies 90% of the corrected region.

E M SE = 1 M N M N (I ROI -ÎROI ) 2 (3.25)
where, I ROI and ÎROI are the regions of interest from reference and current images respectively. The results are summarized in Table 3.6. Figures 3.25(a) and 3.25(b) show the disparity maps computed using the reference and corrected images ROI at 10, 000× and 20, 000× magnification respectively. These maps provide the relative displacement between the pixels in two images after correction. The total time taken to estimate and correct the drift for one image is shown in Table . 3.7 (implemented in c++). However, the speed is not an important factor with our current system (because of the low frame rate), it has been checked in order to select a specific method that can be used with our new SEM (Carl Zeiss Auriga) having better frame rate in future. ----1 10

From the obtained results, ORB keypoint detector-based method shows good speed and accuracy over the other methods in compensating the drift. Even though, SURF- based method also shows good accuracy in correcting the drift; it takes more time for computation. Moreover, all the keypoint-based methods show better performance than the phase correlation method. The major advantage associated with these methods is that the correction can be performed with subpixel accuracy in both rotation and translation. However, these methods are sensitive to the image noise. So the image quality is monitored continuously during the overall process using the method proposed in section 3.2 [MDP + 12b].

Drift evolution

Various tests have been performed to evaluate the path followed by the drift at different magnification. For these tests, a set of gold on carbon sample images are acquired for different magnifications ranging from 10,000× to 30,000× with a step change of 1000×. For each magnification, 30 images are acquired at a rate of one image for every 30 seconds. ORB detector-based method is used for this test. Tables 3.8, 3.9 and 3.10 provides the homography parameters estimated at 3 different magnifications. Plots shown in the figures 3.27(a) and 3.27(b) show the drift evolution with respect to time and magnification.

It is then observed that the drift produced in the images is only a translation in x and y axes and no rotation is involved (from Tables 3.4 and 3.5). The path followed by the drift in x and y axes can be approximated with a linear motion. It is assumed that this drift is a result of the thermal variations inside the chamber and the accumulation of charges on the sample surface over time. However, rotation in the drift can be observed only when there is a change in the focus which is a result of the variations in electromagnetic field produced by the lens2 . This type of drift can be characterized as the motion in z axis, because the focus can be varied by displacing the sample stage in z direction or by varying the electronic working distance. More details about the focusing in SEM are presented in chapter 4. The presence of the error after global drift compensation (from figure 3.25(b)) clearly demonstrates the existence of pixel level drift. This is mainly occurred due to the charging of the specimen surface in the semi conductive regions. However, for real-time observations, this drift can be neglected as it is not very high. 

Conclusion

The SEM is by far an important tool for producing images with nanometer range resolution. Equipped with spectrometers, it is then used as an analytical tool for materials to determine their structural properties (morphology, chemical, crystallography, etc.). Today, the trend is to add an ion beam, a gas injector and at least one robot to the microscope column to allow machining, characterization or assembly of structures. In this case the observed scene is dynamic. But electronic imaging is by far known for its sensitivity to the scanning frequency: a high frequency of acquisition leads to low quality images. Apart from this, it is effected by the time varying drift distortion at high magnification. In this chapter, we have demonstrated two methods respectively, for monitoring the image quality and compensating the drift in real time.

The developed method for quality monitoring satisfies a dual constraint: the ability to give an accurate result and the property to run quickly. The first lesson that can be drawn from the obtained evaluation results is that the image SNR level for the FEG SEM is higher than that of the tungsten gun SEM. This makes sense because the FEG SEM, advanced technology, is more efficient than the filament gun microscope, an older technology. The second lesson, by far the most important, is the instability of the ratio: it varies randomly and greatly depending on time as well as magnification. The analysis of the average change over time revealed two phases. In the first phase, the ratio increases and decreases suddenly: it seems to correspond to the rise in temperature of the filament. The second phase is a slow growing of the ratio that corresponds to a temperature stability of the filament over time. The great merit of this work done allows the quantification of the instability of SEM imaging. The estimator developed has been used in our current works: autofocusing, nano positioning and will be used in our future works of manipulation using visual servoing: machining, assembly and characterization.

The presented drift compensation method is a relatively new (for this problem) and is based on image registration using homography. Unlike the classical correlation-based methods, the implemented method has an ability to correct the rotation, shear and scaling. The obtained results clearly shows that drift in the images corresponds to an inter-frame translation and no rotation is involved. However, the direction and velocity of this phenomenon is not constant and are hard to predict. Apart from the global drift, the pixel level drift that is mostly related to the charging and the used material surface has been observed in the experiments. Even though the developed method is capable of correcting the global drift, a sub-pixel level compensator need to be implemented in order to perform accurate compensation.

Chapter 4

Autofocusing, depth estimation and shape reconstruction from focus Various methods that are developed in relation to the SEM image focus are explained in this chapter. The primary and most important one is the autofocusing technique. In general, fast and reliable autofocusing methods are essential for performing automatic nano-objects positioning tasks using a SEM. So far in the literature, various autofocusing algorithms have been proposed utilizing a sharpness measure to compute the best focus. Most of them are based on iterative search approaches; applying the sharpness function over the total range of focus to find an image in-focus. The developed method in this chapter is a relatively new, fast and direct method of autofocusing that is based on the idea of traditional visual servoing. It performs autofocusing by controlling the focus step using an adaptive gain. It has been validated on the JEOL SEM under different operating conditions.

Microhandling of parts with gripper includes a gripping phase and a release phase. In both phases, the detailed knowledge of the inter-object depth (between gripper and the part) and structure of the scene is crucial. As a direct application for the developed autofocusing technique, a method to estimate this inter-object depth has been presented. It computes the depth between micro-objects present in the scene by performing autofocusing separately for each object region windows. These two methods are very important while performing a robotic micromanipulation task. Next, a focus-based 3D reconstruction method has been presented. Both the developments, interobject depth estimation and 3D shape reconstruction are validated in a robotic handling scenario where the scene contains a microgripper and silicon microstructures.
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Autofocusing in SEM

The automation of nanomanipulation tasks inside a SEM vacuum chamber with nanometric accuracy requires the use of SEM vision feedback in control laws [WSJ + 05b]. Such control strategies require efficient image processing algorithms to extract visual features in designing the control laws. Hence, it is essential to use high quality and sharp images to ensure nanometric precision when extracting visual features. To obtain a sharp image and to use the SEM at its maximum potential, it is necessary to apply an efficient, accurate, robust and fast autofocus before performing any nanohandling processes. Besides, autonomous nanomanipulation using SEM vision is a fully unattended operation that requires continuous monitoring of image quality from time to time. Still this task has to be performed by an expert human operator. By implementing an autofocus, this problem can be solved.

Basically in vision systems, focusing is defined as a process of obtaining maximum sharpness in the images by adjusting the objective lens. Most of the present day autofocusing methods are classified into two types: active and passive [START_REF] Baina | Automatic focus and iris control for video cameras[END_REF]. The active methods are most commonly seen in the modern day digital cameras with CCD (charge coupled device) or CMOS (complementary metal oxide semiconductor) sensor, where the system uses a different measurement system such as infrared and ultrasonic to find the distance between the object and lens i.e. to compute an optimal focal length. Autofocusing is achieved by adjusting the optical system. On the other hand, passive methods do not require any additional devices and they determine the best focus by analyzing the image recorded at the sensor. These methods are categorized into two sub categories where the first one is based on selecting an optimal sharpness function and applying it over a total range of focus steps to find the image with maximum sharpness point. The second one is based on developing a generic imaging model to determine the image defocus information from a set of images. It relates the point spread function of an image with the focal length. The developed autofocusing technique in this work is a kind of passive method that performs focusing directly using the SEM SE images.

Traditional autofocusing methods are mostly concentrated on selecting an optimal sharpness function and applying it over the total range of focus steps to find the image with maximum sharpness (i.e. maximum focus score). Groen et al. [START_REF] Frans Ca Groen | A comparison of different focus functions for use in autofocus algorithms[END_REF] and Sun et al. [START_REF] Sun | Autofocusing algorithm selection in computer microscopy[END_REF] have compared different sharpness functions that are available in the literature. A Fourier transform-based autofocusing method for SEM is presented in [START_REF] Ong | A robust focusing and astigmatism correction method for the scanning electron microscope[END_REF]. However, Fourier-based method is limited by its complex computations. For SEM, with a high range of focus, applying the sharpness function at each focus step and finding the sharp image is a time-consuming process. To overcome this problem, many works have used the iterative search approaches to find the best focus point [START_REF] Christopher | Autofocusing and astigmatism correction in the scanning electron microscope[END_REF][START_REF] Rudnaya | Iterative autofocus algorithms for scanning electron microscopy[END_REF]. However, the electromagnetic lenses present in the SEM show nonlinear hysteresis effects [START_REF] Wj Tee | An automatic focusing and stigmating system for the sem[END_REF][START_REF] Christopher | Autofocusing and astigmatism correction in the scanning electron microscope[END_REF]. Since the iterative methods are mostly depended upon the search history, the overall accuracy is influenced by this behavior of lenses.

So, in order to provide a dynamic autofocus, a reliable and accurate method has to be developed. In this work, a real-time autofocusing method for SEM has been developed. It is a kind of passive method that performs focusing directly by controlling the focus step using an adaptive gain that varies with the image sharpness. Before going into the developed approach, it is necessary to have sufficient knowledge regarding the focusing process in SEM. In the next sections, the focusing process along with the evaluation of different sharpness measures is detailed.

Focusing in SEM

The two sets of electromagnetic lenses that contribute towards the focusing in SEM are condenser and objective lenses. The condenser lenses lying above the aperture strip (see figure 4.1) are mainly responsible for controlling the spot size. Initially, these lenses converge the electron beam to a spot. Later, this spot sized beam flares out again and passes through the aperture, where low energy and non-directional electrons are filtered out. The objective lenses that are present below the aperture converge the beam once again and focus it onto the sample surface (figure 4.1). Coarse focusing of the sample surface is performed by adjusting the electronic working distance that is attained by modifying the current passing through the objective lenses. This distance is electronically measured between the focused plane (on the sample surface) and the lower pole piece of the objective lens (electron column) and is not to be confused with the sample stage height that can be controlled externally.

The focusing geometry in a SEM is shown in figure 4.2(a). At a distance D/2 on both sides of the focusing plane for a selected magnification, the beam diameter is two times the pixel diameter and produces a blur image. Within the distance D (depth of focus), the image appears to be acceptably in focus. Using the aperture diameter A and the working distance Z, the semi angle of the electron beam can be given by equation (4.1).

α = tan -1 A 2Z A 2Z at α < 100 mrad (4.1)
If we consider the resolution on the sample is δ sample , the corresponding resolution on the screen is δscreen M , where M is the magnification. Depending on the angle α and resolution δ, the depth of focus D is given by (4.2).

D = δ sample α 2δ screen Z AM [µm] (4.2)
So the depth of focus is mainly dependent on the size of aperture selected and electronic working distance. The JEOL SEM used for the experiments is installed with a dynamic focusing module that modifies the current passing through the objective lens and thus the electronic working distance can be preselected. The DISS5 system provides a simple control for the focus by linking the working distance with a series of focus steps (i.e each step modifies the working distance). The relation between focus steps and electronic working distance is shown in Fig. 4.3. Subsequently, the value of working distance (Z) for any given focus step (F) at a fixed sample height can be computed by using the curve equation obtained by approximating it with a polynomial given in equation (4.3). The coefficients of the polynomial are estimated using least squares fit and are summarised in table 4.1. 

Z =      50, if F ≤ 573 1, if F ≥ 1218 p 1 F 4 + p 2 F 3 + p 3 F 2 + p 4 F + p 5 , otherwise

Derivative-based sharpness functions

Derivative-based sharpness functions are widely used in many experiments. These methods are based on computing the norm of the gradient between a pixel and its neighbors.

The underlying principle behind these methods is that the focused images have high in- tensity differences between the neighboring pixels than in out-of-focus images. However, these methods are sensitive to noise.

Threshold absolute gradient [SOdSV + 97] This function computes the sum of the absolute values of the first derivative that is greater than a threshold θ.

S absgradient = M N |I(u, v) -I(u + 1, v)| (4.4) Where |I(u, v) -I(u + 1, v)| > θ.
Squared gradient [SOdSV + 97] It is similar to the absolute gradient except squaring the differences. So that the gradient values become high and have more influence on the final values.

S squaregradient = M N (I(u, v) -I(u + 1, v)) 2 (4.5)
Where (I(u, v) -

I(u + 1, v)) 2 > θ.
Modified Laplacian [START_REF] Shree | Shape from focus[END_REF] This function convolves the image with a Laplacian edge detection mask given by L to compute the second derivative d(u, v) of the image.

L is given by

L =   -1 -4 -1 -4 20 -4 -1 -4 -1   (4.6)
The sharpness function is given by (4.7).

S L = M N |d(u, v)| (4.7)
Brenner [BDH + 76] Brenner's function uses the difference between a pixel value and its second neighboring pixel value.

S Brenner = M N |I(u, v) -I(u + 2, v)| (4.8)

Statistics-based sharpness functions

Usually, the statistics-based focus measures are less sensitive to image noise and are widely used in many autofocusing algorithms.

Variance [START_REF] Yeo | Autofocusing for tissue microscopy[END_REF] This function computes the variations in the grey level intensities among the pixels.

S V = 1 M N M N (I(u, v) -µ) 2 (4.9)
Where, µ is the image mean pixel intensity and is given by

µ = 1 M N M N I(u, v) (4.10) 
Normalized variance [START_REF] Yeo | Autofocusing for tissue microscopy[END_REF] This function normalizes the final value by the pixel mean intensity.

S N V = 1 M N 1 µ M N (I(u, v) -µ) 2 (4.11)
Correlation [START_REF] Vollath | Automatic focusing by correlative methods[END_REF][START_REF] Vollath | The influence of the scene parameters and of noise on the behaviour of automatic focusing algorithms[END_REF] Two focusing measures using the correlation technique have been proposed. One is based on the auto-correlation function (ACF) and the other is based on standard deviation function. The ACF based sharpness function is given by

S Auto-corr = M -1 u=1 N v=1 I(u, v) I(u + 1, v)- M -2 u=1 N v=1 I(u, v) I(u + 2, v) (4.12)
The standard deviation-based function is given by (4.13).

S std = M N I(u, v) I(u + 1, v) -M N µ 2 (4.13)
Chapter 4

Wavelets-based sharpness functions

Various sharpness functions have been proposed using the wavelet transform [START_REF] Yang | Wavelet-based autofocusing and unsupervised segmentation of microscopic images[END_REF].

Wavelet-1 It applies both high-pass (H) and low-pass (L) filters to an image and divides it into four sub-images LL, LH, HL and HH. Focus score is computed by summing the absolute values in HL, LH and HH regions.

S W 1 = M N |W HL (u, v)| + |W LH (u, v)|+ |W HH (u, v)| (4.14)
Wavelet-2 This function sums the variances in HL, LH and HH regions. The mean values in computing the variances for each region are computed using the absolute values.

S W 2 = 1 M N M N (|W HL (u, v)| -µ HL ) 2 + (|W LH (u, v)| -µ LH ) 2 + (|W HH (u, v)| -µ HH ) 2 (4.15)
Histogram based sharpness functions These functions use histogram H i (denotes number of pixels with intensity i) of the image.

Range function [FCC + 91] This function computes the difference between maximum and minimum intensity levels.

S range = max i (H i > 0) -min i (H i > 0) (4.16)
Entropy function [FCC + 91] This function computes the difference between maximum and minimum intensity levels.

S entropy = i p i log 2 (p i ) (4.17)
Where, p i = H i M N is the relative probability of a pixel with intensity i. From the comparison results provided by Sun et al. [START_REF] Sun | Autofocusing algorithm selection in computer microscopy[END_REF], six sharpness functions given by equations (4.7), (4.8), (4.11), (4.12), (4.14) and (4.14) lead to optimum results. All these six functions have been evaluated to find a fast and reliable sharpness estimator to use with the autofocusing algorithm. The evaluation results of the different sharpness functions are shown in figure 4.5. After evaluating all the sharpness functions, it is noticed that all the functions have achieved a maximum value at the same focus image with more or less efficiency. Out of all, the normalized variance sharpness function resulted in a curve with less noise and a well-defined peak in less time. Eventhough the other functions like auto-correlation and wavelet-2 exhibit the similar performance, normalized variance is chosen mainly because of its better performance in different conditions like varying brightness and contrast. Apparently its implementation is simple. Hence, in the design of the visual servoing-based autofocusing, this method has been selected for estimating the sharpness score. The total processing time taken for each function using an image of size 512 × 512 is summarized in the table 4.2.

Visual servoing-based autofocusing

In this section, the proposed method of autofocusing using the idea of traditional visual servoing is presented. The concept of visual servoing is explained in the chapter 5.

Autofocusing using visual servoing

In this work, using the idea of traditional visual servoing, an autofocusing algorithm to control the focus step has been developed. The developed method is based on the following conditions:

• Instead of minimizing the error function, the proposed method maximizes the normalized variance sharpness function given by the equation (4.11).

• Rather than computing the local visual features, the global image information is used in this work. This type of visual servoing is called as direct visual servoing [START_REF] Tamadazte | A direct visual servoing scheme for automatic nanopositioning[END_REF].

• Most importantly, no reference image or features are used; instead, the method converges to a best focus position i.e. when the sharpness function reaches its maximum value.

• Instead of controlling the camera velocity, the proposed method controls the working distance to obtain, a best focus point.

If our goal is to maximize the sharpness function, it is first required to observe the variation of its behavior with respect to the focus steps i.e. with the change in electronic working distance. Figures 4.6(a) and 4.6(b) show this behaviour of the sharpness function at two different magnifications, 300× and 1000× respectively. It is then observed that, for a specific range of working distance (inside the peak) we get images with some details and the rest are dark or bright images with varying noise. Figures 4.7(a), 4.7(b) and 4.7(c) respectively show the images at points marked by 1, 2 and 3 in figure 4.6(b). From this, the primary goal is to drive the control to reach the focus range using the sharpness information obtained from these plain images. Keeping this in mind, the initial control law has been designed using an adaptive gain that changes with the sharpness score. The corresponding vision-based objective function (C) is given by equation (4.18). where, λ is the adaptive gain that plays vital role in the overall process and is given by equation (4.19).

λ = α S 0 S 2 , if S 0 S < 1, α, elsewhere. (4.19)
where, α is a positive integer, S 0 and S are the sharpness scores computed from first image and the current image. The unit vector

S S
provides the driving direction. Using (4.19), the primary task function T 1 now takes the form given in equation (4.20).

T 1 = F c + C (4.20)
where, F c is the current focus step. The underlying idea is to have a maximum amount of gain at the region far from the focus position so that the next focus step is big enough to reach the focus region. Once it begins to approach the focus position the gain should reduce gradually; so that next focus step will be small or almost equal to unity. At the point of best focus, the unit vector helps in maintaining a constant focus.

Apart from controlling the focus step, it is sometimes required to stop the process at best focus point. Moreover if the focus is set once, it remains unchanged for any magnification. For this purpose, a secondary task has been used along with the primary one. As the primary task can only drive the focus step using sharpness information, it does not have any direct linking with the working distance. In visual servoing, if the primary task does not constrain all degrees of freedom, a secondary task can be added as it has no effect on the primary task [START_REF] Marchand | Control camera and light source positions using image gradient information[END_REF]. So, for this problem of autofocusing using visual servoing, a secondary task (T 2 ) has been realized, that links the electronic working distance (Z) with the gradient of sharpness function. Later, it has been used as a stopping criterion for the overall process. The secondary task function is given by equation (4.21).

T 2 = ∂S ∂Z L z (4.21)
where, ∂S ∂Z is the gradient of the sharpness function with respect to the working distance Z and L z is the interaction matrix that links the gradient with the working distance.

Here, assuming the change in the Z is small (especially near best focus point), the gradient has been treated as the difference between consecutive sharpness scores given by equation (4.22). The interaction matrix L z = -1 Z where, the Z value at a specific focus step is obtained from equation (4.3).

∂S

∂Z = S i -S i-1 Z (4.22)
Using equations (4.20) and (4.21), the final control law to control the focus step with an integrated stopping criterion is given by equation (4.23).

F = F c + λ S S main focusing task + secondary task ∂S ∂Z L z (4.23)
The relationship between the sharpness score and the secondary task function at 1000× magnification is depicted in figure 4.8. The secondary task function thus provides the derivative information of the sharpness score. When the sharpness function reaches it maximum, the secondary task function crosses zero and hence the overall process can be stopped at this point. Because of the presence of noise in the images, the secondary task function have some peaks near zero, to avoid this effect a value of -0.001 has been treated as the stopping limit in this work. The total process of autofocusing using visual servoing is summarized in algorithm 1. 

Experimental validations

The proposed method of autofocusing based on visual servoing in SEM has been evaluated at different operating conditions. The experimental setup used for this work has been discussed in the chapter 2. In brief, the SE images acquired by the server are transferred to client over TCP/IP. The control server running from the client computer uses these images and performs sharpness analysis to issue a focus control command to the image server via client. For this work, the image server, the image client and the control server are programmed in C++. An important step before starting the experiment is F prev ← F new 18: end while to tune the astigmatism that has a lot of influence on the imaging process especially at high magnifications. As our SEM does not have an automatic function to control this parameter, a trained professional has performed this task prior to the experiments. For most of the experiments, a microscale calibration rig containing the chessboard patterns that is fabricated at FEMTO-ST (see figure 4.9) is used for imaging. All experiments are performed using images of size 512 × 512 pixels and the acceleration voltage used to produce the electron beam is 15 kV.

Validation of the method

Initial experiments are performed to validate the proposed approach at different magnifications. The tests are conducted using an aperture size of 50 µm and α = 400 at 300× and 1000× magnifications. The brightness and contrast levels are set to the optimal values. The dwell time is set to 360 ns to achieve an acquisition speed of 2.1 frames per second.

The autofocusing process starts from an initial focus step (F ) of 10. Figures 4.10(a) and 4.10(b) show the variation of sharpness scores computed using equation (4.11) and the corresponding gain values for each iteration at 300× and 1000× respectively. The secondary task function variation for both magnifications is shown in the figures 4.11(a) and 4.11(b). From the obtained results, it can be noticed that the focusing process stopped precisely at the maximum of sharpness function i.e. at this point the secondary 

Validation of the developed method for speed and accuracy

The performance of the proposed autofocusing method is evaluated by comparing it with the traditional search-based algorithms at different experimental conditions. An iterative search approach has been employed for this purpose. The search-based method is implemented over the total range of focus steps using three iterations and is explained in the following steps:

1. For each iteration, divide the total range of focus steps into four sub-regions.

2. For each sub-region, search for the global maxima by scanning with a fixed step size selected for the iteration. The step sizes used for each iteration are 50, 20 and 1 respectively.

3. The maximum value found after the final iteration is the best focus point.

The accuracy obtained by this method has been treated as the best accuracy, since it scans each step for the best focus in its final iteration. Hence, the focus step returned by this method is used as the reference step for computing the step error. However, the hysteresis effects produced by the lens are not taken into account while computing the step error. The proposed method is compared to the iterative search-based approach in terms of total time taken and accuracy of focusing at different magnifications. Here, the total time taken also includes the time taken to acquire and transfer the images. The first four tests are performed using α = 300. First test is performed using optimal values of brightness, contrast and scan speed (1.4 frames per second). With this configuration, the amount of noise in the images is less. Table 4.3 summarizes the obtained results. When compared with the search-based approach, the average step error is found to be 2 focus steps. Second test is performed with an increased brightness and with a scan speed used for the first test. With an increase in brightness, the textures present in a defocused image appear to be interfering with each other making it difficult to obtain a focused image. The obtained results are summarized in table 4.4 and the average step error is 3 focus steps. Third test is performed with an increase in the scan speed. This change in the scan speed increases the amount of noise in images. The dwell time used for this test is 180 ns with which 3.2 frames per second can be acquired. Table 4.5 shows the results obtained with this test and the computed average step error is 3 focus steps. Fourth experiment is performed using a silicon dioxide sample containing the microparts of dimensions 6 µm × 6 µm × 2 µm. The main reason behind this test is that the surface of this sample is not a good conductor and contaminated. Due to this, charges are accumulated on the sample surface resulting in the images with grey level fluctuations. Table 4.6 summarizes the obtained results. The average step error computed in this case is 2 focus steps. Final experiments are performed to examine different speeds that can be attained by the proposed method. The overall speed of the autofocusing process can be changed by changing the α value (see equation (4.23)) or by changing the dwell time. In this case, speeds are tested by changing the α and the obtained results are summarized in table 4.7.

Depth estimation from focus

In this section, a method for estimating the inter-object depth using image focus information is presented. The developed method is a direct application of the previously explained visual servoing-based autofocusing technique. 

Introduction

Since the early stages of research using SEM, it has been a great interest for many researchers to extract the depth information from the images to use it in micromanipulation and assembly applications. Even though SEM images are capable of providing surface topography information, they are purely two dimensional. The pixel intensity values do not contain any information regarding the height. In order to tackle this problem, many research works have tried to apply stereoscopic imaging-based technique that is commonly seen in the optical systems [JJ95, PLB06, RMM + 12]. As the system possesses only a single imaging sensor, most of them tried to acquire a stereo pair of images by concentrically tilting the sample with a specific angle. The main difficulty lies in determining the accurate tilt angle and finding the correspondence between the acquired noisy SEM images. Moreover, it requires a precise calibration. However, tilting a sample is not a feasible option when performing an autonomous task. To overcome this problem, Jahnisch and Fatikow have developed a special hardware system for beam deflection in order to observe the sample with different angles [START_REF] Jähnisch | 3-d vision feedback for nanohandling monitoring in a scanning electron microscope[END_REF]. However, the system is limited by its small angle of deflection. Another solution can be by using a FIB system along with SEM [START_REF] Tunnell | 3d position detection with an fib-sem dual beam system[END_REF], but it increases the overall cost of the system and damages the sample. Eichhorn et al. [EFW + 08] have used a touchdown sensor to detect the contact between two micro-objects and simultaneously computing the depth in nanometres. Schmoeckel et al. [START_REF] Schmoeckel | The scanning electron microscope as sensor system for mobile microrobots[END_REF] have used a laser triangulation method for depth detection using an additional optical microscope that is fixed inside the SEM vacuum chamber. A photometric stereo-based approach using multiple back scattered electron detectors has been used by Chen et al. in their work [START_REF] Chen | Robust surface reconstruction in sem with two bse detectors[END_REF].

Apart from the stereo imaging-based methods that are relatively complex, the depth information can be extracted simply by using the focus information in the images. This concept of estimating the depth is well-known in the field of optical microscopy and is commonly termed as depth from focus [START_REF] Subbarao | Parallel depth recovery by changing camera parameters[END_REF][START_REF] Girod | Depth from defocus of structured light[END_REF]. Most importantly this technique avoids two main problems: correspondence and occlusion that are commonly seen in the case of stereo imaging-based methods. The underlying idea behind these techniques is that they use a sequence of images obtained by moving the microscope along its optical axis with a predefined finite number of steps. Depth is then computed by applying a focus measure on the images to find the camera position at which the object in frame appears to be in focus. One such technique has been used in this work.

In this work, instead of acquiring multiple images at fixed step, the depth information is directly estimated by autofocusing the regions containing the objects. This process is explained using an experimental scenario.

Experimental scenario

In this work, the inter-object depth estimation has been performed using a FT G32 force sensing microgripper from FEMTO TOOLS [Fem11] (see figure 4.17(a)) and silicon microparts of dimensions 10µm × 500µm × 20µm (see figure 4.17(b)). The gripper is fixed to a support inside the SEM vacuum chamber and the microparts are placed on the positioning table underneath the gripper. Normalized variance (given by equation (4.11)) has been used as the focus measure. In this case, the sharpness curve contains two peaks as show in the figure 4.18. 

Inter-object depth estimation

As an initial approach, the sharpness function has been applied over the total range of focus steps (i.e. by changing the working distance) to find the individual object depth. The resulted curve is shown in the figure 4.19. As expected, two local maxima have been found indicating the height of the gripper and the microparts with respect to the lens pole piece. Although this approach determined the absolute height, it is a time consuming process to scan the entire region of focus.

In order to overcome this problem, in this work, we first segment the image into different regions of interest (ROI). For each ROI, the best focus position is computed using the previously explained visual servoing-based autofocusing technique. By computing the working distance that is associated with the obtained best focus step using equation 

Shape reconstruction from focus

In this section, a method to reconstruct the 3D shape of micro-objects present in the scene is detailed. Unlike inter-object depth estimation, the sharpness of each pixel present in the ROI has been maximized in its local neighborhood. The size of the neighborhood is pre-selected. This type of approach is commonly termed as shape from focus [START_REF] Shree | Shape from focus[END_REF]. The underlying idea behind this technique is: it uses a sequence of images obtained by moving the microscope along its optical axis with a predefined finite number of steps. Depth of a pixel point is then computed by applying a focus measure on the acquired images to find the camera position at which the object in frame appears to be in focus [NN94, NN Š03b, NN Š03a, Wed04, FTDLFP08]. These type of methods mostly rely on the advantage of weak depth of focus in optical systems. In the case of SEM, in spite of having a high depth of focus, it is still possible to use the focus-based approach by simple modifications in the system imaging parameters. So in this section, the details regarding various system parameters that are influencing the depth of field are presented first. Also for this case, normalized variance has been used as the sharpness measure.

Reducing the depth of focus

As mentioned earlier in section 4.1, from equation (4.2), the depth of focus (D) mainly depends on the aperture diameter and the working distance. So in order to reduce D, we have three possible options: increasing the aperture diameter (A), increasing the magnification (M ), or reducing the electronic working distance (Z). By increasing A the semi angle of the beam increases and simultaneously D decreases. This option can be used only with the SEMs having multiple exchangeable apertures. Figure 4.22 shows the relation between aperture diameter and depth of focus. The other option is to increase M. But increase in magnification limits the field of view making it difficult to track all the available parts. The relation between the magnification and depth of focus is shown in figure 4.23. Apart from these two options, depth of field can be reduced by decreasing the electronic working distance i.e. to move the sample (focal plane) close towards the objective lens pole piece. However, this is not a feasible choice, as increase in sample height may damage the lens. The minimum acceptable working distance is about 5 -8 mm. In this work, the option of varying the aperture diameter has been selected. The aperture strip present in the JEOL SEM column contains four apertures of diameters 100 µm, 70 µm, 50 µm and 30 µm respectively. By observing the amount of blur, an aperture with 70 µm has been selected for this work. However, high aperture sizes may result in low resolution. The magnification used is 300× and the image size is 512 × 512 pixels. The measured electronic working distance with the focal plane lying on gripper surface is 23.7 mm. With these parameters the computed D is 293 µm. So to achieve good resolution in reconstruction it is necessary to take images with a distance step greater than 293. 

Experimental shape reconstruction

In this process, the first step is to perform autofocusing on the global scene in order to acquire a sharp image to compute the ROIs. Unlike for depth estimation where a global ROI has been used for each part, multiple ROIs are determined to increase the accuracy of reconstruction. For this task, the ROIs are computed by applying the watershed transformation [START_REF] Rafael | Digital image processing[END_REF]. Figure 4.24 shows the computed ROI demonstrating the segmented gripper fingers from platform surface. Next, multiple images are acquired by varying the electronic working distance. Figure 4.25 shows two images out of a series of 6 images acquired with a varying working distance of 300 µm. The acquired images are indexed with their corresponding focus step. Then, for each pixel point (u, v) in the ROI for each image, normalized variance has been computed in a local neighborhood of size n × n using equation (4.25). In this work, a neighborhood of size 5 × 5 has been used. 

S local (K) = 1 n 2 1 μ u+( n+1 2 ) u=u-( n-1 2 ) v+( n+1 2 ) v=v-( n-1 2 ) (I(u, v) -μ) 2 (4.25)
where, K = 1 . . . k number of images, μ is the local neighborhood pixels mean, I is the grey level intensity of the pixel. Now, the image in which the S local is maximum for the current point is determined. The height of the point is then computed using the index (focus step) of the particular image from equation (4.3). As the entire process of reconstruction is depended on the sharpness information, the scene to be reconstructed should contain good textures. From the initial results, it has been observed that some pixel points lead to erroneous heights. This is due to the quality of images and used step between the working distances. These heights are processed by local thresholding for each region. The threshold value is chosen to be the index value possessed by maximum number of pixels in the specific region. An alternative solution is by using a parable fit for sample of variances as described by Niederoest et al. x = X; % x data vector y= Y; % y data vector z = Z; % z data vector % x and y vectors defining the nodes in the grid gx=0:1:512; gy=0:1:512; % Option tilesie is for simplifying larger grid [zg,xg,yg] = gridfit(x,y,z,gx,gy,'tilesize',4,'overlap',0. Acquire image and index it with the corresponding focus step 5:

Save the image in stack 6: end for 7: Select the neighborhood size, n 8: for ROI = 1: total number of ROI do The developed method is also validated using a gold on carbon specimen. Figure 4.29 shows the sample stub for JEOL SEM and the region pointed by red rectangle is used for reconstruction. 

Conclusion

Throughout this chapter, different methods that are developed around the image focus information are presented. At the first hand, a new, direct and robust visual servoingbased autofocusing method for SEM has been presented. For this purpose, different sharpness measures are evaluated and from the obtained evaluation results normalized variance has been selected as the sharpness measure in designing the control law. Unlike the traditional methods, the developed method performs autofocusing directly by controlling the size of the focus step using an adaptive gain. Based on the sharpness score, the value of the gain is adjusted such that a best focus position is ensured. The secondary task function used in the control law precisely stops the overall process, when a best focus position is reached. This method has been integrated with the instrument's software control that has been specially developed at FEMTO-ST and validated using the JEOL SEM at different operating conditions. The operating conditions include varying brightness, scan speed and sample. The obtained experimental results at these conditions prove the robustness of developed approach. Moreover, it has an ability to skip the local maxima that affect the focusing process. The obtained experimental results from the tests performed in comparison with the existing search-based approach prove the fastness and precision of the developed method in finding the best focus.

Inter-object depth estimation is a crucial and challenging task when performing a robotic micromanipulation task in SEM. In this work, a method to estimate the interobject depth using image focus has been presented. It is a direct application of the previously presented autofocusing technique and estimates the inter-object depth by finding the point of maximum sharpness separately for each object present in the scene. The results obtained with JEOL SEM for a scene containing microgripper and a silicon microstructure are convincing: fast and accurate. Finally, a method to reconstruct the 3D shape of micro-objects present in the scene is presented. It is performed by acquiring multiple images by varying working distance and by estimating the depth of each pixel point in its local neighborhood. It has been validated on the scenes containing microgripper and gold on carbon stub and the reconstructed results are presented. The accuracy of reconstruction has not been tested due to the limitations associated with the current system.

The future works are devoted to perform an automatic micro-nanomanipulation task using the developed autofocusing and depth estimation techniques. Before performing an automatic task, it is also planned to validate all the developed approaches under a more advanced FEG SEM that also includes the improvement of the approaches in terms of accuracy.

Chapter 5

Automatic nanopositioning in SEM

This chapter discusses vision-based automatic nanopositioning in SEM . Two visual servoing approaches that are developed to control the 2 degrees of freedom piezo-positioning platform are presented. The first approach uses the total pixel intensities present in an image for designing the control law. In this case, the positioning error and the platform control are directly linked with the intensity variation. The second approach is a frequency domain method that uses Fourier transform to compute the relative motion between images. In this case, the control law is designed to minimize the error i.e. the 2D motion between current and desired frames by controlling the platform movement. Both the methods are validated at different experimental conditions for a task of positioning silicon microparts using piezo-positioning platform.
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Overview of micro-nanopositioning

Over the last decade, nanorobotics has gained significant attention due to the advances in nanoscience and nanotechnology. It has a wide variety of applications in industry, scientific and biomedical domains. It integrates various disciplines that includes nanofabrication and nanomanipulation. Nanofabrication is used to generate different components that are used to produce nanoactuators, nanosensors etc. Nanomanipulation on the other hand, is used to manipulate different micro-nanoobjects like CNTs (carbon nanotubes) [START_REF] Fukuda | Assembly of nanodevices with carbon nanotubes through nanorobotic manipulations[END_REF][START_REF] Fukuda | Nanofabrication, nanoinstrumentation and nanoassembly by nanorobotic manipulation[END_REF], InGaAs nano springs [HHB + 09], TEM samples [START_REF] Lechner | Improved focused ion beam target preparation of (s)tem specimen-a method for obtaining ultrathin lamellae[END_REF] and silicon nanowires [ZXQ + 09] in order to perform dynamic analysis and characterization of their structural, mechanical, electrical or optical properties [START_REF] Bonnell | Scanning tunneling microscopy and spectroscopy: theory, techniques, and applications[END_REF]. Moreover, manipulation of nanometric objects also benefit in developing and building complex NEMS [AMH + 03]. The consequence of this strong demand is the emergence of an active research area concerning the development of assembly and handling technologies on the micro-nanoscale.

Until now, great progress has already been realized in the development of microassembly stations [YGN01,WP04,PVKN06,ACC + 13], microgrippers [BBN + 06,AHGP09], precise manipulation systems [PCL + 04] as well as the robust control strategies [TDF + 08, Tam09,TLFPD10]. In order to perform nanomanipulation, the basic tasks include identification, positioning and handling of the objects. Out of all, positioning is more challenging at this particular scale mainly due to the lack of accurate feedback information. As mentioned earlier in chapter 2, this problem can be resolved by considering microscopic imaging systems such as SEM, TEM or AFM as the underlying sensors to control the behavior of robotic devices during the process. Generally optical microscopes are employed for this task. However, they are limited by their small depth of field and resolution and are not suitable at this particular scale. With its ability of producing images with high resolution at high magnifications in real-time, a SEM is always favored as an imaging tool for automatic nanomanipulation applications. Even though, TEM and AFM provide images with high resolution, they are limited by their working range.

So far, most of the nanopositioning tasks using a SEM are performed by skilled operators who use a joystick device to control the positioning platform movement [START_REF] Nathan A Weir | A review of research in the field of nanorobotics[END_REF]. However, due to the presence of uncertainties and instabilities in the SEM electron column, it is always a difficult and tiresome task to perform. So, it is necessary to develop a system that can automatically handle the positioning problems. When we think of an automatic positioning system, the first thing that can be used is the microscope image information. This process of controlling a robotic device using vision information is a well-known technique called as visual servoing [START_REF] Hutchinson | A tutorial on visual servo control[END_REF]. The concept of visual servoing is explained in detail in the next section. In this way, the positioning errors can be minimized and the task can be well repeated.

In general, most of the visual servoing control strategies are based on minimizing the error between current features and reference features observed in the images [START_REF] Chaumette | Visual servo control. i. basic approaches[END_REF]. These features are local geometric contents (like edges, corners etc.) of an object or specially used fiducial markers and are extracted from visual tracking. This tracking process plays a vital role in the development of visual servoing strategies. Many re-cent works have used cross-correlation-based template matching and active contours for tracking micro-objects in semi-automated tasks [SF06, FWH + 07]. The active contours approach uses energy minimizing splines to track an object's shape in the image. Even though, both the methods show convincing results with the noisy SEM images, they are more or less computationally complex. Apart from these 2D tracking approaches, recent works have used 3D model-based tracking. Kratochvil [Kra08, KDN09] and Tamadazte et al. [START_REF] Tamadazte | Cad model-based tracking and 3d visual-based control for mems microassembly[END_REF] have proposed different methods for tracking the micro-objects using 3D CAD (computer-aided design) models [START_REF] Kemal | A cad model based tracking system for visually guided microassembly[END_REF]. To use these methods, a previously defined or known model is required. As full frame acquisition in SEM is a time taking process, Kratochvil in his work has used small ROI scans for tracking. These ROIs are selected based on an analysis of the model.

However, with SEM as an imaging tool, acquiring images to use them with visual servoing is always a challenging task. This is mainly due to the addition of huge amount of noise during image acquisition process at higher scan rates. Moreover, the pixels are acquired one at a time slowing down the overall acquisition rate. Apart from this, when the objects are in motion, the images contain multiple occurrences of the object due to the sequential raster scanning of the surface (see figure 5.1). This phenomenon mainly raises the difficulty in applying any visual tracking algorithms in real time. In order to tackle this problem, we opted to develop a tracker-less nanopositioning in this work. Many recent developments have shown that the tracking process for visual servoing can be completely omitted and replaced by the global image information like pixel grey level intensities also called as photometric visual servoing [TLFPM10, CM11], image entropies [START_REF] Dame | Entropy-based visual servoing[END_REF] or image gradient [START_REF] Marchand | Using image gradient as a visual feature for visual servoing[END_REF] etc. Apart from these methods, tracking can also be replaced by using a non-geometric image measurements as explained by Benhimane and Malis [START_REF] Benhimane | Homography-based 2d visual tracking and servoing[END_REF]. For this case, parameters obtained from the 2D motion model are used. In this work, by considering the direct approach of using the global image information, two methods have been implemented for automatic positioning of the silicon micro-objects by controlling the motion of piezo-positioning platform. The first one uses the global pixel intensity values and the second one is a frequency domain technique based on 2D motion estimation. Both the developed methods are evaluated at different experimental conditions such as varying scan speed and magnifications. Before explaining the methods, the details regarding the concept of visual servoing are presented in the next section.

Basic visual servoing methods

As mentioned earlier, visual servoing 1 is a closed-loop control mechanism to control a robotic device using vision feedback information. Since the last couple of decades, it has been studied extensively and used in many applications starting from simple pick and place tasks to the present day's complex manipulations. The initially developed systems are based on a simple look and move configuration (see figure 5.2). In the terms of manipulation, these systems work in two phases: tracking and control. The former phase is used to continuously track and update the position information of the environment or object being viewed and the later phase is used to control the robot position based on the information provided by tracking phase. These two phases are repeated continuously until the overall task is accomplished. In general, the underlying idea behind this technique is to compute the relationship between image and robot spaces to estimate and control the robot joint velocities. The image information used to generate a control can be either a two dimensional (in image coordinate system) or a three dimensional pose (in the robot base or camera coordinate systems). Based on this information, the visual servoing strategies are mainly classified into the following three types: 

Basic idea of visual servoing

According to Chaumette and Hutchinson [START_REF] Chaumette | Visual servo control. i. basic approaches[END_REF], the visual servoing task can be seen as a task function and its main aim is to minimize the error e(t) given by equation (5.1).

e(t) = s(m(t)) -s * (5.1)
where, s and s * being the current and reference features, m(t) is a vector containing the set of measurements. Now to design a control scheme, a relation between the time variations of s i.e. ṡ and camera instantaneous velocities v is required. Here v = (v, ω) where, v and ω are respectively the linear and angular velocities of the camera frame. Now the relationship between ṡ and v is given by

ṡ = L s v (5.2)
where L s is the image Jacobian or the interaction matrix that links both parameters. Now, using equations (5.1) and (5.2) the time variation of error is

ė = L s v (5.3) 
The final control law that ensure an exponential decrease of the error is given by

v = -λL s † e (5.4) 
where, L s † is Moore-Penrose pseudo inverse of L s and λ is the positive gain. Normally with real time systems, it is impossible to compute a perfect L s . So in this case, an estimate must be realized and the final control law now takes the form given by equation (5.5).

v = -λ L s † e (5.5)
where, L s is an estimate for L s .

Position-based visual servoing (PBVS)

Usually, PBVS Position-based visual servoing is referred to as 3D visual servoing since the image measurements are used in computing the 3D pose of an object being tracked with respect to the camera or world coordinate systems [START_REF] Weiss | Dynamic sensorbased control of robots with visual feedback[END_REF][START_REF] Benoit Thuilot | Position based visual servoing: keeping the object in the field of vision[END_REF]. More specifically, in the context of a rigid body positioning task, the considered current and desired features are expressed as 3D poses (see figure 5.3). The Cartesian error to be minimized is the difference between these poses. The main advantage associated with this method is that the control is performed directly in the Cartesian space.

Since the pose of an object is estimated in the camera frame, the corresponding transformations between the camera and the robot frames have to be known before in order to generate the control. For computing the pose of an object using image measurements, it requires the camera intrinsic parameters 2 along with the 3D model Control Law of the object. So, for the task of accurate positioning, it mainly requires a precise calibration. Furthermore, the image processing algorithms to compute the object pose have to be more sophisticated. Adding to this, as the control is not generated in the images, the possibility of missing the target in camera's field of view is high. Due to these reasons, many researchers have opted to use 2D visual servoing over PBVS.

Image-based visual servoing (IBVS)

IBVS is usually referred to as 2D visual servoing, since it uses the 2D visual features that are extracted locally from the images for error minimization [START_REF] Weiss | Dynamic sensorbased control of robots with visual feedback[END_REF][START_REF] John | Vision-guided servoing with feature-based trajectory generation [for robots[END_REF]. These features can be any local geometric contents (like edges, corners etc.) of an object or specially used fiducial markers and are extracted from visual tracking. The reference features s * are obtained by teaching approach where the robot is moved to a desired position first and the features at this location are recorded. Inturn, these features are compared with the current features to generate an error value. For each new image, the error values are updates simultaneously.The control block diagram for IBVS is shown in figure 5.4. For IBVS, the image measurements m are usually the pixel coordinates of a set of points. This method is mainly involved in the computation of interaction matrix that provides a relationship between the scene and camera frames. For a 2D point p(x, y) in the image frame that is a projection of the 3D point P(X, Y, Z) in the camera frame, the interaction matrix L p associated with p is given by

Control law

L p (x, y, Z) = -1 Z 0 x Z xy -(1 + x 2 ) y 0 -1 Z y Z (1 + y 2 ) -xy -x (5.6) 
In L p , Z is the depth of the point relative to camera frame and need to approximated when a single camera is used. Instead of approximation, the depth values can be computed using the method proposed by Papanikolopoulous and Khosla for adaptive depth estimation [START_REF] Nikolaos | Adaptive robotic visual tracking: Theory and experiments[END_REF]. However, variable depths may lead to the local minima and unstable behavior of the robot [START_REF] Chaumette | Potential problems of stability and convergence in image-based and position-based visual servoing[END_REF]. Now, for an eye-to-hand configuration, the control law to control the robot using joint velocities q is given by equation (5.7) [START_REF] Dombre | Modeling, Performance Analysis and Control of Robot Manipulators[END_REF].

q = -λJ s † e (5.7)
where, J s is the features Jacobian given by

J s = -L s c V F F J n (5.8)
where, c V F is the transformation matrix from camera frame R c to the robot frame R F . This matrix can be estimated using the camera calibration methods [START_REF] Tsai | A versatile camera calibration technique for high-accuracy 3d machine vision metrology using off-the-shelf tv cameras and lenses[END_REF]. F J n is the robot Jacobian matrix expressed in the robot reference frame R F . Despite of requiring the camera calibration, IBVS is known to be robust to the robot and camera calibration errors. The only difference when using a precise calibration and coarse calibration is that with precise calibration convergence rate is faster. 5.5. This method is actually a combination of both the two methods explained above and possess some good advantages. In comparison to PBVS, it does not require any 3D model. This method is based on estimating the rotation and translation of the camera using current and desired images. Since the rotation and translation is controlled by two independent control loops, it ensures the convergence of the control law in the entire task space if the camera intrinsic parameters are known.
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Task description and geometrical modelling of positioning stage

Experimental positioning task

The nanopositioning studied in this work is for two objectives. The primary one is to perform characterization of microstuctures by probing to measure the structure stiffness. The second one is to perform in situ manipulation of micro-nanostructures by handling for lift-out from their support. For this study, the silicon microparts (see fig- For demonstration, the desired location has been selected by an operator using the specially designed GUI. Once the desired location is selected, the platform moves back to its initial position (-19 V, -19 V ) from where the servoing starts. Different experimental conditions that include varying scan speed and magnifications are tested for both methods. For all experiments, the SEM secondary electron images of size 512 × 512 are used for developing the vision-based control. The acceleration voltage used to generate the beam is 15 kV . The control laws for both the methods are programmed in C++, where the intensity-based method uses ViSP (visual servoing platform) [START_REF] Marchand | Visp for visual servoing: a generic software platform with a wide class of robot control skills[END_REF][START_REF]Visp website[END_REF] library and Fourier-based method uses FTTW3 library [FJ05, BR10].

Voltage-displacement model of piezo positioning platform

Recall the hardware setup explained in chapter 2, a 3 degrees of freedom (X, Y, Z) open loop piezo positioning platform (TRITOR 100 from Piezosystem Jena GmbH) has been used for this work. The positioning platform is mounted inside SEM vacuum chamber and is controlled using a 3 channel piezo controller NV 40/3. The maximum possible motion on all axes is up to 100 µm with a resolution of 0.2 nm.

In general, the displacement provided by the positioning platform is a result of the voltage supplied to the piezo actuator. As the control laws explained in the next section can only provide the displacements, it is necessary to compute the relationship between displacement and input voltage. Apart from that, it is a well-known fact that the piezoelectric materials exhibit strong nonlinear hysteresis. So, it is also required to compensate this effect beforehand. In order to accomplish this, the experiments are performed by increasing the voltage from initial value (-19 V ) to maximum value (110 V ) with a step change of 1 V and then decreasing back to the initial value. The respective displacements are measured using a laser interferometer. The tests are conducted for each axis (x and y) separately and the obtained hysteresis curves are shown in figure 5.7(a) and 5.7(b). Note that, even though z can be controlled up to 100 µm it is not used in this work since this movement is less than the depth of field at the used magnification and cannot be traced. Also, since the variation in z -axis varies image focus, a method to control the focus is already explained in previous chapter. The ascending and descending curves for each axis are approximated by fourth order polynomial given by (5.9), (5.10), (5.11) and (5.12) respectively. The coefficients of the polynomial are estimated by least squares fit. The estimated coefficients for this work are summarized in tables 5.1 and 5.2. Finally the platform control is performed using the displacement vector d (x,y) = [dx dy] to supply voltages [V x V y ] for the piezo-actuator (figure 5.8).

V x-inc = a 1i d 4 x + a 2i d 3 x + a 3i d 2 x + a 4i d x + a 5i if ẋ > 0 (5.9) V x-dec = a 1d d 4 x + a 2d d 3 x + a 3d d 2 x + a 4d d x + a 5d if ẋ < 0 (5.10) V y-inc = b 1i d 4 y + b 2i d 3 y + b 3i d 2 y + b 4i d y + b 5i if ẏ > 0 (5.11) V y-dec = b 1d d 4 y + b 2d d 3 y + b 3d d 2 y + b 4d d y + b 5d if ẏ > 0 (5.12)
where, V x , V y and d x , d y are the input voltages and displacements for x and y axes respectively, a ki , a kd , b ki and b kd are polynomial coefficients for increasing and decreasing curves, ẋ and ẏ are the change in displacements. 

Nanopositioning using intensity-based visual servoing

In this section, a control law to perform automatic nanopositioning in SEM using the pixel intensity values is explained. First the derivation of control law is explained followed by the experimental validations.

Intensity-based visual servoing

This method is based on considering the intensity values of all the pixels present in an image as visual features i.e. s = I. By considering all the pixels in an image f (x, y) of size M × N , the visual feature is given by s = I = I (1,1) , I (1,2) ...I (M,N ) (5. [START_REF] Agnus | Robotic microassembly and micromanipulation at femto-st[END_REF] where, I (u,v) is the intensity of a pixel at location (u, v) and I is a column vector of size M × N . In this case, the error is e = I -I * (5.14)

If we consider the problem of error minimization as an optimization problem, the primary goal will be to minimize the cost C given by equation (5.15).

C = e e = (I -I * ) (I -I * )

(5.15)

The goal Image I * is defined by teaching approach where the platform is moved to a desired position and the image is acquired. Once, the target is defined, the main goal of the controller is to regulate the cost function from an unknown position. When C is minimum, the current position corresponds to the desired position. To visually reflect this cost function, a set of images are acquired by moving the platform around the target position. The cost is computed using these images offline and is shown in the figure 5.9. From the figure, the cost becomes minimum at the desired position; however, the convergence is not smooth. The main reason is that the intensity variations in SEM imaging are not constant. According to OFCE, the intensity of a pixel I(x, y, t) in an image is same before and after a small displacement (dx, dy) for a time interval dt. We then have I(x, y, t) = I(x + dx, y + dy, t + dt)

(5.16)

The first order Taylor expansion of (5.16) gives (5.17).

∂I ∂x dx + ∂I ∂y dy + ∂I ∂t dt = 0 (5.17)

On dividing (5.17) by dt, we get:

∇I x ẋ + ∇I y ẏ + İ = 0 (5.18)
where, ∇I x = ∂I ∂x and ∇I y = ∂I ∂y . Now, if we consider the interaction matrix related to a 2D point m(x, y) (projection of 3D point M (X, Y, Z)) in the image which is given by equation (5.19).

L (x,y) = -1 Z 0 x Z xy -(1 + x 2 ) y 0 -1 Z y Z (1 + y 2 ) xy -x (5.19) 
Using L (x,y) , equation (5.2) can be decomposed into (5.20). ẋ = L x v and ẏ = L y v (5.20)

By substituting (5.20) in (5.18), we get

İ = -[∇I x L x + ∇I y L y ] v (5.21)
From equation (5.21), the interaction matrix L I(x,y) is

L I(x,y) = -[∇I x L x + ∇I y L y ] (5.22)
Here, L I(x,y) is the interaction matrix of size 1 × 6 for one pixel. For entire image, it can be rewritten as

L I =       L I(1,1) . . . L I(M,N )       (5.23)
. Using L I , the time variation of pixel intensities is given by

İ = L I v
(5.24)

The deduced interaction matrix allows us to control up to 6 degrees of freedom. However, the used positioning platform can be controlled only 2 degrees of freedom (x and y). Now, using equations (5.22) and (5.14), the control law given by equation (5.5) can be used. However, it has been shown that, a more feasible solution can be by using a control law derived of the form Levenberg-Maquardt optimization technique [START_REF] Malis | Improving vision-based control using efficient second-order minimization techniques[END_REF][START_REF] Collewet | Visual servoing set free from image processing[END_REF]. The control law derived of this form can be highly non-linear and improve the robustness [START_REF] Collewet | Photometric visual servoing[END_REF]. The final control law is then given by equation (5.25).

v = -λ c V p (H + µdiag(H)) -1 L I e
(5.25)

where, λ and µ are positive gains, H = L I L I is the Hessian matrix and c V p is the transformation matrix from camera frame R c to platform frame R p and can be obtained from sensor calibration. As mentioned earlier, the platform can be controlled only with the voltages and a voltage-displacement model has been derived. So the velocities computed from control law are now converted to displacements d (x,y) of the platform using equation (5.26).

d (x,y) = v avg t (5.26)
where, v avg = v 0 +vcur 2 is the average velocity, v 0 is initial velocity, v cur is the current velocity and t is the sampling time taken.

For each iteration, the displacement vector is updated as given by equation (5.27) and the corresponding voltages computed from equations (5.9), (5.10), (5.11) and (5.12) are used to control the platform. 

Nanopositioning at optimal scan speed

The initial experiments are performed to position the silicon microparts with a normal scan speed of 720 nanoseconds per pixel providing a frame rate of 2.2 frames per second. The magnification is fixed to 300 ×. For this test, the user selected voltages are 50 V for x channel and 60 V for channel. shown in figure 5.11(g). Fig. 5.12(a) and Fig. 5.12 show the displacement and voltage variations with each iteration during the positioning process. Figure 5.12(c) shows the cost variation with each iteration.

Nanopositioning at high scan speed

Second tests are performed to position the microparts using the images acquired with an increased raster scanning speed. Normally in SEM imaging, high scanning rates during image acquisition leads to the increased noise levels in images. More details about noise in SEM imaging noise are explained in chapter 3. This test has been performed to check the methods efficiency in reaching the desired position at noisy conditions. For this test a scan speed of 360 nanoseconds (maximum allowed) per pixel that provides a frame rate of 3.1 frames per second has been used. Initially selected voltages for desired location are 50 V and 60 V for x and y channels respectively. Figures 5. [START_REF] Agnus | Robotic microassembly and micromanipulation at femto-st[END_REF] 

Nanopositioning at increased magnification

This experiments are performed to position the micropats at high magnification. This task has been performed at a magnification of 800×. Simultaneously, the method is also validated with increased scan speed at the selected magnification. The selected scan time is 360 nanoseconds per pixel. The voltages selected for desired position are 30 V 

Nanopositioning at unstable conditions

The final experiments are conducted to perform the positioning task at unstable conditions i.e. at varying brightness and contrast and to check the method's efficiency. For this test, once the desired position is selected and the positioning has started, the contrast and brightness are varied manually. The selected magnification is 300× and scan speed is 720 nanoseconds per pixel. Eventually, the nanopositioning task failed during this test since it requires constant or less variations in the intensity. Figures 5.17 

Nanopositioning using Fourier-based visual servoing

In this section, another method to perform the nanopositioning task has been discussed. This method is based on estimating the motion between the current image and reference image in Fourier domain. It uses the idea of homography-based visual servoing [START_REF] Benhimane | Homography-based 2d visual servoing[END_REF].

The main reason to select the Fourier domain is that with SEM imaging, the brightness and contrast are not constant and it is known that Fourier-based motion estimation is robust to intensity variations and image noise. With this method, the control strategy is quite simple and does not require any direct estimation of the interaction matrix. In this section, first different methods to estimate the motion in Fourier domain are explained.

Later the control strategy along with the positioning experiments are presented.

Fourier-based motion estimation

In image processing, Fourier transformation is an important tool that is used in wide variety of applications such as spectral analysis, image filtering, image compression and image registration [START_REF] Reddy | An fft-based technique for translation, rotation, and scale-invariant image registration[END_REF][START_REF] Paul | Image filtering in the frequency domain[END_REF][START_REF] Sharma | Image registration using fractional fourier transform[END_REF][START_REF] Singh | Image compression by using fractional transforms[END_REF]. Normally for image data that is discrete, the main basis to perform spectral analysis is by using discrete Fourier transform (DFT) that is a sampled version of the Fourier transformation. It works by decomposing an image in the spatial domain into sine and cosine components in the frequency domain.

Each point in the Fourier image represent the corresponding frequency of the points in the spatial domain.

In general, the DFT produce an image with complex numbers that can displayed as two images: magnitude image and phase image. 5.19(a) and their magnitude spectrum is same, but their phase angles are different. Figure 5.19(f) shows this. In general, most of the information is present in the magnitude spectrum and phase angle images contain little intuitive information. Based on this concept, the motion estimation is performed independently and is explained below.

Translation estimation by phase correlation

Let us suppose that f (x, y) and g(x, y) are two images acquired at desired and current locations respectively and are translated by an amount of (δ x , δ y ) in x and y axes. The Fourier transforms F(u, v) and G(u, v) for both images are given by (5.28) and 5.29).

F(u, v) = M -1 x=0 N -1 y=0 f (x, y)e -j2π{ ux M + vy N }
(5.28)

G(u, v) = M -1 x=0 N -1 y=0 g(x, y)e -j2π{ ux M + vy N } (5.29)
where, M and N are image dimensions and x and y are the spatial pixel coordinates. Now, according to the Fourier shift property

G(u, v) = F(u, v)e -j2π{ u M δx+ v N δy}
(5.30)

The normalized cross power spectrum C(u, v) is given by (5.31).

C(u, v) = F(u, v)G(u, v) | F(u, v)G(u, v) | = e j2π{ u M δx+ v N δy}
(5.31)

where, G(u, v) is the complex conjugate of G(u, v). The cross power spectrum is normalized in order to compensate the intensity variations. Now, (5.31) can be solved for overall translation (δ x , δ y ) in two ways. The first one is to solve directly in the Fourier domain using a coordinate system containing two frequency axes and one phase difference axis. The slopes produced by u M δ x + v N δ y = 0 provides (δ x , δ y ). However, it is computationally complex. The other method that is used in this work is to find the inverse Fourier transform of (5.31) that results in a Dirac delta function given by (5.32).

D(δ x , δ y ) = FT -1 ( C(u, v))
(5.32)

Finally, the 2D translation is computed by the maximum of (5.32).

(τ x , τ y ) = argmax {D(δ x , δ y )} (5.33)

where, τ x and τ y are the estimated translations in x and y directions respectively.

Roto-translation estimation in Fourier domain

This section provides the information regarding the computation of rotatory motion between images using the Fourier transformation. However, as the used positioning stage does not features any rotation, it is not tested in the real time. The rotation between two images can be extracted by converting the Fourier spectrum to log-polar transformation. If f 2 (x, y) is rotated (by θ 0 ) and translated (by (δ x , δ y )) version of f 1 (x, y), then they are related by f 2 (x, y) = f 1 (x cos θ 0 + y sin θ 0 + δ x , -x sin θ 0 + y cos θ 0 + δ y ) (5.34)

Using Fourier translation and rotation properties

F 2 (u, v) = e -j2π[uδx+vδy] F 1 (u cos θ 0 + v sin θ 0 , -u sin θ 0 + v cos θ 0 ) (5.35)
where, F 1 and F 2 are the Fourier transforms of f 1 and f 2 respectively. Let ξ 1 and ξ 2 be the magnitude spectrums of F 1 and F 2 respectively, then

ξ 2 (u, v) = ξ 1 (u cos θ 0 + v sin θ 0 , -u sin θ 0 + v cos θ 0 ) (5.36)
Now, to compute the rotation, the magnitude spectrums are transformed to log-polar form, then ξ 2 (ρ, θ 0 ) = ξ 1 (ρ, θ -θ 0 ) (5.37)

Where, ρ and θ are the radius and angle in polar coordinates. From the equation (5.37), the following properties are true:

1. Rotation in image rotates the magnitude spectrum by the same angle. 2. Rotation in spatial domain can now be seen as pure translational displacement in polar representation. Now, by computing the global correlation between ξ 2 (ρ, θ 0 ) and ξ 1 (ρ, θ -θ 0 ) provides a peak in the correlation surface, that corresponds to an estimate θ to the angle of rotation.

Control scheme

For positioning the platform, a control scheme has been designed considering the 2D translation and rotation motions computed from the previous steps as the visual features. By using such features, the resulting control can allow us to decouple the control of rotation and translation (in our case only translation is used). The current features are

s(t) = [s v , s ω ] (5.38)
where, s v = [τ x τ y 0] are the translations in x, y and z, and s ω = (uθ) are the rotation features with u being the axis and θ being the angle of rotation. The translation in z is considered to be zero, since it is not used in this work. However, it is considered only to analytically derive a control law for 6 degrees of freedom. The final objective is to drive the platform to the desired location i.e. s * = [0 1×6 ] . The task function e to be regulated is then given by e = e v e ω = ss * = [τ x τ y 0 uθ] (5.39)

In this case, the shape of the task function that has been computed offline by considering only 2D translation is shown in the figure 5.20. By comparing the shape of cost functions given by both methods, it is clear that the Fourier-based method shows better convergence. It is mainly due to its robustness to intensity variations. 

Now, the relationship between time variation of visual features ṡ and the camera instantaneous velocity

v = [v v v ω ] is given by ṡ = ṡv ṡω = L v 0 0 L ω 6×6 v v v ω 6×1 (5.40)
where, L v and L ω are the 3 × 3 interaction matrices to link linear and angular velocities.

Here, L v is a 3 × 3 identity matrix and L w is a 3 × 3 matrix given by equation (5.41) [START_REF] Benhimane | Homography-based 2d visual tracking and servoing[END_REF].

L w = I - sin θ 2 [u] × -sin 2 θ 2 (2I + [u] 2 × ) (5.41)
By considering the exponential convergence of the error i.e. ė = -λe, where λ is a positive gain value, the control law is given by

v ω = -λ v L v 0 3 0 3 -λ ω L ω -1 e v e ω (5.42)
where, λ v and λ ω are positive translational and rotational gains. In this work, the positioning platform can be controlled only with 2 degrees of freedom (translation in x and y), so the final control used is

v x v y = -λ v c V p L v -1 τ x τ y (5.43)
where, v x and v y are the platform velocities in x and y directions, respectively. Finally, the displacement vector d Similar to the intensity-based visual servoing, for each iteration, the displacements are updated as given by equation (5.27) and the corresponding voltages computed from equations (5.9), (5.10), (5.11) and (5.12) are used to control the platform.

Experimental validation and positioning at optimal scan rates

The initial experiments are performed using this method to perform the positioning task at optimal scan rates. The selected scan speed is 720 nanoseconds per pixel. Similar to the intensity-based method, a desired location is selected by the operator by changing the platform voltages using GUI. For this task, a voltage of 50 V has been selected for both the channels and the image acquired at this desired location is shown in figure 5.22(a). As a comparison of both the methods, it can be seen that both the methods are succeeded in reaching the desired position; however, Fourier-based method shows better accuracy.

Experimental validation and positioning at increased scan rate

Second tests are carried out to perform the positioning task using the explained method with an increased raster scanning speed. The selected scan speed for this test is 360 nanoseconds per pixel and the desired location voltages are selected to be 40 V and 50 V respectively for x and y channels. 

Experimental validation and positioning at high magnification

The final tests are performed to carry out the positioning task at increased magnification. The selected magnification is 800×. Apart from validating at high magnification, the scan speed (360 nanoseconds per pixel) is also set to high. The selected desired location voltages are 40 V and 50 V for x and y channels respectively. Figures 5.26 

Experimental validation and positioning at unstable conditions

Similar to the intensity-based method, the positioning has been tested with this method at unstable conditions. The voltages at desired location are 40 V and 50 V . 

Accuracy of positioning and discussion

Since the existing system (SEM) does not allow using any external displacement measuring devices like laser interferometers, in this work, the positioning accuracy has been measured directly from the images. Eventhough, the estimated accuracy is not reliable (due to the present of noise); it has been computed to demonstrate the efficiency of the methods in performing a nanopositioning task. Besides, it depends on the magnification used (from (5.44)) and increases with increase in the magnification. The accuracy is estimated using the final error image by multiplying the number of error pixels with pixel dimension on the sample. The pixel dimension P on the sample is computed using (5.44). where, D is the pixel dimension on the screen (constant) and G is the magnification. From the obtained results, it can be seen that both the methods accomplished the positioning task successfully in almost all cases. However, Fourier-based method shows better accuracy in all conditions. Moreover, it performed well in the case of unstable and noisy conditions (variation in brightness and contrast) where the intensity-based method failed in reaching the desired position.

P = D G [µm] ( 5 

Conclusion

An automatic nanopositioning task of silicon microstructures using SEM has been presented in this chapter. It has been accomplished using two approaches of visual servoing. The first method is a photometric approach where all the gray level intensities of an image are used as visual features. The error variation and platform movement are directly linked with the intensity variation. The second method is based on estimating the 2D motion between images. In this chapter, the motion estimation has been performed using the image frequency information in Fourier domain. Since SEM image acquisition is mostly affected by the additive noise during image acquisition, Fourier-based method provides good robustness and is mostly unaffected by the intensity variation. The main advantage of using these kind of methods is that they do not require any complex image processing and tracking algorithms in designing the control law. Both the methods are validated at different experimental conditions. Even though both methods succeeded in accomplishing the overall task, Fourier-based method shows better behaviour and accuracy.

The future work will concentrate on performing the positioning task using both approaches on another SEM and will try to improve the positioning control in terms of accuracy. Apart from this, it will also attempt to control the positioning of a 3 degrees of freedom microactuator (MM3A Kleindiek) containing a microgripper to perform a complete manipulation task.

Chapter 6

Software development

This chapter presents various software modules that have been developed to integrate all the vision and visual servoing methods explained in the previous chapters. The developed software also includes an application GUI that has been used to control the SEM remotely as well as to monitor the running process. Both client and server are implemented in C++ and tested with windows XP. The primary and the vital module is the image server program that runs continuously from the SEM computer. It is mainly responsible for passing the scan control commands to the image acquisition system (DISS5) and to receive the incoming scan data. Inturn, this data is saved as an image. Later, the saved image is transferred to the image client running on the work computer. The server connects and communicates with the DISS5 when a client is connected. The communication between client and server is demonstrated in the figure 6.2. The other module that is running on the work computer is control server. As seen in the figure 6.1, the control server communicates with robot and platform controllers via serial port connections and with gripper controller via USB. It uses the image data received by client to compute the control sequence for different devices. All the modules are developed as individual programs in C++. Besides, the image client and control server are wrapped under a common program whose functionalities can be accessed using a special purpose GUI (APROS3) that has been developed during the thesis. More details about the GUI are presented in the next section. 

Software architecture

Scan control and image acquisition

As mentioned earlier, DISS5 scan controller from Point Electronics GmbH [START_REF]Piezosystemjena. Piezo actuators & nano stages, positioning equipment[END_REF] has been used with the JEOL SEM. It allows the SEM to be controlled from an external computer system. During this thesis, in order to integrate and use the SEM as an imaging sensor, a software library (diss5main) has been developed in C++ to access the scan controller. The developed library possesses the following functionalities: open device for communication over USB, set scan parameters, read the incoming buffer data, process the data and close device communication. The communication with the device is established with the initial scan and is closed only when the process is finished (i.e. with a client request). It writes all the required scan parameters (explained below) to the device with the initial scan and only scan area dimensions are updated with each scan. This feature allows to increase or decrease the image size during the process (for speeding up the scan). At any magnification the DISS5 is capable of providing a maximum scan area of 16384 × 16384 pixels. For a typical application, the image scan area is determined by selecting or setting the paramters XOffset (left offset), YOffset (upper offset), XRep (width-1), YRep (height-1), XStep (horizontal step) and YStep (vertical step) (see figure 6.3). For a desired image size of W × H, these parameters can be computed using the sample code shown in the listing 6.1. The digital magnification can be modified by changing the step sizes. Some of the other scan commands are:

• LineRepeat specifies the number of times a raster line has to be scanned.

• FrameRepeat specifies the number of times a frame has to be scanned.

• LineStartDelay is the time (ms) to wait before starting scanning a single line. The total software is divided into two core components: manual control and automatic control (figure 6.4). At the first hand, manual control enables the user to access and operate the existing system devices. The main interface window containing the manual control options is shown in the figure 6.5. Besides device operation, it also includes a simple interface for live imaging that contains different functionalities such as image acquisition, modifying basic SEM parameters etc. The live imaging window is shown in figure 6.6.

APROS3 software GUI

On the other hand, automatic control component includes the automated tasks (drift compensation, autofocusing etc.) developed during this thesis. Due to the time constraint, some of the tasks are not integrated into the software and will be added in the future. Every module in this component represents a specific task and provides an option for the user to save the task output as formatted data. The developed interfaces for drift compensation and autofocusing are shown in the figures 6.7 and 6.8. The drift compensation module can be seen as live imaging module with added compensation functionality. It provides an option for the user to choose between different methods. The autofocusing module is a one time operation that exits when the task is finished. 

Conclusion

This is the first of all the tasks performed during this thesis. The developed software architecture enables all the system devices to communicate synchronously with each other. All the modules in the current architecture are programmed afresh and are developed like individual classes that can use the functionalities of other classes. This type of design provides a flexibility in developing or modifying individual modules. As a final task, a software user interface application is developed to provide an easy operation of JEOL SEM and other hardware components. All the developed methods (during this thesis) are integrated with this software.

Chapter 7

Summary and future perspectives

This very last chapter provides a general summary of all the work performed in the framework of this thesis. Here, we present the main contributions regarding each developed task along with some points of view to continue the work in future.

Summary

Being a new field, micro-nanorobotics has many challenges to solve. The primary and most important problem it is facing currently is the lack of effective processes for building and characterizing nanostructures. In order to solve this and to perform efficient nanomanipulation, reliable techniques and tools are indispensable. Various works that are performed in these areas are still isolated and requires the intervention of an expert human operator in accomplishing the overall task. In this thesis we show that, this problem can be tackled effectively up to an extent using the microscopic vision information. The overall work done is divided into two parts: vision and visual servoing. They are summarized below.

Part-1: Imaging with SEM

From the analysis of various microscopic devices, it has been found that, SEM suits better for performing real time manipulation tasks due to its high working range and the capability of providing near real time image feedback. The primary advantage associated with SEM imaging is its capability in producing images with high resolution (better than 1 nm) and high magnification. Nowadays, the trend is to add an ion beam, a gas injector and at least one robot to the microscope column to allow machining, characterization or assembly of structures. In this case, the observed scene is dynamic. But electronic imaging is by far known for its sensitivity to the scanning frequency i.e. a high frequency of acquisition leads to low quality images. From the study we found that, many sources contribute to the addition of this noise. Out of all, the most important 131 one is the noise due to the number of electrons interacted with the specimen surface and the number of emitted electrons recorded at the detector. In this case, it is necessary to analyze the image quality beforehand.

In order to accomplish this, we have developed a method to quantify the level of image SNR. It is based on image non-linear filtering and can be used in real time for quality monitoring and noise level quantification. Initially, it has been used to compare the imaging performances of two SEMs: one with a tungsten gun and the other with a FEG. From the conducted experiments, we found that the FEG SEM provides good quality images which is quite obvious mainly due to the nature of the beam production. Later, it has been used to evaluate the image quality at different conditions. The evolution of the SNR with respect to magnification is found to be a non-uniform decreasing function. This result seems to be surprising at first but becomes logical after analysis. Indeed, increasing the magnification results in a decrease of the surface corresponding to a pixel and thus a reduction in the number of electrons emitted. When we evaluated the image quality with respect to the focus, it provided a maximum quality with the image at best focus. This is mainly due to the concentration of electrons that is more at this point and produces the maximum number of secondary electrons. When we evaluated the image quality in real time, the SNR level increased rapidly to an extent (for a time of about 500 s) and then decreased (for a time of about 750 s). Thereafter, it increased irregularly up to stabilization point for a time of the order of 3000 s. This time corresponds to the time required by the filament to attain a specific heat to produce a stable number of primary electrons. As a result, it is recommended to wait at least 50 minutes from the ignition of JSM 820 SEM before starting an experiment.

The second problem that is considered in the vision module is to compensate the time varying distortion also called as image drift in real time. This phenomenon is mainly observed at high magnifications and can be characterized as the evolution of pixel positions from time to time. In order to solve this issue, we have implemented a new image registration-based global drift compensation method utilizing the idea of homography estimation from keypoints detection and matching. Three keypoint detectors are tried for this purpose. Out of all, ORB detector showed the better speed and accuracy in estimating and compensating the drift with an average MSE of 7.5. We have also compared the developed method with the traditional correlation-based method in order to find a better solution. When performed the experiments with varying magnifications ranging from 10, 000× to 30, 000× (with a step of 1000×), it has been found that the drift produced in the images is only a translation in x and y axes and no rotation is involved. The path followed can be approximated by linear motion. It is also observed that the velocity of drift increases with time as the number of pixels evolving is more at higher times. It is assumed that this drift might be caused due to two reasons: 1) thermal variations inside the chamber 2) effect of charging and the type of sample surface. However, the most straightforward reason is still unknown.

Part-2: Visual servoing under SEM

As an initial step towards the visual servoing using SEM, we concentrated on the problem of computing the inter-object depth. Genrally, in order to perform an autonomous manipulation task using SEM, the knowledge of inter-object depth is crucial. With SEM as an imaging sensor, it is highly challenging to find this depth information. In this thesis we show that, this problem can be overcome by using the image focus. For this purpose, we have developed a visual servoing-based autofocusing technique that performs the focusing by controlling the size of the focus step using an adaptive gain. When compared this method with the traditional search-based approaches, it has shown a great speed and precision in reaching the best focus. Moreover, it has been tested and validated at different experimental conditions including high noise, high brightness, high magnification, and with a different sample. An added advantage of this method is that it is not effected by the hysteresis shown by the SEM electromagnetic lenses and possess an ability to skip the local maxima that affect the focusing process. Using this method, we compute the inter-object depth simply by focusing each object independently in their respective ROIs. From the obtained best focus step, the related electronic working distance is computed and is used in estimating the inter-object depth. Note that, as the maximum time taken to perform autofocusing is about 19 s (for a frame rate of 2.1 frames per second) for an image size of 512 × 512 pixels, it can be more fast for smaller regions while estimating the depth and can be used in real time manipulations. Apart from inter-object depth, we compute the individual pixel point depth from the focus in order to reconstruct the object structure. In this case, the depth is estimated by acquiring multiple frames with varying working distance and by searching for the image in which the pixel sharpness is maximum. Even though, the method suffers from the high depth of field property of SEM, it has provided acceptable results.

Another important work performed during this thesis is the development of visual servoing schemes for nanopositioning. For the first time, two visual servoing methods that are completely free from image processing are used with SEM. In general, to perform characterization of micro-nanostructures by probing to measure the structure stiffness and to perform in situ nanomanipulation, a reliable and efficient nanopositioning is required. At this small scale, this task is heavily challenging due to inadequate feedback information. Due to this reason many works have relied on the internal position sensors which is not a feasible solution at nanoscale. One solution could be by using SEM image information as feedback. However, the primary difficulty comes in using these images as they are heavily noisy (since we use fast acquisition). Due to this, it is mostly difficult to apply any tracking methods. So, in order to overcome this problem, we have implemented two positioning schemes that does not require any tracking and uses the total image information for feedback. The first one uses overall pixel intensities of an image as visual measurements and the second one is a frequency domain method that uses Fourier transform to compute the relative motion between images. For both the methods, respective control laws are designed to minimize the positioning error. After performing the positioning at different conditions that include, varying scan speed and magnification, we conclude that frequency domain approach seems to perform better than the intensity-based approach. This is quite obvious, since the brightness and contrast are never be constant with SEM imaging and frequency domain method is robust to these variations. However, the intensity-based method also succeeded in almost all tests and can be used for positioning with FEG SEMs since they provide good SNR and less intensity variations.

Future perspectives

Due to the system limitations and components maintenance, some of the tasks are left over to be completed in future. Along with these, some other issues mentioned below can also be taken into account.

Sub-pixel drift compensation:

The drift compensation explained in chapter 3 is capable of correcting the global image drift. However, from the performed experiments, we found the existence of some uncorrected pixels after compensation (see figure 7.1). From the analysis, we came to know that these pixels come from the conducting regions on the sample and it shows that the electron beam drifts more towards the conducting regions resulting in a pixel level drift. So to perform accurate measurements from the images, it is necessary to implement sub-pixel drift compensation. Fine depth estimation: The inter-object depth detection explained in chapter 4 can only provide coarse depth, since it uses focus information. This is acceptable for some applications where the objects are large enough. However, to perform manipulations with good precision, it is recommended to find a way to estimate the fine depth. As an example, we can refer to the work performed by Eichhorn et al. [EFW + 08] where they have used a touch down sensor to detect the contact between two surfaces and to estimate the fine depth.

Positioning control of microrobotic actuator: Due to the system space limitations, the microrobot positioning is not performed during this thesis. It is planned to perform this task in the near future on an other SEM with bigger vacuum chamber. Both the methods explained in chapter 5 will be considered for this purpose. Apart from that, the future work also includes to improve the positioning control in terms of accuracy.

Micropart handling using vision and force information: One of our main goals for the future is to perform a complete manipulation task that requires precise handling of the micro / nano-objects. Example applications could be probing a nanowire (figure 7.2(a)), handling microspheres (figure 7.2(b)) and electrical characterization of nanowires (figure 7.2(c)). In order to perform this, it is required to integrate the force information (coming from gripper fingers) along with vision information. To accomplish this task, a dual mode control strategy has to be designed that can switch between force and visual control. 3D reconstruction of standing acoustic waves for surface characterization: 3D Visualization of the standing acoustic waves on the crystal surfaces is very useful for the surface characterization and observing defects (figure 7.3). While performing the 3D reconstruction of these waves, it is necessary to take into account the spatial distortion. Even though the spatial distortion is not high with SEM imaging, it is recommended to develop a method to compensate this effect. Moreover, the focus-based 3D surface reconstruction method explained in chapter 4 need to be tuned i.e. to modify the depth of focus according to the size of the waves. Software testing and migration to new SEM: Even though, the developed software application (APROS3) is running well in most of the cases, it has not tested thoroughly. Also due to the time constraint, the nanopositioning module is not included in the final interface. So for the future work, it is highly recommended to perform an overall unit testing and to integrate the positioning module. Once this task is finished, it is planned to transfer all the developments made along with the software application to another SEM (Carl Zeiss Auriga 60 with a FEG) in our department. Avec les derni ères avanc ées en mati ère de nanotechnologies, il est devenu possible de concevoir, avec une grande efficacit é, de nouveaux dispositifs et syst èmes nanom étriques. Il en r ésulte la n écessit é de d évelopper des m éthodes de pointe fiables pour la nanomanipulation et la nanocaract érisation. La d étection directe par l'homme n' étant pas une option envisageable à cette échelle, les t âches sont habituellement effectu ées par un op érateur humain expert à l'aide de microscope électronique à balayage équip é de dispositifs micro-nanorobotiques. Toutefois, en raison de l'absence de m éthodes efficaces, ces t âches sont toujours difficiles et souvent fastidieuses à r éaliser. Gr âce à ce travail, nous montrons que ce probl ème peut être r ésolu efficacement jusqu' à une certaine mesure en utilisant les informations extraites des images. Le travail porte sur l'utilisation des images électroniques pour d évelopper des m éthodes automatiques fiables permettant d'effectuer des t âches de nanomanipulation et nanocaract érisation pr écises et efficaces. En premier lieu, puisque l'imagerie électronique à balayage est affect ée par les instabilit és de la colonne électronique, des m éthodes fonctionnant en temps r éel pour surveiller la qualit é des images et compenser leur distorsion dynamique ont ét é d évelopp ées. Ensuite des lois d'asservissement visuel ont ét é d évelopp ées pour r ésoudre deux probl èmes. La mise au point automatique utilisant l'asservissement visuel, d évelopp ée, assure une nettet é constante tout au long des processus. Elle a permis d'estimer la profondeur inter-objet, habituellement tr ès difficile à calculer dans un microscope électronique à balayage. Deux sch émas d'asservissement visuel ont ét é d évelopp és pour le probl ème du nanopositionnement dans un microscope électronique. Ils sont fond és sur l'utilisation directe des intensit és des pixels et l'information spectrale, respectivement. Les pr écisions obtenues par les deux m éthodes dans diff érentes conditions exp érimentales ont ét é satisfaisantes. Le travail r éalis é ouvre la voie à la r éalisation d'applications pr écises et fiables telles que l'analyse topographique, le sondage de nanostructures ou l'extraction d' échantillons pour microscope électronique en transmission.
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Abstract:

With the latest advances in nanotechnology, it became possible to design novel nanoscale devices and systems with increasing efficiency. The consequence of this fact is an increase in the need for developing reliable and cutting edge processes for nanomanipulation and nanocharacterization. Since the human direct sensing is not a feasible option at this particular scale, the tasks are usually performed by an expert human operator using a scanning electron microscope (SEM) equipped with micro-nanorobotic devices. However, due to the lack of effective processes, these tasks are always challenging and often tiresome to perform. Through this work we show that, this problem can be tackled effectively up to an extent using the microscopic vision information. It is concerned about using the SEM vision to develop reliable automated methods in order to perform accurate and efficient nanomanipulation and nanocharacterization. Since, SEM imaging is affected by the non-linearities and instabilities present in the electron column, real time methods to monitor the imaging quality and to compensate the time varying distortion were developed. Later, these images were used in the development of visual servoing control laws. The developed visual servoing-based autofocusing method ensures a constant focus throughout the process and was used for estimating the inter-object depth that is highly challenging to compute using a SEM. Two visual servoing schemes were developed to perform accurate nanopositioning using a nanorobotic station positioned inside SEM. They are based on the direct use of global pixel intensities and Fourier spectral information respectively. The positioning accuracies achieved by both the methods at different experimental conditions were satisfactory. The achieved results facilitate in developing accurate and reliable applications such as topographic analysis, nanoprobing and sample lift-out using SEM.
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Figure 1

 1 Figure 1.1: Illustration of the problem of handling a nano object on a TEM grid. (a) A series of walls of 2 µm obtained by ICP (inductively coupled plasma) etching on epitaxial substrate. (b) Observation TEM grid held by a gripper with two micromanipulators. (c) TEM grid with a "wall" made (in the circle).
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 112 Figure 1.2 shows these three stages taking place in situ in the SEM.
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 1 Figure 1.3: NANOROBUST project tasks and coordination.
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 222 Figure 2.1: (a) Kleindiek MM3A robotic micromanipulator [Gmb] (b) FEMTO TOOLS FTG 32 microgripper [Fem11].
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 23 Figure 2.3: The first electron microscope demonstrated by Max Knoll and Ernst Ruska in 1931 [Fre63].
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 24 Figure 2.4: Transmission electron microscope schematic diagram.
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 25 Figure 2.5: Scanning tunneling microscope schematic diagram.
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 26 Figure 2.6: Atomic force microscope schematic diagram.
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 2 Figure 2.7: Classification of nanomanipulation systems provided by Sitti [Sit01].
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 2 Figure 2.8: A sequence of images taken during the manipulation and arrangement of Xenon atoms [ES90].
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 2 Figure 2.10: Conventional SEM architecture illustrating various components.
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 2 Figure 2.11: Schematic diagram of a SEM electron gun showing various components.
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 2 Figure 2.12: Beam deflection by scan coils inside the SEM.
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 213 Figure 2.13: SEM chamber showing the secondary electron detector and mobile platform to place samples.
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 2 Figure 2.14: Interaction volume and signal emission.

  Figure 2.15(a) shows the SE image of a fractured aluminium alloy.
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 2 Figure 2.15: (a) SE image and (b) BSE image of a fractured alluminium alloy [Mik04].
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 2 Figure 2.16: Image formation process in a SEM.
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 32 Figure 3.1: Effect of mechanical vibrations on SEM imaging.
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 3 Figure 3.3: Images of silicon micro parts acquired at (a) 2.9 µs/pixel and (b) 92.9 µs/pixel.

  Figures 3.4(a) to 3.4(d) show the intensity histograms along with the fitted distributions (Gaussian and Poisson) for gold and silicon regions at different scan times.
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 3 Figure 3.4: Intensity histograms with approximated distributions for (a) and (c) gold regions (b) and (d) silicon regions for the images acquired at 180 and 360 ns/pixel.
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 35 Figure 3.5: Concept of median filtering in image processing.
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 3 Figure 3.6: (a) Assumed noise free image of gold on carbon sample (b) Image formed after adding Gaussian noise of 20dB to (a).

Figure 3

 3 Figure 3.7: (a) ACF curve obtained for the image shown in figure 3.6(b) (b) noise peak and the estimated noise-free peak (for demonstration single side of ACF curve is shown).

  3.10)where, M and N are the image dimensions. The artificial noise free and noisy images (Figures5(A) and 5(B)) of gold on carbon generated by Artimagen library[START_REF] Cizmar | Simulated sem images for resolution measurement[END_REF][START_REF] Cizmar | Artificial sem images for testing resolution-measurement methods[END_REF] are considered for this purpose. It is a library provided by the National Institute of Standards and Technology (NIST) to produce artificial SEM images with varying noise. The additive Gaussian noise with a standard deviation equal to 0.07 has been added to generate a noisy image. The MSE between original image and noisy image is found to be 110.30. Table3.1 summarizes the computed MSE values using filters of different size. Figures 3.9(a)-(d) illustrates the blurring details. The plots shown in the figure are the intensity values of the original image and filtered image along the horizontal line (colored in red) shown in the figure 3.8(a). The plots clearly show the effect of blurring.
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 38 Figure 3.8: Artificially generated (A) noise free and (B) noisy images of gold on carbon using Artimagen library. The horizontal line (red) in (A) is the used image profile to analyze the filter response.
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 3 Figure 3.9: Plots of intensities along the red line shown in figure 3.8(a) after filtering with (a) 3 × 3 (b) 5 × 5 (c) 7 × 7 (d) 9 × 9.
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 3 Figure 3.10: (a) Filtered image of figure 3.3(a) using median filter (b) Noise image formed after subtracting (a) from figure 3.3(a).

  Figures 3.11(a) and 3.11(b) show the noise free and corrupted images with a white Gaussian noise of 20 dB. Table
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 3 Figure 3.11: The artificial noise-free and noisy images of gold on carbon sample produced by Artimagen. Noise image is formed after adding a white Gaussian noise of 20 dB.

  Figure 3.12: Sample images of gold on carbon obtained at (a) 720 ns/pixel (b) 11500 ns/pixel.

  (a) and 3.12(b) show two sample images of gold on carbon acquired at different dwell times. The acceleration voltage, aperture size and the working distance used for this test are 10 kV , 50 µm and 9.3 mm respectively. Figure3.13 shows the SNR variation with respect to the dwell time.
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 313 Figure 3.13: SNR evolution with respect to dwell time.
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 33 Figure 3.14: SNR vs. acquisition time at 40, 000× magnification for (a) tungsten gun SEM (b) FEG SEM.
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 3 Figure 3.16: Evolution of SNR with respect to magnification for (a) gold on carbon (b) gold on silicon.

  Figures 3.18
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 33 Figure 3.17: (a) Raw data and (b) fitted curve showing the settling time and stable position.
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 3 Figure 3.19: (a) Image sharpness (b) SNR variation with respect to the focus steps.
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 3 Figure 3.20: Images of gold on carbon sample acquired at different times.

  Figures 3.21

  (a)-(c) show the detected keypoints using all the three detectors on the images acquired using a microscale calibration pattern at 1500× magnification and figures 3.22(a)-(c) show the detected keypoints for the gold on carbon image shown in figure 3.20(a) .

Figure 3

 3 Figure 3.21: Keypoints computed using (a) SURF (b) FAST (c) ORB feature detectors applied on a microscale chessboard pattern.

Figure 3

 3 Figure 3.22: Keypoints computed using (a) SURF (b) FAST (c) ORB feature detectors applied on gold on carbon image shown in figure 3.20(a).

Figure 3

 3 Figure 3.23: Keypoints matching (a) all matches (b) good matches.

Figure 3

 3 Figure 3.24: (a) and (b) Reference and corrected images at 10k× magnification. (c) and (d) Reference and corrected images at 20k× magnification. Drift Correction has been performed using ORB detector method. The squares shown in all the images are the automatically computed ROIs. Black region on the borders is the drift displacement after 900s.

Figure 3

 3 Figure 3.25: Disparity maps computed using the reference and corrected image ROIs at (a) 10, 000× and (b) 20, 000× magnification.

Figure 3 Figure 3

 33 Figure 3.26: Motion of the drift in (a) x-axis (b) y-axis at different magnifications.

Figure 4

 4 Figure 4.1: SEM probe movement model and operating principle.

Figure 4

 4 Figure 4.2: (a) Focusing geometry in a conventional SEM. (b) Various focusing scenarios in SEM.

  Figure 4.2(b) shows the various focusing scenarios in SEM.

Figure 4

 4 Figure 4.3: Relationship between the focus step and working distance in JEOL SEM used for experiments.

Figure 4

 4 Figure 4.4: The principle of autofocusing in SEM.

Figure 4 . 5 :

 45 Figure 4.5: Performance of various sharpness functions: (a) Normalized variance (b) Laplacian (c) Brenner (d) Autocorrelation (e) Wavelet-1 (f) Wavelet-2.

Figure 4 . 6 :

 46 Figure 4.6: Sharpness score variation with respect to focus steps at (a) 300× (b) 1000×.

Figure 4 . 7 :

 47 Figure 4.7: Images obtained at the points marked by (a) 1 (b) 2 (c) 3 in figure 4.6(b).

Figure 4 . 8 :

 48 Figure 4.8: Secondary task variation with respect to the focus steps and sharpness score given by equation (4.11).

Figure 4 . 9 :

 49 Figure 4.9: Microscale calibration rig with chessboard patterns used for imaging.

  Figure4.12 shows some of the images acquired during the focusing process at 300× magnification.

  Figure 4.12(c) shows the final image in-focus.

Figure 4

 4 Figure 4.10: Sharpness score and corresponding gain values at (a) 300× (b) 1000× magnifications respectively.

Figure 4

 4 Figure 4.11: Secondary task variation with respect to the sharpness score at (a) 300× (b) 1000× magnifications respectively.

Figure 4

 4 Figure 4.12: (a) and (b) Images acquired during the focusing process (c) Final focused image.

  Figures 4.16(a) -4.16(c) show the images obtained during this test at 1000× magnification.

  Figure 4.13(a) shows the variation of sharpness score and corresponding gain values with each iteration. The secondary task variation is shown in figure 4.13(b).

  Figures 4.16(d) -4.16(f) show the images obtained during this test at 800× magnification.

  Figure 4.14(a) shows the variation of sharpness score and corresponding gain values with each iteration at 800× magnification. The secondary task variation is shown in figure 4.14(b).

Figure 4

 4 Figure 4.13: (a) Sharpness score and corresponding gain values with increased brightness test (b) Secondary task variation.

Figure 4

 4 Figure 4.14: (a) Sharpness score and corresponding gain values with increased scan speed (b) Secondary task variation.

  Figures 4.16(g) -4.16(i) show the images obtained during this test at 500× magnification.

  Figure 4.15(a) shows the variation of sharpness score and corresponding gain values with each iteration at 500× magnification. The secondary task variation is shown in figure 4.15(b).

Figure 4

 4 Figure 4.15: (a) Sharpness score and corresponding gain values with silicon dioxide sample containing microparts (b) Secondary task variation.

Figure 4

 4 Figure 4.16: Images acquired during the focusing process with (a)-(c) increased brightness at 1000× magnificatin (d)-(f) increased scan time at 800× magnification (g)-(i) silicon dioxide sample containing microparts at 500× magnification.

Figure 4 .Figure 4

 44 Figure 4.17: The objects used for the experiments (a) FEMTO TOOLS FT G32 microgripper (b) silicon micropart.

Figure 4

 4 Figure 4.19: Sharpness function indicating the gripper and micropart locations.

  (4.3) provides the height of the object. Finally, the inter-object depth Z io is obtained by equation (4.24).Z io =| Z part -Z gripper | (4.24)where, Z part and Z gripper are the obtained heights of micropart and gripper regions respectively. For this task, the ROI is determined on the basis of thresholding the pixel intensity values. The value of this threshold has been selected manually. Optionally, the ROI can also be determined by using object recognition or tracking algorithms [WK03,[START_REF] Yang | Cell tracking and segmentation in electron microscopy images using graph cuts[END_REF][START_REF] Sievers | Global sensor feedback for automatic nanohandling inside a scanning electron microscope[END_REF]. Figures 4.20(a) and 4.20(b) show the best focused images of each ROI. The plots shown in the figure 4.21 show the results of autofocusing process applied on different regions. Figures 4.21(a) and 4.21(b) show the heights obtained for gripper and micropart regions respectively when they are far from each other and the computed Z io is 5.632 mm. Figures 4.21(c) and 4.21(d) show the heights obtained for gripper and micropart regions respectively when they are near and the computed Z io is 1.23 mm.

Figure 4 .

 4 Figure 4.20: Focused ROI of (a) FT G32 microgripper (b) silicon microparts.

Figure 4 .

 4 Figure 4.21: Results of autofocusing at different regions. (a) Gripper (b) micropart heights when they are far from each other. (c) Gripper (d) micropart heights when they are near.

Figure 4

 4 Figure 4.22: Relationship between the aperture diameter and depth of focus in SEM.

Figure 4

 4 Figure 4.23: Relationship between the magnification and depth of focus in SEM.

Figure 4 .Figure 4

 44 Figure 4.24: Segmented regions of the (a) gripper fingers and (b) platform surface formed after applying watershed transformation.

Figure 4 .

 4 26 shows the initially obtained depth map.

Figure 4 .

 4 Figure 4.26: Initially estimated depth map for the regions containing gripper fingers.

  [NN Š03b]. The obtained depth map is approximated using the gridfit program provided by D'Errico in Matlab R [D'E05]. A sample matlab code snippet using gridfit and visualizing the final output is shown in listing 4.1. The total process of shape reconstruction from focus is summarized in algorithm 2. Figures 4.27(a) and 4.27(b) show the reconstructed images formed after surface approximation. Figures 4.28(a) and 4.28(b) show the images formed after overlaying the original texture.

  5); figure; surf(xg,yg,zg); shading interp; camlight right lighting phong Listing 4.1: Matlab code snippet demonstarting the usage of gridfit Algorithm 2 Shape reconstruction from focus in SEM. 1: Perform autofocus on global scene and get working distance Z 2: Compute multiple ROIs 3: for Z = Z -1.46 : 0.29 : Z + 1.46 do 4:

13 :

 13 total number of images do 10: for u=1: image width do 11: for v=1:image height do 12: Compute S local of each pixel (u, v) in ROI using (4.25) Get the image index with maximum S local Get a reconstructed image adding all ROI pixel depths 20: Perform median filtering, thresholding and surface interpolation 21: Get final reconstructed image

Figure 4 .

 4 Figure 4.27: Reconstructed images formed after surface approximation.

  Figures 4.30(a) and 4.30(b) show the initial depth map and the image formed after surface interpolation respectively.

  Figure 4.31 shows the texture overlaid image.

Figure 4

 4 Figure 4.28: Reconstructed images formed after overlaying the original texture.

Figure 4 .

 4 Figure 4.29: Gold on carbon sample stub for JEOL SEM.

Figure 4

 4 Figure 4.30: (a) Initially obtained depth map for gold on carbon sample. Reconstructed images formed after (b)surface approximation.

Figure 4 .

 4 Figure 4.31: Reconstructed gold on carbon stub image formed after overlaying the original texture.

Figure 5 . 1 :

 51 Figure 5.1: Images of the microgripper acquired when (a) stable (b) moving.

Figure 5

 5 Figure 5.2: Classical look and move visual servoing.

•1

  Position-based visual servoing • Image-based visual servoing • 2 1/2 D visual servoing All these types are explained below. The term visual servoing has been first introduced in the literature by Hill and Park in 1979 [HP79].

Figure 5 . 3 :

 53 Figure 5.3: Block diagram depicting PBVS.

Figure 5 . 4 :

 54 Figure 5.4: Block diagram depicting IBVS.

Figure 5 . 5 :

 55 Figure 5.5: Block diagram depicting 2 1/2 D visual servoing [MCB99].

  ures 5.6(a) and 5.6(b)) of dimensions 10 µm × 100 µm × 20 µm are considered. The parts are placed on the piezo-positioning stage and the main objective is to position the parts automatically in the desired location by controlling the platform's movement.

Figure 5

 5 Figure 5.6: Silicon microparts used for the experiments.

Figure 5 Figure 5

 55 Figure 5.7: Hysteresis curves for (a) x-axis (b) y-axis.

Figure 5 . 9 :

 59 Figure 5.9: Visual representation of the cost function for intensity-based visual servoing.

dFigure 5

 5 Figure 5.10: Block diagram depicting intensity-based visual servoing.

  Figures 5.11

  (a) and 5.11(b) show respectively the images acquired at desired and initial positions. Figures 5.11(c) to 5.11(f) show error (I -I * ) at different locations. The final error at the end of the positioning task is

Figure 5 .

 5 Figure 5.11: Series of images depicting the intensity-based visual servoing at normal scan speed. (a) Represent user selected desired position. (b) Initial image in the process. (c) -(f) Errors at different positions. (g) Final error.

  (a) and 5.13(b) show images at desired position and initial location respectively. Figures 5.13(c) and 5.13(d) show the error at first and final iterations during the positioning. Figures 5.14(a), 5.14(b) and 5.14(c) show the variation of displacements, voltages and cost during the process.

Figure 5

 5 Figure 5.12: (a) Displacement (b) voltage (c) cost variations in x and y axes of the positioning stage with each iteration using optimal scan speed.

Figure 5 .

 5 Figure 5.13: (a) Image acquired at desired location. (b) initial image (c) error at initial position (d) error at final position using high scan speed.

  Figure 5.15(c) shows the error at initial position and figure 5.15(d) shows the error at final position during the positioning task. The displacement and voltage variation plots are shown in Figures 5.16(a) and 5.16(b) respectively.Figure 5.16(c) shows the cost variation with each iteration at the selected magnification.

Figure 5

 5 Figure 5.16: (a) Displacement (b) Velocity variations during the positioning task using intensity-based visual servoing at high magnification (800×).

  (a) and 5.17(b) show the reference and initial images. Figures 5.17

  (c) and 5.17(d) show the images where the contrast and brightness values are changed during this test. The displacement, voltage and error variations are shown in figures 5.18(a), 5.18(b) and 5.18(c) respectively. The zero voltage during the test indicates that the voltage is out of the range.

Figure 5 .Figure 5

 55 Figure 5.17: Series of images acquired during nanopositioning at unstable conditions using intensity-based method. (a) Desired image. (b) -(d) Images acquired during the process.

  Figures 5.19(b), 5.19(e), 5.19(h), 5.19(c), 5.19(f) and 5.19(i) show the centrally shifted log-magnitude spectrums and phase spectrums of the images shown in figures 5.19(a), 5.19(d) and 5.19(g). It can be seen from the images that the magnitude spectrum is insensitive to image translation, but it rotates by the same angle of a rotated image. The image in figure 5.19(d) is a translated version of figure

Figure 5

 5 Figure 5.19: (a)(d)(g) Images in spatial domain (b)(e)(h) respective magnitude spectrums (c)(f)(i) respective phase spectrums.

  Figure 5.20: Cost function for Fourier-based visual servoing.

Figure 5

 5 Figure 5.21: Block diagram depicting Fourier-based visual servoing.

Figure 5 .Figure 5

 55 Figure 5.22: Series of images showing the positioning task using Fourier-based visual servoing at normal scan speed. (a) Represent user selected desired position. (b) Initial image in the process. (c) -(f) Errors at different positions. (g) Final error.

  Figures 5.22(b) to 5.22(f) show the image acquired at initial position and the errors during the process respectively.

  Figure 5.22(g) shows the finally achieved position. In this case, subtracted images are used to visually depict the error. Figures 5.23(a), 5.23(b) and 5.23(c) show the displacement, voltage and error variations during the process.

  Figure 5.24(a) shows the image acquired at desired location and figure 5.24(b) shows the image at initial location. Figures 5.24

  (c) and 5.24(d) show the error images at initial and final location during the positioning task.

Figure 5 .

 5 Figure 5.24: Images acquired at (a) desired location (b) initial position. Subtracted images (error) at (c) initial position (d) final position during the Fourier-based visual servoing process with high scan speed.

Figures

  Figures 5.25(a), 5.25(b) and 5.25(c) show the displacement, voltage and error variation during the process. Despite of having high amount of noise in the images, the

  Figures 5.25(a), 5.25(b) and 5.25(c) show the displacement, voltage and error variation during the process. Despite of having high amount of noise in the images, the

Figure 5

 5 Figure 5.25: (a) Displacement (b) Velocity and (c) error variations during the positioning task using Fourier-based visual servoing at high scan speed.

  (a) and 5.26(b) show the images acquired at desired location and initial location respectively. Figures 5.26(c) and 5.26(d) show the errors at initial and final positions respectively. Figures 5.27(a), 5.27(b) and 5.27(c) show the displacement, voltage and error variation during the process. From the obtained results, despite of increased magnification and having high amount of noise, the positioning task has been accomplished successfully.

Figure 5 .

 5 Figure 5.26: Images acquired at (a) desired location (b) initial position. Subtracted images (error) at (c) initial position (d) final position during the Fourier-based visual servoing process at high magnification (800×).

Figure 5

 5 Figure 5.27: (a) Displacement (b) Velocity and (c) error variations during the positioning task using Fourier-based visual servoing at increased magnification (800×).

  Figures 5.28(a) and 5.28(b) show the reference and initial image captured during this process respectively. Figures 5.28(d) -5.28(f) show the error. The displacement, voltage and error variations are shown in figures 5.29(a), 5.29(b) and 5.29(c) respectively. From the obtained results it is clear that, despite of having instability in the imaging conditions, the positioning task has been successfully accomplished. It is mainly due to the robustness of Fourier-based method to image noise and intensity variations.

Figure 5 .

 5 Figure 5.28: Series of images during nanopositioning at unstable conditions using Fourier-based method. (a) Desired image. (b)-(c) Images acquired during the process with varying brightness and contrast. (d) -(e) Errors at different positions. (f) Final error.

Figure 5

 5 Figure 5.29: (a) Displacement (b) Velocity variations during the positioning task using Fourier-based visual servoing at unstable conditions.

Figure 6 . 1 :

 61 Figure 6.1: Software architecture.

Figure 6 . 4 :

 64 Figure 6.4: Architecture diagram for APROS3 software.

Figure 6 . 5 :

 65 Figure 6.5: The software main window containing device control widgets.

Figure 6 . 6 :

 66 Figure 6.6: The live image viewing window of the software.

Figure 6 . 7 :

 67 Figure 6.7: The interface window for performing real-time drift compensation.

Figure 6 . 8 :

 68 Figure 6.8: The interface window for autofocusing.

Figure 7 . 1 :

 71 Figure 7.1: Disparity map showing the corrected and uncorrected pixels.

Figure 7

 7 Figure 7.2: (a) Nanowire probing (b) handling microspheres (c) electrical characterization of nanowires. Images courtesy: (a) and (b) Kleindiek Nanotechnik GmbH (c) Gu et al. [GYGG05].

Figure 7

 7 Figure 7.3: Standing acoustic waves observed on the surface of LiNbO3 [RBT94].

  

Table 2 .

 2 1: Comparison of different microscopes used for nanomanipulation.

	Property	STM	AFM	TEM	SEM
	Imaging principle	tunneling	inter-atomic	electrons	electrons
		electrons	forces		
	Environment	air / vacuum	all	vacuum	vacuum
	Dimension	3D	3D	2D	2D
	Samples	conductors	All	conductors	conductors
		semi-conductors		semi-conductors semi-conductors
	Resolution	> 0.01 nm	> 0.1 nm	> 0.01 nm	> 1 nm
	Interaction	non-contact	non-contact /	non-contact	non-contact
			contact		

Table 3 .

 3 1: Computed MSE values for various filter sizes.

	Filter Size MSE
	3 × 3	23.4
	5 × 5	22.6
	7 × 7	41.1
	9 × 9	74.8

Table 3

 3 

	Filter Size Processing time (ms)
	3 × 3	15.6
	5 × 5	17.2
	7 × 7	30.4
	9 × 9	31.3
	11 × 11	34.5
	13 × 13	39.5
	15 × 15	46.9
	17 × 17	48.3

.2: Total processing time for different filter sizes.

Table 3

 3 

	43	3.96

.3: Known and computed SNR values using the developed method for artificial gold on carbon image with different filter sizes. Known (dB) 3 × 3 5 × 5 7 × 7 comp err % comp err % comp err % 10 15.18 51.82 12.35 23.53 10.82 8.23 11 15.45 40.46 13.05 18.63 11.

Table 3 .

 3 4: Homography parameters computed at 10,000× magnification.

	Method	H 11	H 12	H 21	H 22	H 13	H 23
	SURF	0.99 -0.001 0.0009 0.99	-13.57 10.13
	FAST	1.03 -0.005 0.006 1.01 -13.968 9.73
	ORB	1.003 -0.003 0.0015 0.98	-13.98 9.982
	Phase corr.	-	-	-	-	-13	10

Table 3 .

 3 5: Homography parameters computed at 20,000× magnification.

	Method	H 11	H 12	H 21	H 22	H 13	H 23
	SURF	1.004 0.0009 0.001 0.99 1.003 10.54
	FAST	0.99	0.004 0.002 0.99	0.73 10.66
	ORB	0.97	0.001 0.002 0.94	0.98 10.49
	Phase corr.						

Table 3

 3 

	Method	MSE 10,000× 20,000×
	SURF	7.1441 8.2584
	FAST	7.7011	8.9798
	ORB	7.1978	8.4198
	Phase correlation 11.0914 17.3596

.6: MSE at 10,000× and 20,000× magnification.

Table 3 .

 3 7: Total time taken for drift compensation.

	Method	Time (ms)
	SURF	871
	FAST	92
	ORB	31
	Phase correlation	78

Table 3 .

 3 8: Computed homography parameters at 10, 000× magnification.

	Time × 30 s	H 11	Rotation H 12 H 21	H 22	Translation H 13 H 23
	1	1.0003 0.0006 0.0001 1.0007	-1.5048	0.8520
	2	1.0001 -0.0000 0.0001 1.0002	-2.9327	2.0990
	3	0.9995 -0.0002 -0.0002 0.9992	-4.3075	3.2944
	4	0.9999 -0.0004 -0.0001 1.0000	-5.8901	4.3597
	5	0.9999 -0.0000 0.0002 1.0000	-7.4547	5.4921
	6	1.0004 -0.0001 0.0001 1.0007	-8.9595	6.4163
	7	1.0006 0.0001 0.0003 1.0004 -10.6892 7.5723
	8	1.0010 0.0002 0.0004 1.0008 -12.2627 8.5541
	9	1.0002 -0.0004 0.0001 0.9997 -13.4724 9.8312
	10	1.0003 0.0003 -0.0005 1.0008 -15.1336 10.8489

Table 3 .

 3 9: Computed homography parameters at 15, 000× magnification.

	Time × 30 s	H 11	Rotation H 12 H 21	H 22	Translation H 13 H 23
	1	0.9997 -0.0003 0.0005 0.9994 0.1454 1.1153
	2	0.9999 0.0002 -0.0000 1.0004 0.0948 2.4176
	3	0.9991 0.0005 -0.0009 1.0000 0.0419 3.7933
	4	0.9997 0.0006 -0.0011 1.0016 0.2418 5.1737
	5	1.0022 -0.0001 0.0038 0.9984 0.2009 6.4808
	6	1.0000 -0.0003 0.0004 0.9998 0.5882 7.6011
	7	1.0005 -0.0001 -0.0001 1.0015 0.6385 8.9796
	8	0.9979 0.0002 -0.0003 0.9982 0.9805 10.6119
	9	0.9997 0.0007 -0.0005 1.0008 0.9119 11.8620
	10	1.0006 -0.0000 -0.0000 1.0012 1.3045 13.1962
	Table 3.10: Computed homography parameters at 20, 000× magnification.
	Time × 30 s	H 11	Rotation H 12 H 21	H 22	Translation H 13 H 23
	1	0.9981 -0.0005 -0.0013 0.9990	0.4803	2.4823
	2	1.0028 -0.0001 0.0011 1.0020	0.1037	3.4809
	3	0.9995 0.0027 -0.0013 1.0020 -0.0783 5.7783
	4	0.9998 0.0002 -0.0008 1.0015	0.6695	7.5586
	5	1.0012 0.0005 0.0001 1.0021	0.4050	9.0918
	6	0.9990 -0.0008 0.0004 0.9993	1.0130 10.8683
	7	1.0019 0.0013 0.0003 1.0029	0.2744 12.2439
	8	0.9993 -0.0002 -0.0010 1.0004	0.6748 14.1977
	9	1.0009 0.0013 -0.0010 1.0043	0.3033 15.5500
	10	1.0012 0.0010 0.0001 1.0027	0.3315 17.0818

Table 4 .

 4 1: Computed polynomial coefficients to find the working distance.

	Coefficient	Value
	p1	-7.2 × 10 -6
	p2	0.0011
	p3	-0.074
	p4	2.6
	p5	1.8 × 10 3
	4.1.2 Evaluation of image sharpness functions

In the context of this work, various sharpness measures that have been used in many focusing algorithms are studied [GYL85, SCN93, SDN05, RMM10]. The principle of accomplishing autofocusing based on the computed sharpness score using a sharpness function is shown in figure

4

.4. It is considered that the image with best focus has the maximum value of sharpness score. Different sharpness functions are explained below using the following notations: sharpness function S, image I M ×N where M and N are the width and height, intensity I(u, v) where u and v are pixel coordinates.

Table 4 .

 4 2: Processing time for various sharpness measures

	Function	Processing time (ms)
	Norm. variance	0.7
	Laplacian	16
	Brenner	15
	Auto Correlation	47
	STD correlation	15
	Wavelet-1	16
	Wavelet-2	15

  Obtain new focus stepF new ← F prev + C + T 2

	Algorithm 1 Visul servoing-based autofocusing in SEM.
	1: Choose initial value for α		α is a positive value used with gain
	2: Acquire initial image at focus step F = 10	
	3: Compute S 0 using (4.11)			S 0 is initial sharpness score
	4: F prev ← F		
	5: while true do		Loop until best focus is found
	6:	Set new focus F new			For first iteration F new = 11
	7:	Acquire current image		
	8:	Compute S curr using (4.11)			Current sharpness score
	9:	Scurr Compute gain λ ← α S 0	2	
	10:	Compute cost C ← λ ∇Scurr ∇Scurr		Here, cost is to be maximised
	11:	Compute secondary task T 2 ← ∂Scurr ∂Z	L Z	Stop criteria;
	12:			
	13:	if T 2 < -0.001 then		
	14:	bestf ocus ← F prev		
	15:	return best focus		
	16:	end if		
	17:			

Table 4 .

 4 3: Time taken and accuracy at optimal conditions.

	Mag (×)	Time (s)	Accuracy (Focus steps) (Focus step 0.3 mm)
		proposed search proposed search step error
	300	42.703	117.97	1222	1219	3
	500	48.5	109.62	1220	1218	2
	800	43.46	112.03	1221	1219	2
	1000	48.42	109.4	1222	1219	3

Table 4 .

 4 4: Time taken and accuracy at changed brightness.

	Mag (×)	Time (s)	Accuracy (Focus steps) (Focus step 0.3 mm)
		proposed search proposed search step error
	300	42.06	110.64	1217	1213	4
	500	49.48	118.06	1218	1213	5
	800	48.29	111.6	1215	1212	3
	1000	51.37	111.74	1216	1213	3

Table 4 .

 4 5: Time taken and accuracy with change in the dwell time.

	Mag (×)	Time (s)	Accuracy (Focus steps) (Focus step 0.3 mm)
		proposed search proposed search step error
	300	17.39	64.28	1224	1219	5
	500	16.23	62.15	1223	1219	4
	800	16.61	62.84	1222	1219	3
	1000	14.37	65.09	1222	1218	4

Table 4 .

 4 6: Time taken and accuracy with silicon dioxide sample at optimal conditions.

				Mag (×)		Time (s)	Accuracy (Focus steps) (Focus step 0.3 mm)
						proposed search proposed search step error
				300		39.1	116.82	1473	1471	2
				500		36.45	99.07	1468	1471	-3
				800		41.61	108.65	1472	1471	1
				1000		34.07	101.4	1476	1473	3
		1.6								350
						sharpness score		
		1.4				gain				300
	Sharpness score	0.6 0.8 1 1.2								100 150 250 200	Gain
		0.4								50
		0.2	0 0	5 5	10 10	15 15	20 20	25 25	30 30	35 35 0
						Iterations		

Table 5

 5 

	.1: Computed polynomial coefficients for x-axis.
	k	a ki (Inc-x)	a kd (Dec-x)
	1 -5.3343 ×10 -7 2.6118×10 -7
	2	0.00017528	-2.2086×10 -5
	3	-0.017184	0.0032187
	4	1.6457	0.73526
	5	-19.018	-21.086
	Table 5.2: Computed polynomial coefficients for y-axis.
	k	b ki (Inc-y)	b kd (Dec-y)
	1 -5.6939×10 -7 4.9101×10 -7
	2	0.00018878	-7.3072×10 -5
	3	-0.020198	0.0056593
	4	1.8527	0.77264
	5	-19.171	-22.073

  With our system, the computed D value is 212.3 for a screen size of 512 × 512 pixels.

	The accuracies computed with different tests demonstrated above are summarized in
	table 5.3.				
	Table 5.3: Estimated positioning accuracy (µm) achieved by both methods.
	Condition	Intensity method Fourier method x (µm) y (µm) x (µm) y (µm)
	Optimal speed	0.707	1.414	0.707	0.707
	High scan rate	1.061	2.123	0.707	0.707
	High magnification	0.398	0.5307	0.265	0.265

  During this thesis, a software application GUI, APROS3 (Application PROgram for SEM Station Setup) has been developed to integrate all the developed software modules as well as to monitor the undergoing process. It mainly reduces the complexity of operating different system components like positioning stage, robot etc. The interface is designed in such a way that a non-expert user can operate the SEM and system devices without much effort. APROS3 is designed and built using Qt (for user interface), Open CV (for image processing), ViSP (for visual servoing) and FFTW3 (for Fourier domain operations) libraries. It is programmed in C++ with cross-platform compatibility and currently, it has been tested under Windows XP. The overall software is programmed in such a way that each developed module contains individual class interface. This feature helps in the future development and integration of the different modules without modifying the existing main interface.

		APROS3	
	Manual	Automatic
	Device2control	Live2image	
	(Qt22+2RS232)	Drift2 correction (Qt2+2Open2CV)22 (Qt)22	Nano-positioning (Qt2+2Visp2+2FFTW3)22 (Qt2+2Open2CV)22 Autofocus

The resulting region over which the incident electrons interact with the sample to produce different signals is termed as interaction volume. Its volume depends on the beam acceleration voltage, specimen topography and the angle of incidence of the primary beam.

2.3 Experimental hardware set-up

Dwell time is the time taken by the beam to scan one pixel.

Auto-correlation technique was first proposed by Frank and Ali[START_REF] Frank | Signal-to-noise ratio of electron micrographs obtained by cross correlation[END_REF].

In the presence of electromagnetic field, electrons take helical path. Due to the change in electromagnetic field, the electronic working distance changes simultaneously changing the focus. Thus, when the focus of the device is changed the image rotates.

Intrinsic parameters of a camera can be obtained from camera calibration.
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Chapter 6

• SampleRepeat determines the oversampling for analog channels (2 n -1, n = 0, 1 • • • 15). This parameter helps in increasing or decreasing the scan time. Apart from communicating with the scan controller, a wrapper library (semRemote) containing the functions to access/modify the device parameters such as coarse focus, magnification, working distance, spot size and scan rotation etc. has been developed during this thesis (in C++). It communicates with the SEMServer program (provided by Point Electronics GmbH) running from SEM control computer (PC-1) to gain remote access to these parameters. 
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